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Preface 

This book collects selected papers presented at the 3rd International Symposium on 
High-Temperature Metallurgical Processing organized in conjunction with the 2012 
TMS Annual Meeting in Orlando, Florida, USA. 

As the title of symposium suggests it is on thermal processing of minerals, metals 
and materials and intends to promote physical and chemical transformations in the 
materials to enable recovery of valuable metals or produce products such as pure 
metals, intermediate compounds, alloys, or ceramics through various treatments. 
The symposium was open to participants from both industry and academia and 
focused on innovative high-temperature technologies including those based on non-
traditional heating methods as well as their environmental aspects such as handling 
and treatment of emission gas and by-products. Since high-temperature processes 
require high energy input to sustain the temperature at which the processes take 
place, the symposium intends to address the needs for sustainable technologies with 
reduced energy consumption and reduced emission of pollutants. The symposium also 
welcomed contributions on thermodynamics and kinetics of chemical reactions and 
phase transformations that take place at elevated temperature. 

Given the spread among numerous journals - not always easily accessible to many 
researchers - we decided to compile information on research activities in the area 
of metallurgy at elevated temperature in an easily accessible source and this book 
is the result. The availability of focused scientific information into a few accessible 
resources should be attractive and gratifying to many researchers. 

Over 300 authors have contributed to the symposium with a total of 94 presentations. 
After reviewing the submitted manuscripts, 62 papers were accepted for publication on 
this book. The book is divided into eight sections and each section has different focus. 
It includes: High Efficiency New Metallurgical Technology, Reduction and Titanium 
Production, Basic Research of Metallurgical Process, Alloy and Materials Preparation, 
Sintering and Synthesis, Energy and Environment, Treatment and Recycling of Solid 
Slag/Wastes, and Pelletizing and Raw Materials Processing. 

This is the second book exclusively dedicated to this important and burgeoning 
topic published in the 21 century. We hope this book will serve as a reference for 
both new and current metallurgists, particularly those who are actively engaged in 
exploring innovative technologies and routes that lead to more energy efficient and 
environmentally sustainable solutions. 
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This book could not materialize without contributions from the authors of included 
papers, time and effort that reviewers dedicated to the manuscripts, and help from 
the publisher. We thank them all! We are also grateful to Ms. Yanfang Huang and Mr. 
Guihong Han for their assistance in collating the submitted abstracts and manuscripts. 

Tao Jiang, Jiann-Yang Hwang, Patrick Masset, Onuralp Yucel, Rafael Padilla, and 
Guifeng Zhou 

December 2011 
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Abstract 

The Bakal (South Ural, Russia) deposit of iron ore bearing iron carbonate (siderite) with 
the capacity of more than 1 billion tones belongs to the MMK, This ore cannot be fully 
processed via blast furnace technology because of high content of MgO, According to the 
investigations carried out in the USA and Japan in 1999-2004 the ITmk3 (Ironmaking 
Technology mark three) RHF technology is a breakthrough in Ironmaking. Four iron ore 
types (hematite, magnetite, high and low Al203/Si02) were tested. Reduction, melting and slag 
removal can be achieved in just 10 min. The main objective of the investigation is to 
establish optimum operation conditions for the production of iron nuggets from iron carbonate 
bearing ore via the ITmk3 by means of the lab scale testing. Green pellets were processed via 
a lab tube (chamber) furnace to simulate RHF conditions. This preliminary test work provides 
valuable information which may be used for large-scale testing in a commercially sized RHF. 

Introduction 

The ITmk3 process upon which this paper focuses was developed by Kobe Steel in its 
research facilities in 1996 [1]. After pilot testing at Kobe Steel's Kakogava Works in 1999-
2004 the pilot demonstration plant was built and operations were successfully carried out by 
Mesabi Nugget joint venture in 2002-2004. Steel Dynamics has committed to building the 
commercial plant at the Mesabi Nugget site in Hoyt Lakes (Minnesota). Only 4 iron ore types 
(hematite, magnetite, high Al203/Si02 and low Al203/Si02), as well as 4 coal types with 
range of volatility, ash and fixed carbon were tested. Results were consistent with nugget 
characteristics confirming ITmk3's flexibility with respect to raw material inputs. At the same 
time, no research in the field of nugget from iron carbonate bearing ore with high content of 
MgO has been done. Such kind of iron ore is restricted for charging into the blast furnace due 
to contamination of MgO. The reason for restriction is the limitation of load of MgO in the 
blast furnace. If a lot of MgO enters the blast furnace, slag becomes viscous. The viscous slag 
is obstacle for stable operation of the blast furnace. 
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Objectives of Investigation 

The main objective is to find optimum operation conditions for the production of iron 
nuggets from the iron carbonate (siderite) bearing ores via the rotary hearth furnace by means 
of the laboratory testing. 

Methodology 

The first step in the investigation involved performing lab scale testing on the iron nugget 
components. Samples of iron ore, fluxes, binder (clay), coal fines and coke breeze (as 
reductant) were chemically and physically analyzed. 

Typical ore testing included particle size analysis, % S, % CO2, % metal components, % 
gangue components. Typical reductant testing included particle size analysis, % carbon, % 
sulfur, % volatiles, % ash and ash analysis for % metal and gangue components. 

A pellet blend developed from this testing, defining carbon reductant addition, binder, 
particle size. A blend was mixed followed by rolling green pellets. 

Green pellets were processed via a lab tube furnace or a chamber furnace. Using such kind 
of furnaces to simulate RHF conditions, was it possible to vary several parameters such as 
furnace retention time (10-15 min), temperature (1350-1450°C). 

After the allotted time in the hot furnace, the nuggets and slag were quenched, then 
analyzed for % C, % S, % Fe in iron nuggets, and % gangue components in slag. 

Results and Discussion 

Each raw material is different in distribution of the particle size and chemical 
compositions (See Table 1). 

Table l.Dry Chemical Composition of Raw Materials, wt. % 

Material 

Bakal Iron Ore 

Coke Breeze 

Quartzite 

Clay 

Fluor-spar 

Fe 

34.0 

0.9 

0.5 

1.8 

-

CaO 

2.2 

0.7 

0.4 

0.4 

1.0 

Si02 

3.2 

8.0 

95.6 

51.0 

36.8 

MgO 

9.8 

0.3 

-

0.8 

0.5 

AI2O3 

1.2 

3.1 

0.6 

35.3 

0.6 

C02 

29.0 

-

-

-

- • 

C 

-

87.0 

-

-

-

CaF2 

-

-

-

-

52.5 

Mainly considered are raw material preparation (weighing, blending, grinding), 
pelletizing, heating, reacting and melting control. In particular, material preparation is very 
important, since influence of the properties of raw materials on operational results (especially 
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the temperature of melting of gangue) is large. Thus a precise preparation work for raw 
materials is needed for desirable and stable operation. 

Raw materials were blended in a disc grinder at a predetermined mixing ratio to reach 
desirable temperature (1300-1400°C) of melting of gangue [2], Gangue composition is shown 
below (See Table 2). 

Table 2. Chemical Composition of Gangue, wt.% 

CaO 

20.0-41.5 

MgO 

5.0-16.5 

A1203 

5.0-15.0 

Si02 

40,0-60,0 

Particle size of -200 meshes for raw materials usually results in higher iron metallization. 
More intimate contact between carbon and iron oxide speeds reaction, Ability to pelletize 
determines maximum particle size. The mixing ratio was determined to give good conditions 
of palletizing and the reactions in the furnace. The ratio of fix carbon to iron oxides and other 
properties of raw materials were analyzed. Then the mixing ratio was determined (binder - 1-
2%, coke breeze -18-20%, fluxes -12-18%, iron ore -60-69%) with this information. The 
mixture was fed on the palletizing disc, and made into green pellets. Diameter of green pellet 
is less than 20 millimeters. If the pellet is too large, heat transfer rate is too slow inside the 
pellet. Green pellets were dried in the chamber furnace (150-300°C), The dried pellets were 
fed in the roasting furnace. To reach conditions for better reactions and heat exchange entire 
pellet bed must be heated to 1350-1450°C. Nuggets contained 96-97% of iron and 2-3% of 
carbon. 

Carbonates (siderite, magnesite, dolomite, etc.) in the pellets dissociate when temperature 
of the pellets is above 600°C. 

FeC03=FeO + C02 (1) 
MgC03=MgO + C02 (2) 
CaC03 = CaO + C02 (3) 

Carbon and iron oxide react when temperature of the pellets is above 1100°C, 

C + C02 = 2CO (4) 
FeO + CO = Fe + C02 (5) 

FeO + C-Fe + CO (6) 

Formation of pig iron and melting of nuggets and slag from gangue take place when 
temperature of the pellets is above 1300°C. 

3Fe + C = Fe3C (7) 
3Fe + 2CO = Fe3C + CO (8) 
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Thus, the RFH should have heating, reduction and melting zones. Temperature in each 
zone should be controlled to get a good performance that is required in each zone. In heating 
zone, heat transfer for heating up the pellets and dissociation of carbonates should be taken 
into account. Oxidation of the gas is high here, because no reduction reaction takes place. In 
reduction zone, temperature and atmosphere of the gas should be controlled to get a high 
reaction rate. The reduction reactions in this zone are very fast. At last, in melting zone, the 
conditions should be controlled to promote the reduction reactions, formation of pig iron (iron 
nugget) and melting of pig iron and slag. 

Conclusions 

The possibility of production of iron nugget from iron carbonate bearing ore with high 
content of MgO via ITmk3 process has been established. The initial promise shown by the 
ITmk3 process in laboratory tests may be used for large-scale testing in a commercially sized 
RHF. 

ITmk3 technology is a simple process with a single-step furnace operation. Reduction, 
melting and slag separation completes within 10-15 minutes. Process temperature is 1350-
1450°C. 

ITmk3 technology makes no harmful impact on environment since the process does not 
require coking and sintering plants. 
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Abstract 

Composite agglomeration process (CAP), as an innovative method for preparing blast furnace 
burden, was developed and has been put into operation in China. CAP is different from 
traditional agglomeration processes of iron-bearing materials involving sintering and 
pelletizing. Compared to the traditional agglomeration processes, CAP is characterized by 
several strengths such as permission of diverse iron-bearing materials in production, obvious 
improvement of permeability in the feed bed, decreasing the fuel consumption and 
remarkably increasing the productivity of sintering machine. Furthermore, the use of the 
composite agglomerates prepared with CAP is capable of obviating the negative effects 
caused by the differences in quality of sinter and pellets on the operation of blast furnaces. 
This paper mainly presents an overview of the principle and applications of CAP. 

Development Background and Principle of CAP 

The traditional agglomeration processes including sintering and pelletizing have been the two 
predominant methods for preparing ironmaking burden from iron-bearing materials. Sintering 
is a way for agglomeration by heating the coarser fine ores (general granularity 0-10mm), 
The mechanical strength of irregular porous sinter is obtained by the solidification of molten 
phase at high temperature process. It has been shown that the production of high basicity 
sinter (R=l.8-2.2) is characterized by low energy consumption and high efficiency compared 
to low basicity sintering. Meantime, the finished high basicity sinter is characterized by good 
mechanical strength and metallurgical performance. Pelletizing is another way for 
agglomeration by firing wet green pellets, which are balled from the fine grained iron ores or 
concentrates. Based on the differences of chemical compositions, the finished pellets can be 
divided into acidic oxidized pellets, fluxed pellets, magnesium-bearing pellets, and so on. The 
acidic oxidized pellets are the dominant products of modern pelletizing. 
At present, the combination of self- or super-fluxed sinter and acidic oxidized pellets is the 
common application of their products in blast furnace in China and most of other countries. 
However, there are several shortcomings with the use of acidic oxidized pellets along with 
high basicity sinter. First, the higher bulk density leads to the tendency for pellets to "sink" 
into the coke layer during burden descent, resulting into the segregation of burdens although 

1 Corresponding author: Tao Jiang, Professor, E-mail: jiangtao@csu.edu.cn. 

7 



some approaches has been undertaken to offset the differences among the varied iron bearing 
burdens, effects of varied iron bearing burdens on the operation of blast furnace are still 
inevitable. Second, this kind of burden structure is not readily achieved considering that 
commercial pellets are only produced in a few countries and pelletizing plants must be built 
to meet the increasing demand of pellets in most of countries, particularly in China. The last 
but important is that, the increasing inferior or non-traditional iron-bearing materials such as 
fine grained concentrates obtained from refractory ores through grinding and concentrating 
mill, and iron-bearing wastes (dust and slug) from various plants can't be efficiently 
employed by single sintering process or single pelletizing process, and call for new 
agglomeration process. 
Composite agglomeration process (CAP) was developed in order to overcome the weakness 
of oxidized pellets associated with their ball shape and make the best of the increasing 
non-traditional iron-bearing materials [1-10]. An innovative technological thought in CAP is 
proposed based on the differences in the properties of pelletizing, sintering and firing of 
varied iron-bearing materials. In the CAP, all of raw materials are classified into pelletizing 
feeds and matrix feeds. Subsequently, those two classified feeds are pretreated respectively, 
and fired together in sintering machine. The pelletizing feeds include fine grained ores, 
concentrates obtained from the grinding process of refractory and complex iron ores, 
iron-bearing secondary resources, binders and fuels sometimes. A small amount of ground 
fuel addition (less than 1.0 mass %) in the pelletizing feeds contributes to the quality of 
finished pellets when hematite or specularite concentrates are pelletized, while fuel addition 
in pelletizing feeds can be neglected for magnetite pellets feed. The matrix feeds consist of 
coarser ore fines, fluxes, fuels and return fines. Sometimes, iron concentrates are also 
included in matrix feeds when the proportion of iron concentrates to the whole iron-bearing 
materials is above 60%. 
The principle of CAP can be seen from Fig.l. As displayed in Fig.l, pelletizing feeds are 
mixed and agglomerated into green pellets with 8-16 mm diameter; matrix feeds are blended, 
granulated and made into a primary mixture with 3-8 mm diameter. Afterwards a secondary 
mixture is prepared by mixing those green pellets with the primary mixture, and the 
secondary mixture is subsequently distributed onto the sintering machine. Finally, the mixture 
is produced into the composite agglomerates consisting of basic sinter and acidic pellets by 
ignition and down draft firing. In the composite agglomerates, acidic pellets are well 
embedded in basic sinters. According to the study of the mineralization mechanism, the 
mechanical strength of acidic pellets in mixture is obtained by solid phase consolidation; and 
the mechanical strength of matrix is due to fusion phase bonding. 
Compared to traditional agglomeration processes, CAP is characterized by several strengths 
such as permission of diverse iron-bearing materials in production, obvious improvement of 
permeability in the feed bed, decreasing the energy consumption and absolutely increasing 
the productivity of sintering machine. For example, overall basicity of composite 
agglomerates can be adjusted from 1.2 to 2.2 by changing the proportion of acidic pellets. 
The use of the composite agglomerates is capable of eliminating the negative effects of 
burden segregation which are caused by the different property of sinter and pellets in blast 
furnaces. Meantime, the problems accompanying with the use of the increasing complex ores 
or non-traditional iron-bearing materials can also be solved by CAP. 
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Fig. 1 Principle of CAP 

Function and Applications of CAP 

Preparation of Ironmaking Burden Characterized by Low Basicity 

The iron-bearing materials were obtained from Lianyuan Iron and Steel Plant, China. Under 
the condition of feed bed height 600 mm, the preparation of ironmaking burden characterized 
by low basicity using CAP and traditional sintering process (TSP) were respectively 
conducted in lab. The results are shown in Table I. 
As displayed in Table I, the tumbler index of finished products obtained from TSP is 
decreased from 63.0% to 52.7% with decreasing the overall basicity from 2,0 to 1.5, 
accompanying with the productivity decreasing from 1.65 t-m^-h^to 1,47 t-m^-rf1, When 
the overall basicity is 1.2, the tumbler index of finished products and the productivity are 
separately 45.9% and 1.37 Mn"2-h-1. 
It can also be seen from Table I, although the tumbler index of finished products obtained 
from CAP is decreased with the decrease of overall basicity, the tumbler index of finished 
products, the sintering speed and the productivity of CAP are obviously high, The tumbler 
index of finished products is 58.7% under the condition of the overall basicity 1.2. And the 
coke dosage and the suction negative pressure in the CAP can be obviously lowered. 
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Table I. Comparison of CAP and TSP in the Field of Preparing Ironmaking Burden with Different Basicity 

Process 

TSP 

CAP 

TSP 

CAP 

TSP 

CAP 

TSP 

CAP 

TSP 

CAP 

Experimental conditions 

Overall 
basicity 

2.0 

2.0 

1.6 

1.6 

1.5 

1.5 

1.4 

1.4 

1.2 

1.2 

Suction 
negative 
pressure 

(kPa) 

10 

8 

10 

8 

10 

8 

10 

8 

10 

8 

Coke dosage 
(mass %) 

4.5 

4.0 

4.5 

4.0 

4.5 

4.0 

4.5 

4.0 

4.5 

4.0 

Experimental indexes 

Vertical 
sintering 

speed 
(mm-min" ) 

19.85 

23.41 

19.75 

21.69 

19.70 

23.13 

20.75 

23.30 

20.87 

23.04 

Productivity 
(t-m^rf1) 

1.65 

2.16 

1.46 

1.95 

1.47 

2.01 

1.42 

1.85 

1.37 

1.80 

Tumbler index 
(+6.3mm, 
mass %) 

63.0 

67.3 

54.2 

63.1 

52.7 

62.3 

50.0 

61.8 

45.9 

58.7 

Preparation of Ironmaking Burden from High Iron and Low Silica Materials 

The high iron low silica materials were firstly balled into pellets. The overall basicity of the 
final mixture is fixed at 1.9. The results for preparation of ironmaking burden using CAP are 
listed in Table II. 

Table II. Preparation of Ironmaking Burden from High Iron and Low Silica Materials using CAP 

Process 

TSP 

CAP 

CAP 

CAP 

Experimental conditions 

Proportion of 
Pellets 

(mass %) 

0 

10 

20 

40 

Si02 

(mass %) 

4.51 

4.37 

4.26 

4.06 

TFe 
(mass %) 

57.66 

58.01 

58.28 

58.77 

Experimental indexes 

Vertical 
sintering speed 

(mm-min"1) 

21.10 

21.54 

23.73 

24.98 

Productivity 
(t-m^h"1) 

1.39 

1.42 

1.57 

1.71 

Tumbler index 
(+6.3mm, mass %) 

64.17 

65.24 

66.47 

71.12 

As seen from Table II, the tumbler index of finished products obtained from CAP, the vertical 
sintering speed and the productivity of CAP are increased with the increase of the proportion 
of pellets. The tumbler index of finished products, the vertical sintering speed and the 
productivity of CAP are respectively 71.12 mass%, 24.98 mm-min"1 and 1.71 tm^h"1 under 
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the condition of the ratio of pellets 40 mass%. 
Compared with TSP, the tumbler index of finished products, the vertical sintering speed and 
the productivity of CAP are obviously high. Meantime, it can be seen mat the content of S1O2 
is decreased, while total iron (TFe) grade is increased. 

Achievement of Ultra-high Feed Bed in Preparation of Ironmaking Burtfen 

The iron-bearing materials were also obtained from Baosteel Company, China. Experimental 
conditions are fixed as follows: the proportion of balling concentrates 40 mass%, overall 
basicity 1.9 and suction negative pressure 8 kPa. The effects of feed bed height on the 
experimental indexes of CAP are shown in Table III. 

Table III. Effects of Feed Bed Height on Experimental Indexes of CAP 

Process 

TSP 

CAP 

CAP 

CAP 

CAP 

Feed bed height 
(mm) 

600 

600 

700 

800 

900 

Vertical sintering speed 
(mm-min"1) 

19.85 

24.56 

23.33 

21.45 

20.98 

Productivity 
(t-m^h"1) 

1.65 

2.23 

1.97 

1.80 

1.73 

Tumbler index 
(+6.3mm, mass %) 

63.0 

60.9 

63.0 

65.2 

65,9 

As seen from Table III, the feed bed height has an obvious improvement on the tumbler index 
of finished products obtained from CAP. Although the productivity and the vertical sintering 
speed are both decreased with increasing the feed bed height, the productivity of CAP with 
the bed height of 900 mm is still higher than that of TSP at 600 mm. 

Preparation of Ironmaking Burden from Refractory Iron-bearing Materials 

Spéculante. Specularite concentrates are characterized by bad high-temperature reactivity, 
which restrict the large-scale application of them in either pelletizing or sintering production. 
The effects of the proportion of specularite concentrates are shown in Table IV, 

Table IV. Effects of the Proportion of Specularite Concentrates on Experimental Indexes of CAP 

Process 

TSP 
TSP 
CAP 
CAP 
CAP 

Proportion of Specularite 
(mass %) 

0 
20 
20 
25 
40 

Vertical sintering speed 
(mm-min"1) 

21.10 

15.85 

23.73 

23.90 

24.98 

Yield 

(%) 

78.45 

69.92 

79.32 

79.81 

81.33 

Productivity 
(t-m'^h"1) 

1.390 

0.929 

1.572 

1.604 

1.710 

Tumbler index 
(+6.3mm, 
mass%) 

64.17 

63.45 

66.47 

67.08 

71.12 
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It can be seen from Table IV, the experimental indexes are decreased significantly with the 
increase of the proportion of specularite in TSR Especially, the productivity of TSP is 
reduced by 30% or more when the proportion of specularite is increased from 0% to 20%. 
Compared to TSP, however, the experimental indexes of CPA are improved significantly with 
the increase of the proportion of specularite. 

Fluorine-bearing Iron Concentrates. Former studies showed that addition of fluorine-bearing 
iron concentrates into sintering feeds decreases the mechanical strength of sinter by 
promoting the formation of low strength cuspidine. The addition of fluorine-bearing iron 
concentrates into pelletizing feeds can also deteriorate the quality of finished pellets. The 
fluorine-bearing iron concentrates in this section were obtained from Baotou Iron and Steel 
Company, China. The content of fluorine is 0.34%. The proportion of fluorine-bearing iron 
concentrates to iron-bearing concentrates is set at 40% (mass). And fluorine-bearing iron 
concentrates were firstly balled into pellets in CAP. The results are listed in Table V. 

Table V. Comparison of CAP and TSP in the Field of Preparing 
Ironmaking Burden from Fluorine-bearing Iron Concentrates 

Process 

TSP 
TSP 
CAP 

Overall 
basicity 

2.2 
1.6 
1.6 

Vertical sintering 
speed (mm-min"1) 

21.52 
18.32 
20.08 

Productivity 
(t-m^-h"1) 

1.395 
1.420 
1.504 

Tumbler index 
(+6.3mm, mass %) 

57.71 
51.45 
64.05 

As demonstrated in Table V, the tumbler index and the productivity in CAP are both higher 
than those in TSR Compared to TSP, the tumbler index of finished products obtained from 
CAP is 64.05% when overall basicity is 1.6, with productivity is 1.504 t-m^h"1. 

Iron-Bearing Dusts & Sludges. With the rapid development of iron and steel industry, lots of 
metallurgical dusts and sludges are generated. When used in sintering or pelletizing 
production, they deteriorate the performances of production due to their poor hydrophilicity 
and bad ballability. Comparison of CAP and TSP in the field of preparing ironmaking burden 
from iron-containing dusts & sludges is displayed in Table VI. 

Table VI. Comparison of CAP and TSP in the Field of Preparing 
Ironmaking Burden from Iron-containing Dusts & Sludges 

Process 

TSP 

TSP 

CAP 

Treatment of dusts & sludges 

Without dusts & sludges 

Blended into sintering mixture 

Prepared into pellets 

Vertical sintering speed 
(mm-min"1) 

23.87 

21.65 

23.73 

Productivity 
(t-nf2*"1) 

1.475 

1.355 

1.580 

Tumbler index 
(+6.3mm, mass %) 

65.20 

63.41 

65.93 

As shown in Table VI, the addition of dusts and sludges has an obvious negative effect on the 
tumbler index and the productivity in TSP. Compared to TSP, the productivity and the 
tumbler index of finished products in CAP are improved obviously by preparing dusts & 
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sludges into pellets. 

Vanadium/titanium-bearing Magnetite. Because of small specific surface area and poor 
ballability, vanadium/titanium-bearing magnetite is difficult for the production of oxidized 
pellet. Meantime, the mechanical strength of sinter is decreased with increasing proportion of 
vanadium/titanium-bearing magnetite in the sintering production. 
The vanadium/titanium-bearing magnetite concentrates in this section were obtained from 
Panzhihua Iron and Steel Company, China. The proportion of vanadium/titanium-bearing 
magnetite concentrates to iron-bearing materials is 55%. The test result is listed in Table VII. 
Compared to TSP, various indexes in CAP are improved obviously. 

Table VII. Comparison of CAP and TSP in the Field of Preparing Ironmaking Burden from 
Vanadium/titanium-bearing Magnetite 

Process 

TSP 

CAP 

Coke dosage 

(kg/t) 

63.01 

57.37 

Vertical sintering speed 
(mm-min"1) 

21.00 

22.71 

Yield 

(%) 

73.89 

81.30 

Productivity 
(t-m^rf1) 

1.258 

1.570 

Tumbler index 
(+6.3mm, 
mass %) 

55.20 

62.13 

Permeability 
index 
(JPU) 

0.174 

0,211 

Industrial Application of CAP 

The CAP had been put into industrial production in Baotou iron and steel company since 
April, 2008. The iron-bearing materials were mainly composed of fluorine-bearing iron 
concentrates during testing. Under the condition of overall basicity 1.53, the operation rate of 
sintering machine was improved 2.81% by using CAP, Meantime, the average daily yield was 
increased by 210 t/d. The fuel consumption was reduced by 7.87 kg/t. 
Ironmaking operation showed that the TFe grade of blast furnace burden was increased by 
0.19% when the finished composite agglomerates were used. The dosage of silica stone was 
decreased from 25.87 kg/t to 13.6 kg/t. The slag rate was reduced by 41,0 kg/t. The 
productivity of blast furnace was increased by 0.209 t/m3-d, with the dosage of coal powder 
injection increased by 6.77kg/t. From three years of production operation, the overall 
economic efficiency of CAP is very significant. All of TSP in Baotou iron and steel plant will 
be replaced by CAP in the future. 

Comprehensive Comparison of CAP with Other Agglomeration Processes 

The technological characteristics of several agglomeration processes involving CAP, sintering, 
pelletizing and hybrid pelletized sintering (HPS) are summed up and listed in Table VIII. 
From Table VIII, it can be found that CAP is different from those agglomeration processes of 
iron-bearing materials involving sintering, pelletizing and HPS. Based on the technological 
characteristics, CAP can be considered as alternative to traditional agglomeration processes 
for ironmaking burden. 
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Table VIII. Comprehensive Comparison of CAP with Other Agglomeration Processes 

Agglomeration 
Process 

Size range of 
raw materials 

Type of raw 
materials 

Granulation or 
pelletizing 
preparation 

Adding manner 
of fuels 

Requirement for 
drying process 

Consolidation 
mechanism 

Appearance of 
finished 
products 

Overall basicity 
of product 

Sintering 

0-10 mm 

Fine ores or 
concentrates 

All of materials 
are granulated 

into 3-10 mm in 
diameter 

All is added into 
feeds 

Not needed 

Consolidation via 
molten phase 

Irregular lumps 

1.8-2.2 

Pelletizing 

-0.045mm 

accounting for 
80%~90% 

Concentrates 

All of materials 
are pelletized 

intol2~16 mm 
in diameter 

Heating by 
external system 

Needed 

Consolidation via 
solid phase 

Ball shape 

<0.2 

HPS [11-14] 

0-5 mm 

Concentrates or 
fine ores 

All of materials 
are pelletized into 

5-10 mm in 
diameter 

A part is added 
into feeds and the 

rest is used to 
pack the pellets 

Needed 

Consolidation via 
solid phase 

botryoidal 
micropellet 
aggregates 

<1.2or>2.0 

CAP 

Pelletizing Materials: 

-0.075 mm 60%~90% 
Matrix materials: -10 mm 

Fine ores, Concentrates or 
iron-containing dusts & 

sludges 1 

Matrix materials are 
granulated into 3-10 mm, 
Pelletizing materials are 
pelletized into 8-16 mm 

in diameter | 

All is added into feeds 

Not needed 

Consolidation via molten 
liquid phase and solid 

phase 1 
Irregular lumps of acidic 
pellets embedded in high 

basicity sinter 

1.2-2.2 

Conclusions 

Composite agglomeration process (CAP) is an innovative method for preparing blast furnace 
burden. Compared to sintering and pelletizing processes, CAP is characterized by many 
advantages such as suitability for varied iron-bearing materials in production, obviously 
improving the permeability of the feed bed, reducing the energy consumption and increasing 
the productivity of sintering machine. The overall economic efficiency of CAP is very 
significant when the finished agglomerates are used in ironmaking operation. Therefore, CAP 
is a promising agglomeration processes for ironmaking burden. 
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Abstract 

Nickel is mainly used in stainless steel production as ferronickel. In recent years, low grade 
ferronickel or nickel pig iron (NPI) is used in stainless steel production to reduce expenditure of 
nickel price. In this study, Turkey East Anatolian region lateritic nickel ores were directly 
introduced carbothermal reduction to produce NPI. Firstly the raw lateritic ore that contains 
0.9% Ni, 0.054% Co and 2.3% Cr was mixed with metallurgical grade coal at different 
stiochometric ratios. The samples were smelted at 1600-1650 °C temperature range in an 
induction furnace for 25 min. In the second experimental set, different processes times were 
carried out from 15 to 35 min. The raw material, obtained alloys and slags were analyzed by 
using XRD (X-Ray Diffractometer), XRF (X-Ray Fluorescence Spectrometer), AAS (Atomic 
Absorption Spectrometer) and EPMA (Electron Probe Micro Analyzer) techniques. 

Introduction 

Nickel is an important element that has many application areas in the industry and there are a lot 
of kinds of nickel products such as refined metal, powder, sponge etc. 65% of metallic nickel is 
used in stainless steel, 12% is consumed as superalloy and non ferrous alloy because of its 
superior corrosion and high temperature properties [1]. 

Nickel is a transition metal that is mined from mainly two types of ore deposits as sulphide ores 
and lateritic ores. Although 73% of nickel ores are latérites, 55% of primary production is from 
sulphide ores [1, 2]. The importance of lateritic ores is increasing due to the increase in nickel 
prices and decrease in reserves of sulphide ores. 

There are pyrometallurgical, hydrometallurgical and combined (pyro-hydrometallurgical) 
methods which are used for the extraction of nickel from lateritic ores. HPAL (High temperature 
pressure acid leaching) is generally used to recover nickel and cobalt from latérite nickel ores. It 
is suitable for the plants processing ores with low magnesium oxide and aluminum oxide 
content. Lateritic ores are exposed to hot acidic leaching around ~250 °C to dissolve cobalt and 
nickel under high pressure. The main disadvantage for HPAL is the high cost of titanium 
autoclaves. Process is complex and difficult to control due to the high pressure and heating of the 
process [2,3 and 4]. 

AL (Atmospheric leaching) is being replaced with HPAL due to low costs and more suitable for 
the smaller scale plants. AL includes direct leaching of latérite ores in the organic or inorganic 
acids and obtaining Ni, Co hydroxides in the solution. Solution can be enriched by using SX and 
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metallic nickel and cobalt are recovered by EW or precipitating. In the heap leaching process, 
milled ore is fed by dilute acid from the top, and nickel and cobalt are digested. Collected 
solution is treated for metal recovery. In the agitation leach, crushed and ground ore is leached in 
a heated tank. Temperature has a beneficial effect on the metal recovery with decrease of the 
process duration [3,4]. 

Caron Process (Combined-pyro-hydrometallurgy) was first developed by Caron in the 1920s and 
first used in the Second World War in Nicaro, Cuba. It can be used for high iron limonitic ores 
and tolerates more Mg than other acid leaching processes. In this process, ore is blended and 
dried, then reduced in a roaster by using fuel and air around 700 °C. The product is generally 
iron-nickel alloy. Hot and reduced ore is cooled in a roaster under reducing atmosphere and 
quench in ammoniacal ammonium carbonate solution in the tanks. Nickel and Co are 
precipitated as carbonate form from solution. The recovery is lower compared to 
pyrometallurgical and hydrometallurgical processes. The first step of this process also consumes 
high energy [4, 5]. 

Ferronickel smelting of latente ores is generally performed by using fossil fuels (coal, oil, natural 
gas, etc.) as reductant in a rotary kiln. Nickel and cobalt are firstly reduced because iron has 
greater affinity for oxygen. The product is charged to converter for refining after discarding slag 
containing unreduced iron oxide, magnesium and silica. The end-product is ferronickel alloy 
which contains 25% nickel. This unrefined ferronickel is refined using soda ash, lime or calcium 
carbide to remove sulphur content. Air is blown through molten and desulphurized ferronickel to 
oxidize carbon, phosphorus and other impurity elements. This process is energy intensive but 
new furnace technologies reduce the energy costs [2,4 and 5]. 

Nickel Pig Iron (NPI) production is a new trend which was first developed about 50 years ago 
but not used commercially until some Chinese pig iron producers changed their production 
methods into nickel pig iron without new investments. NPI production first began in blast 
furnaces using latente ores imported from Indonesia, Philippines and New Guinea. The process 
is almost same as pig iron production. The difference is that the ore contains more nickel. The 
blast furnace products contain 2-10% of nickel. The technology also performed using electric arc 
furnaces and rotary kilns [4,6 and 7]. 

In this study, experiments were performed in an induction furnace with graphite crucibles. 
Lateritic ores were employed as raw material to produce nickel pig iron from East Anatolian 
Region. The effect of optimum reductant ratio and process time was examined. 

Experimental Studies 

East Anatolian Region raw lateritic nickel ore samples were crushed and ground by using a jaw 
crusher, cone crusher, roller crusher and a vibratory cup mill. Average particle size of 275 um 
was calculated by using screen analysis for the ground ore. Ore was homogenized at the end of 
the mill treatment process. 

Homogenized ore was characterized by using different analyzing techniques including XRD, 
XRF and AAS. Also amount of fixed carbon, volatile materials and ash in metallurgical coke 
were analyzed. According to X-ray diffraction results (XRD, PANalytical PW3040/60) shown in 
Figure 1, these ores contain mainly quartz, magnetite, hematite and magnesium chromium oxide 
phases and slightly nickel iron oxide. 
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Figure 1. XRD Pattern of Raw Lateritic Nickel Ore 

The quantitative analysis of raw lateritic ore was performed using AAS (Perkin Elmer Analyst 
800) and XRF (Thermo SCIENTIFIC, NITON XL3t). Results are shown in Table I. 

Table I. Quantitative Analysis of Raw Lateritic Nickel Ore 

%Ni 

0.90 

%Sr 

0.003 

%Fe 

30.11 

%Ca 

0.096 

%Cr 

2.30 

%Zn 

0.036 

%Co 

0.054 

%S 

0.044 

%Mn 

0.31 

%Ti 

0.024 

%Mg 

4.99 

%Si02 

40.61 

%A1 

1,80 

%LOI 

2.50 

In the first experimental set, effect of reductant amount was carried out. Lateritic ores and coke 
were dried in a dryer at 105 °C for 2 hours. 100 g ore and metallurgical coke (from 5g to 35g) 
were mixed and charged into an induction furnace which is commercially designed for F9 and 
F10 graphite based crucibles. These mixtures were held for 25 minutes in the furnace at 
temperature range of 1600-1650 °C. It was observed that charged mixtures began to melt around 
10th minute (1350-1400 °C) and reached the maximum temperature about 15 minute. Metallic 
and slag phases were obtained after smelting. Slags were discarded and grinded. Magnetic-
metallic and non-magnetic parts of the slags were separated by using magnetic separation 
process. Magnetic parts were added to the metallic phase to re-melt. General flowchart of the 
process is shown in Figure 2. The homogenized metal buttons were characterized using XRF, 
AAS, EPMA techniques. The most efficient experiment in recovery of Ni and Co was P4 
mixture with 30 g reductant and 100 g ore. 
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Figure 2. General Flowchart of the Process 

In the second experimental set, effect of process duration was carried out. P4 mixture was 
smelted in different process durations from 15 min. to 35 minutes. The same experimental and 
characterization procedures as in the first experimental set were employed for the second 
experimental set with different process times. 

Results and Discussion 

In the first experimental set up, the most efficient result was the experiment coded P4 with 100 g 
ore and 30 g coke mixture as 88.13% efficiency in nickel recovery. The experiment PI, 100g ore 
and 5 g coke mixture, has the highest nickel concentration in the metal buttons. However, nickel 
recovery increases with increase in the amount of reductant, nickel concentration in the alloy 
decreases. Ni, Co and Cr contents are shown in Table II and metal recovery efficiency is shown 
in Figure 3 with increasing reductant/charged ore percentage. Oxygen affinity of Ni and Co is 
less than other metals in the ore so that their reduction capacities are more than others at low 
reductant/charged ore ratios. With increasing reductant/charged ore ratios their concentration 
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decrease because there is enough reductant for the reduction of other metals as can be seen in 
Table II and Figure 3 

Table IL Ni, Co and Cr Content of Metallic Buttons with Different Amounts of 
Metallurgical Coke 

Sample 

Pl-25 
P2-25 
P3-25 
P4-2S 
P5-25 

Reductant/ 
Charged Ore, 

% 
5 
10 
20 
30 
35 

Duration, 
Min. 

25 
25 
25 
25 
25 

%Ni 

6.94 
4.07 
3.17 
3.00 
2.87 

%Co 

0.43 
0.23 
0.17 
0.17 
0.15 

%Cr 

0.81 
2.01 
2,90 
4.05 
4.32 

Ni 
Recovery, 

% 
51.74 
67.65 
65.72 
88.13 
77.01 

Co 
Recovery, 

% 
53.43 
63.71 
58.74 
83.23 
67.08 

Cr, 
Recovery, 

% 
2.33 
13.48 
23.22 
45.95 
44.77 

Reductant/ Charged Ore, % 
Figure 3. Ni, Co and Cr Recovery Efficiencies with Different Amounts of Metallurgical Coke 

Process duration is also another parameter that affects metal recoveries. As seen in Table III and 
Figure 4, efficiency in metal recovery increases with the increase of process duration. At 
constant reductant/charged ore ratio (30%) Ni and Co concentrations slightly change with the 
increase of process duration. Ni, Co and Cr recoveries increase rapidly till 30th minute, After 30th 

minute, metal recoveries are close to each other. 
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Table III. Ni, Co and Cr Content of Metallic Buttons with Increasing Process Duration and 30% 
Constant Metallurgical Coke Addition 

1 Sample 

P4-15 
P4-20 
P4-25 
P4-30 
P4-35 

Reductant/ 
Charged Ore, 

% 
30 
30 
30 
30 
30 

Duration, 
Min. 

15 
20 
25 
30 
35 

%Ni 

3.40 
3.09 
3.00 
3.15 
2.94 

%Co 

0.13 
0.22 
0.17 
0.19 
0.17 

%Cr 

4.81 
4.99 
4.05 
5.54 
5.07 

Ni 
Recovery, 

% 
16.21 
45.8 
88.13 
97.55 
97.93 

Co 
Recovery, 

% 
10.33 
54.35 
83.24 
98.06 
94.38 

Cr, 1 
Recovery, 

% 
8.86 

28.57 
45.96 
66.27 
65.24 

Process Duration, min. 
Figure 4. Ni, Co and Cr Recovery Efficiencies with Increasing Process Duration and 30% 

Constant Metallurgical Coke Addition 

Conclusion 

The effects of reductant/charged ore ratio and process duration on metal recovery efficiency 
were examined. East Anatolian Region lateritic nickel ores were successfully smelted using an 
induction furnace with graphite based crucibles. 

In the first experimental set, P4 has the highest Ni-Co recovery efficiency as 88.13% and 83.23% 
respectively. P4 has also satisfactory Cr concentration as 4.05%. PI has the highest Ni and Co 
concentration as 6.94% and 0.43% and has only 0.81% Cr concentration. 
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In the second experimental set, Ni and Co concentrations in the alloy slightly change with the 
increase of process duration but their recovery efficiencies change rapidly with increasing in the 
time. The highest recoveries were achieved as 97.55% Ni and 98,06% Co with the addition of 
30% of metallurgical coke and for the process time of 30 minute and 97,93% Ni and 94.38% Co 
for 35 minutes. 
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Abstract 
Manganese is mainly consumed by steel and battery industries. In recent years, it is essential 
to utilize the low-grade manganese oxide ores with total manganese grade below 25%, as the 
high quality manganese ore resources are becoming scarce with the rapid development of the 
steel industry. Conventional pyro-metallurgical processes for utilizing manganese oxide ores 
are characterized by high production cost and energy consumption, low productivity, serious 
environmental pollution, etc. In this study, reduction thermodynamic of MnOa reduced by 
sulfur was firstly carried out. Then, a novel process of reduction roasting with sulfur followed 
by acid leaching was developed to recover manganese from the very low-grade manganese 
oxide ores. Effects of main factors, including temperature, reduction time and S/Mn mole 
ratio, were investigated, and a high leaching efficiency of Mn above 95% was obtained under 
optimal conditions. 

Introduction 

High/middle-grade manganese oxide ores are generally used in the metallurgical industries, 
particularly in steel plants and ferro-alloy units. The consumption of metal manganese in the 
ferro-alloy industry accounts for 85- 90% of the total Mn demanded [1], Therefore, high 
quality manganese ore resources are becoming scarce with the rapid development of steel 
industry. It is essential to make good use of large quantity of low-grade manganese ores 
(TMn < 25%) presently available. 
Low-grade manganese ores are conventionally processed by pyro/hydro-metallurgical or 
direct reductive leaching methods. Process of reduction roasting followed by acid leaching 
plays an important role in the treatment of low-grade manganese ores [2]. The 
pyro-metallurgical methods include processes of coal-based reduction roasting [3-5], pyrite 
reduction roasting [6] and sulphation roasting [7-8]. The obvious disadvantages of the above 
methods are higher roasting temperature and more energy consumption. 

• Corresponding author: Yuanbo Zhang, email: zybcsu@126.com 
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A great deal of direct reductive leaching processes have been studied including leaching with 
sulfur dioxide [9], pyrite in acidic media [10], hydrogendioxide [11], bioleaching with 
different microorganisms [12], ferrous iron [13] and organic reducing agents [14-15]. Among 
these processes, leaching approaches using various organic matters as reductants have been 
focused on to process low-grade manganese ores. The problems of these methods are the 
purification of Mn from leaching solution and recovery of precious metals. 
The utilization of waste or secondary materials for the reduction of manganese oxide ores has 
been recently arousing the public concern. In the present work, a novel process for utilizing 
the low-grade manganese ores by reduction roasting followed by acid leaching was put 
forward, using sulfur residues as reductants. Thermodynamic analysis of different reactions 
in the Mn-S-0 system was firstly carried out. Then, effects of roasting temperature and time, 
S/Mn mole ratio on the leaching efficiency of Mn were investigated. 

Experimental 

Materials 

The low-grade manganese ores used in this study are obtained from Hunan province, China, 
and the sample is crushed and ground to 80% passing 74um in advance. The chemical 
composition of the ore is given in Table 1. From Table 1 it can be seen that total manganese 
grade of the sample is only 21.10%. XRD pattern of the sample, presented in Figure 1, 
indicates that manganese mainly exists in the form of lithiophorite ((Al, Li)Mn02(OH)2), and 
the main gangue minerals are hematite ÇPC2O3) and quartz (SiC>2). Grade of sublimed sulfur 
used as reductant is above 99%. The chemical phase analysis of manganese reveals that the 
sample ore is mainly composed of manganese dioxide (MnC>2, 95.74%), with small amounts 
of manganese carbonate (MnCC>3, 2.51%) and manganous silicate (MnSiC>3,1.75%). 

Table I. Main Chemical Composition of the Manganese Ore (mass fraction, %) 
1 Mn 

21.10 

TFe 

10.69 

AI2O3 

6.90 

Si02 

31.62 

CaO 

2.25 

MgO 

0.12 

S 

0.15 

P 

0.089 

Li 

0.0056 

LOI* 

12.15 
♦LOI: Loss on ignition. 

Figure 1. XRD Pattern of the Manganese Ore 
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Methods 

The ground manganese ore and chemically pure sublimed sulfur were put into a closed 
stainless steel reactor after mixed thoroughly together, and then roasted at given temperature 
for certain period in an electrically heated muffle furnace. The reduced samples were cooled 
in inert atmosphere. In each test, 10 grams reduced samples were weighed and leached in a 
400ml beaker using a stirrer with rotating speed of 400 r-min"1. The samples were filtered 
subsequently, and the leached residues were washed for three times with distilled water then 
dried for chemical analysis. All the leaching experiments were conducted at room 
temperature for 30min in a solution of 50ml H20 and IM H2S04. The experimental flowsheet 
was presented in Figure 2. The leaching in the solution of H20 was attributed to appraise the 
formation amount of MnS04. The leaching efficiency of Mn can be calculated as follows: 

y = (l 
n^ xß 
mn xa 

)xl00% (1) 

Where: y is the leaching efficiency of Mn, %; 
m0 is the weight of reduced product, g; a is Mn grade of reduced product, %; 
mi is the weight of leached residue, g; ß is Mn grade of leached residue, %. 

Manganese ore gjp 

Grinding 

x Mixing 

X 
Reduction roasting 

Sulfur 

Leaching 

Leaching solution Leaching Residue 

Figure 2. Experimental flowsheet 

Thermodynamic Analysis of M11O2 Reduced by Sulfur 

The reaction procedure of Mn02 reduced by sulfur was very complicated because sulfur 
exists in the form of liquid state at the temperature between 119 °C and 445 °C, and then 
begins to sublimate above 445 °C. However, manganese can exist in the form of Mn203, 
Mn304, MnO, MnS, MnS2 and MnSC>4. In this study, the transformation procedure of Mn02 

was analyzed at the temperature range of 392-718 K and 718~ 1100 K, respectively. 
Figure 3 shows AG^-T result of major reactions of Mn02 reduced by sulfur in the closed 
system. At the temperature range 392-718 K, sulfur existed in the form of liquid state. 
Almost all AG^ values of the reactions were much less than zero, which indicated the 
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reactions were easy to proceed. As observed, Mn02 was easily reduced to Mn203 (bixbyite) 
and subsequently to Mn3C>4 (hausmannite) theoretically. It can be also seen from Figure 3, 
that VUI3O4 is reduced to MnS2 (manganese disulfide) or MnS (manganese sulfide) depending 
on the temperature. MnS2 was easier formed under 539 K and MnS prevailed above 539 K. 
But, MnS2 was unstable above 543 K, and it can release element sulfur and MnS. It was 
noteworthy to refer to the reaction between MnS and Mn304 was impossible as AG? of this 
reaction was above zero at the temperature range of 392 K-718 K. As a result, the main 
reduced products of Mn02 by sulfur were MnSC>4 and MnS. 
The form of MnS was unwanted, the main reason for which is that the release of H2S was 
unavoidable while subsequently leached in a H2S04 solution. The roasting temperature was 
enhanced in order to reduce the generation of MnS. Figure 4 presents the AG? - T results of 
reactions in the Mn-S-0 system at 718 K -1100 K. It is necessary to emphasize that sulfur 
existed in the form of gaseous phase, namely S2 vapour. Compared with Figure 3, there are 
two obvious differences existing in Figure 4. Firstly, the formation of MnO was easier than 
that of MnS, while Mn3C>4 was likely reduced by S2 vapour. Secondly, the reaction between 
Mn304 and MnS was possible because AG* of this reaction decreases sharply below zero at 
718 K~ 1100 K. Therefore, intermediate product MnS disappeared and the final products were 
MnSC>4 and MnO. It is obviously observed that S02 is easily reacted with Mn02. However, 
higher temperature was unfavorable for the formation of MnS04. 

Figure 3. AG? -T Results of Reactions Figure 4. AG* -T Results of Reactions in 
in the Mn-S-0 System at 392-718 K the Mn-S-O System at 718-1100 K 

Results and Discussion 

Many factors have obvious effects on the recovery of Mn from low-grade manganese ore by 
reduction roasting- acid leaching process. Sulfur is used as reducing agent. In this paper, the 
leaching efficiency of Mn affected by roasting temperature, S/Mn mole ratio and roasting 
time is investigated, respectively. 

Effects of Roasting Temperature 
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Effects of roasting temperature on the leaching efficiency of Mn were shown in Figure 5, All 
tests were performed under conditions of reduction time 30 min and S/Mn mole ratio 0,50, 
It can be seen that acid leaching efficiency of Mn increased from 79,55% to 95.12% with the 
roasting temperature increasing from 350 °C to 500 °C, and then it remains a constant 
approximately, which was attributed to the reaction between Mn3Û4 and MnS was impossible, 
At this temperature range, the main reduced products were MnS04 and MnS, which resulted 
in the release of H2S while acid leaching. As far as the water leaching efficiency of Mn is 
concerned, it decreased obviously when the temperature is above 550 °C due to the inhibition 
of reaction between S02 and Mn02 at higher temperature. Therefore, the suitable roasting 
temperature of 550 °C was recommended. 

Figure 5. Effects of roasting temperature on the leaching efficiency of Mn 

Effects of S/Mn Mole Ratio 

The leaching efficiency of Mn as a function of S/Mn mole ratio was given in Figure 6 under 
the condition of reduction time 30min and roasting temperature 550° C, 
From Figure 6, it can be seen that both the acid and water leaching efficiency of Mn 
increased with S/Mn mole ratio increasing. When the S/Mn mole ratio is between 0.50 and 
0.57, the maximum of 95.12% acid leaching efficiency and 17.00% water leaching efficiency 
were obtained, respectively. The final reduced products are composed of MnO and MnS04-
The leaching efficiency remained a constant when MnC>2 and MXI$QA are converted 
completely to MnO or MnS04. 

Effects of Roasting Time 

The effect of roasting time on the leaching efficiency of Mn was plotted in Figure 7. All the 
experiments were carried out under conditions of reduction temperature 550°C and S/Mn 
mole ratio 0.50. 
It can be concluded from Figure 7 that the reduction rate of manganese dioxide was rapid. 
The acid leaching efficiency of 81% is achieved after the sample ores are reduced with sulfur 
for only 2min. The leaching efficiency of Mn increased obviously as the roasting time 
increases from 2min to 10min. This can be explained thermodynamically that AG? values of 
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the reactions of MnÜ2 reduced by sulfur are much less than zero, presented in Figure 4. The 
suitable reduction time of 10min should be chosen at 550 °C. 

Figure 6. Effects of S/Mn Mole Ratio on the Leaching Efficiency of Mn 

Figure 7. Effects of Roasting Time on the Leaching Efficiency of Mn 

XRD Analysis of the Reduzates 

Figure 8 shows the XRD patterns of reduced residues after the sample manganese ores are 
reduced under conditions of roasting time 30min, S/Mn mole ratio 0.50 and roasting 
temperature between 350 °C - 650 °C. 
It can be observed that lithiophorite ((Al, Li)Mn02(OH)2) in the sample manganese ores 
disappeared whereas new manganese phases, including MnSC>4, MnS and MnO, appeared 
after the samples are roasted with sulfur. Compared all the XRD patterns, it was found that 
MnS04 existed at all roasting temperatures, however, the diffraction peak of MnS04 in 
reduced residues at lower temperature (< 500 °C) is stronger than that at higher temperatures 
(> 550 °C), which was in accordance with the water leaching efficiency presenting a decline 
tendency above 550 °C. It is noteworthy to mention that MnS, always existing at 
350 QC-500 °C, disappeared at the temperatures above 550 °C, and MnO immediately 
appeared after that. When the temperature reaches 550 °C, the intermediate product MnS 
easily reacted with Mn304, so MnS was not observed in the reduced residues. 
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Figure 8. XRD Pattern of Manganese Ore Reduced by Sulfur at Different Temperature 
(A-MnS,m-MnO,M-MnS04,q-Si02,H-Fe203) 

Conclusions 

(1) The reduction procedure of MnC>2 by sulfur was different and the final reduzates differ 
depending on the roasting temperature. MnS and MnS04 were the main reduced products at 
350 °C- 500 °C while MnO and MnS04 were the final products above 550°C. 
(2) A novel process to recover manganese from low-grade manganese ore (TMn 21.1%) by 
reduction roasting acid leaching was developed, using sulfur as reducing agents. The optimal 
parameters were recommended as roasting temperature 500 °C, roasting time 10min and 
S/Mn mole ratio 0.50, and a high leaching efficiency above 95% was obtained the optimal 
conditions. 
(3) The reduction reactions of Mn02 by sulfur happened at a relatively low temperature and 
the speed was very fast. It was a promising process for utilizing the low-grade manganese 
ores compared with the traditional coal-based reduction roasting method. 
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Abstract 
SINTEF has carried out several pilot scale silicon process experiments in the past, but always 
with an open off gas system. In order to test the possibilities in running a semi closed furnace 
operation, a new off gas hood has been designed and tested. The off gas hood is designed to 
collect all off gases to gain insight into the phase compositions in the off gas and at the same 
time have the opportunity to monitor and maintain the charging/stoking of the furnace. The 
furnace hood has regulation and control of the air inlet into the combustion zone in two 
different heights. The off gas temperature and composition was continuously monitored and 
analyzed during the experiment. In order to expand the knowledge on NOx-formation in 
silicon metal production, such information is vital, 

Introduction 
Because of the negative environmental impact, the attention towards all kinds of NOx 
emissions increases in Norway. The authorities' demand towards better surveillance and 
control of emissions increases as well. 

Earlier and new industrial measurements in FeSi- and Si-metal furnaces reveal quite high 
NOx-emission. The measurements also show that the NOx formation (mainly as thermal 
N0X) is distinct connected to the formation of dust (SiG->SiO 2) in the combustion chamber 
above the furnace surface, when the temperature is high and the access to N2/O2 is good. 
This means that stoking, charging and temperature straight above the furnace surface is 
important factors for the NOx formation. 

Silicon is produced in submerged arc furnaces, where quartz reacts via several sub reactions, 
with wood, charcoal, and coal. The required energy is supplied by carbon electrodes. The 
production route for ferrosilicon is similar, with addition of iron oxides. CO and SiO-gas 
escapes out on top of the furnace where it burn with air and form CO2 and S1O2. 

Basically there are three main mechanisms producing N0X; thermal NOx, fuel NOx and 
prompt NOx. In ferroalloy industry, thermal N0X is the most relevant, but fuel NOx, from 
the oxidation of nitrogen components in the reduction material, can also be a significant 
source. Thermal NOx is a result of direct oxidation of N2 from the air at high temperature. 
NOx-formation increases with combustion temperature, time spent at high temperature and 
the O2 and N2-contents present in the combustion chamber. The oxygen and nitrogen produce 
various oxides of nitrogen, mainly NO, but also a lesser degree of N02 and N2O. 

33 



NO form nitric acid when that reacts with moisture in the atmosphere to a component of acid 
rain. In addition NOx lead to formation of tropospheric ozone and thereby contribute to 
several forms of respiratory disorders. This is the main environmental impact of the NOx 

emission. 

In order to expand the knowledge on NOx-formation in silicon metal production, a pilot scale 
experiment in a 400 kVA silicon furnace has been carried out. A new off gas hood was 
designed with a view to be able to copy and manipulate the formation mechanisms for NOx 
by controlling the flow of false air into the off-gas system. 

The resulting NOx-values corresponding to the different air inlet to the furnace top, showed 
significantly differences between the different air inlet geometries. 

Furnace 
The experiment was carried out in a 400 kVA furnace operated at 160 kW. It is single phase 
furnace with adjustable current and voltage supply. The power supply can be operated with 
both AC and DC. Maximum DC current is 8000 A and maximum DC voltage is 300 V. 
Maximum AC current is 5700A and maximum AC voltage is 215 V. In this case AC was 
chosen. The furnace is connected to an off gas system, monitoring composition and 
temperature of the gas, and with filter collecting coarse and fine particles in the end. 

Based on the observation from industrial measurements, the off gas hood was designed with 
the opportunity to control the false air inlet in to the combustion chamber, and at the same 
time be able to maintain the stoking and charging operations. A sketch and a picture of the 
furnace are shown in figure 1. 

Figure 1: The figure shows a sketch of the furnace and a picture of the furnace in action. 

34 



After the experiment it is possible to take out a cast plate of cross section through the center 
of furnace and investigate more closely the material in different zom$ of the furnace. This is 
made possible by a special construction of the furnace body. It is constructed with an outer 
steel mantle which is dividable horizontally just below the tap hole. The top is also dividable 
vertically in order to be able to apart the furnace pot into two halves. This particularly design 
reveal an option to fill the furnace with epoxy after ended experiment. The molded mass can 
then be removed in one piece. It is a very useful technic in post experimental studies, to cut 
the entire furnace in slices, and subsequently drill out samples from decided positions for 
analysis. Figure 2 shows a typical cross section of the furnace after ended experiment and a 
schematic overview of the different reaction zones. 

Figure 2: Typical cross section of pilot furnace after ended experiment and a schematic 
overview of the different reaction zones (not from the current experiment) /4/. 

The bottom lining was stamped with conductive SiC. In the bottom a graphite electrode was 
used with the power connected via copper bars and a copper bolt below the furnace. In the 
side lining an Al203-based paste was used. The gap between the steel mantle and side-lining 
was filled with a 5 cm thick layer of silver sand (SiCh). 

The top electrode is a 15 cm (6 inches) graphite electrode that can be adjusted up and down, 
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Off Gas System 
The hood was constructed with two sets of perforated rings. The holes perforating the ring 
had a diameter of 35 mm, giving a total opening area of each ring of 0,096 m2. Each set of 
ring consist of one inner fixed ring one outer adjustable ring. The distance between the two set 
of rings were 500 mm. 

The hood was also provided with two stoking gates and two gates for charging raw materials 
into the furnace. 

Figure 3: Details of the off gas hood. 

Furnace Operation 
A critical factor to succeed the furnace operation in this scale, is a proper bottom lining. The 
conductive SiC lining was primary preheated for 500°C during 1 day and further baking with 
coke bed for 1 more day. The furnace is ready for raw material feeding after a total preheating 
equivalent to accumulated 1120 kWh. Raw material was charged into the furnace for 15 hours 
before the operation was stable and the furnace ready for the first tapping. 

The furnace was run using AC power. The current was fixed at 4000 A, and the voltage 
fluctuate around 40 V. The resulting effect was stable around 160 kW. The furnace was 
tapped every 250 kWh. During tapping the electrode was gradually adjusted down, to end up 
in the bottom when the furnace was "empty". After ended tapping the power supply was 
switched off in order to stoke down the furnace top with pneumatic tools. The electrode was 
then raised 5 cm and the furnace switched on. The furnace was then ready to rapidly be 
reloaded up to 3A level, and then gradually refilled up to normal level (20 cm from pot edge). 
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Raw material used for this experiment was quartz (3-25 mm) and coke (3-15 mm). In addition 
wood chips (20-50 mm), was added to increase charge permeability, to "ventilate" the charge. 
The raw material mix started with a carbon cover of 80 %, gradually increase up to 97 %, 

The silicon pilot furnace was operating for 44 hours, producing with a silicon yield of 62 %. It 
was tapped 13 times, giving a total of 87 kg's of silicon. 

The main purpose with the experiment was off gas analysis connected to NOx-formation, so 
the furnace parameters were focused to optimise the NOx-production, and not the Si-
production. 

Critical electrical parameters were continuous logged during the experiment. The effect/time-
plot is showed in figure 4. 

Figure 4: Variation in power with experimental time. 
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Measurements 
A schematic overview of the furnace, off gas system and test points is shown in Figure 5. 

Figure 5: Sketch of the pilot furnace, off gas system and test points. 

Results 
Some of the results from furnace operation are summarized in Table I 

Table I: A summary of metal produced, dust produced, and effect spent. 

Tapnr 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

1 12 
13 
14 

Real time 

15:00 
16:30 
18:17 
20:11 
22:02 
24:09 
26:15 
28:00 
30:34 
33:00 
35:28 
38:45 
41:41 
44:27 

Time 
hours 

12 
1,5 
1,75 
2 
2 
2 
2 

1,75 
2,5 
2,5 
2,5 
3,25 

3 
3 

Metal 
produced 

kg 
4,65 
4,5 
3,6 

3,52 
3,97 
2,37 
8,4 

3,35 
7,32 
18,2 
15,22 
12,39 
4,5 
0 

Dust 
produced 

kg 
1,59 
0,02 
0,09 
0,01 
0,01 
5,44* 
15,43 
0,85 
4,0 
0,70 
1,2 

27,3 
1,0 

14,36 

kWhpr 
production 

period 
1742 
214 
253 
254 
261 
308 
306 
280 
311 
305 
302 
398 
379 
381 

Furnace 
effect 
kW 
145 
170 
170 
147 
160 
172 
168 
140 
150 
164 
164 
164 
162 
164 

kWh/kg 
Si 

374,62 
47,55 
70,28 
72,16 
65,74 
129,95 
36,43 
83,58 
42,49 
16,76 
19,84 
32,12 
84,22 

-
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The temperature and off gas analysis was measured close to the furnace surface. To analyze 
the off gas a Testo 350XL [5] was used and the measurements where done continuously 
throughout the experiment. The measurements are done with a measuring cell with an 
accuracy of 2 ppm from zero to 40 ppm and 5% of measured value for measurements above 
40 ppm. The Testo instrument measures CO, C02, 02, NO, NO2 and SO2, The results are 
shown in Figure 8 

The working hypothesis in advance was expressed in three statements; 

A. The NOx-formation is controlled of the SiO combustion occurring when the crater gas 
meet air straight above the surface of the furnace (raw material charge.) 

B. The inflow of air, and the flow conditions, straight above the charge surface controls 
the amount of NOx formed. 

C. The amount of NOx formed can be manipulated by the amount false air, and where 
the false air is let in to the combustion chamber. 

The main objective of the experiment was then to: 

1. Measure the NOx as a function of the height of the air inlets above the charge surface. 
a. The upper level was 700 mm above the surface. 
b. The lower level was 200 mm above the surface. 

2. Measure the NOx formation as a function of the amount of air let in, by adjusting the 
rings in 6 different configurations. 

a. Both rings open 
b. Both rings closed 
c. Upper ring open 
d. Lower ring open 
e. Upper ring half open 
f. Lower ring half open 

Figure 8: Measured NOx emissions for the different ring configurations. NOx-emissions are 
given in grams/hour. Ill 
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Discussion 

Both the level and the difference of the different ring constellations are surprisingly high. 
Particularly interesting are the results showing that the NOx level rise with a decreasing 
amount of air let into the furnace. This shows the ability to form NOx even at a low supply of 
N2 and 02. One explanation might be that at a low inflow of air the overall velocity field 
through the hood is reduced, forming "hot spots" of air heated by the SiO combustion and still 
containing enough N2 and 0 2 to form NOx. In that respect the velocity fields inside the hood 
will have a substantial effect on the NOx formation III. 

Conclusions 

This first experiment to establish the method showed that the pilot furnace was a good and 
efective tool for investigating the mechanisms for NOx formation. The specially designed 
hood and the set up of off gas measurements were important to achieve this. Further 
experiments with varying conditions can give insight about mechanisms behind emissions of 
NOx in Si and FeSi furnaces and how the industry can réduce these. 

The resulting NOx-values corresponding to the different air inlet to the furnace top, showed 
significantly differences between the different air inlet geometries. The experimental set up 
and the hood design was suitable in order to make a controlled off gas study within a fixed 
geometry. 

Based on the data acquired from our experiment we can conclude the following for the pilot 
scale silicon furnace: 

- Having the inlet of cold air close to the charge surface produces more NOx than 
moving it higher towards the off gas channel. 

- Decreasing the inlet of air to the combustion chamber increases the amount of NOx 
produced substantially. 

- Based on the NOx results there is reason to believe that the velocity fields inside the 
hood influences the NOx formation significantly. 

Understanding the mechanisms in NOx formation connected to the silicon process is of vital 
importance for working towards reduced emissions. 
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Abstract 

This paper introduces an innovative solution to open and close the tap hole of different furnace 
types in the copper industry with a slide gate system. Two plates with defined drilled holes are 
slid against each other, which enables effective starting and stopping of the copper flow as well 
as throttling. Typically, the copper is poured via a tap hole into a launder system by rotating the 
furnace into an appropriate position. Control of the casting rate is also performed in this manner. 
Or, in case of stationary furnaces the tap hole is opened by oxygen lancing and closed manually 
with a clay- or copper-cone. These procedures show a lot of disadvantages including splashing, 
oxygen pick-up, and energy losses as well as a severe danger for the working staff. All these 
problems can be overcome with an appropriate slide gate system. 

Introduction 

The control of the casting rate of a copper anode furnace usually is performed by rotating the 
furnace into an appropriate position. This implies that the taping starts with the tap hole at a very 
high position. Copper splashing and an uncontrolled oxygen pick up are - with several more 
disadvantages - the consequences. RHI AG has developed an innovative solution for copper 
applications to open and close the tap hole with a slide gate system which allows also an accurate 
control of the flow rate. By using this system it is possible to start the casting procedure with the 
tap hole at the deepest position, directly above the launder. 
This paper presents this new slide gate system in detail and shows the advantages in production 
and safety issues. 

Mechanical Parts 

The COP FLOW slide gate is a compact system, engineered with only a few components and 
containing heavy-duty refractory parts. It is a high performance tool with an enormous yield 
potential and which allows a quick and simple exchange of the refractory parts. The slider can be 
swung-out laterally for the plate exchange. For the change of the well block, the whole slide gate 
unit can be laterally swung away. Short down times of the furnace and consequential savings on 
energy are a result of all the above. 

Description of the Mechanical Unit 

The COP FLOW slide gate is a two plate, linear, hydraulically driven system. There are three 
different sizes available, CF60, CF80 and CF100. The number indicates the maximum tap hole 
diameter in mm. 
The bottom and slider refractory plate are identical in shape and size and can be exchanged in a 
very short time. This is done by swiveling-out the movable slider over a hinge on the housing 
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(Figure 1). After the plate exchange the slider is swiveled-back into normal working position. If 
also the well block has to be changeable the whole ladle gate unit can be swiveled over a double 
hinge. 

Figure 1. Opened Slide Gate COP FLOW 60 

The interlocked positioning of the plates is achieved by a double wedge design. Two permanent 
magnets are holding the plates in place. 
The defined tension force of the system is generated trough four pre-set tension elements, which 
are equipped with high temperature resistant spiral disc springs and integrated into the housing. 
Moving hydraulically the slider over the ramps into the working position activates the tensioning 
of the system. 
The steel encased refractory plates and exchangeable nozzle are delivered ready to use. No tools 
are needed and there is no additional work in a workshop. The standard nozzle for copper has a 
shoulder and is set to a mechanical stop. Therefore the position of the nozzle and the mortar joint 
thickness are exactly defined. 
The short build-in height of the COP FLOW slide gate does not require expensive structural 
modifications on the existing installations. 
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Advantages of the Mechanical Unit 

• The system consists of only 2 main parts: a laterally swiveling slider for easy handling of 
the plates and a fixed or laterally swiveling housing which includes the four tension 
elements and two roller supports. 

• Self-tensioning system through the extra mounting stroke, no further hydraulic mounting 
tool is needed. 

• The system can be operated in vertical and horizontal position and is so suitable for any 
furnace type. 

• The long working stroke guarantees a higher life of the refractory plates. 
• An increased safety is achieved by massive refractory components. 
• The refractory parts can be exchanged quickly and easily without any additional 

mechanical fixing. 
• There are only a few spare parts needed, what minimizes the costs for maintenance and 

operation. 

Refractory Components 

The tap hole area is exposed to a severe erosion attack additional to the thermo-chemical load 
which is affecting the refractories in the vessel in general. RHI AG offers especially for the 
copper industry developed high resistant alumina-chromium oxide refractories to withstand the 
high requirements. 

Figure 2. Refractory Tap Hole Components of the Slide Gate System. 
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The brick lining surrounding the tap hole is installed in two flat arches above and underneath it. 
This gives the best stability in case of a partial repair of the tap hole arrangement. The interface 
from lining to well block is done by a low cement alumina/chromium-oxide castable. 
The tap hole itself - shown in Figure 2 - consists of a well block, an upper nozzle, the two plates 
(where the lower one is sliding) and a collector nozzle. The well block usually has the same life 
time than the rest of the lining and stays in the furnace whereas the plates and nozzles have to be 
exchanged on a regular basis. The base steel plate has a screwed special opening to give the 
possibility also for a well block change if necessary. 
The upper nozzle and the plates are made of a high fired alumina/chromium-oxide refractory, 
which was developed especially for the requirements in the copper industry. Additionally they 
are tar impregnated for an enhanced infiltration resistance. The abrasion wear is most severe 
during casting in throttling mode, when the tapping channel is not fully opened. 
The lower nozzle, also called collector nozzle gives a concentrated copper stream and minimizes 
the oxygen pick-up and splashing. For this nozzle a SiC material is used. It prevents a freezing of 
droplets at the end of the nozzle. 
The selection of the mortars for installation has an important influence on the lifetime of the 
system. All parts have to be densely connected to prevent a copper infiltration, in between. Two 
different mortars are used. A phosphor bonded alumina/chromium-oxide mortar with very high 
strength and adherence for connecting the plates and nozzles to each other. For putting the inner 
nozzle into the well block a SiC mortar is in use. With this mortar the cleaning of the well block 
surface after removing the worn out inner nozzle is easier and can be done without damaging the 
well block. 

Industrial Application 

The slide gate system is installed onto anode furnaces or rotary holding furnaces (Figure 3 and 4) 
to upgrade a standard tap hole. The main reasons to install the slide gate were to reduce the 
splashing of the copper which cases a lot of cleaning between each heat as well as the safe and 
easy flow regulation during tapping. 

Figure 3 and 4. Installation of the Slide Gate System. 
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Installation 

The installation is carried out during a new installation of the brick lining. Usually it is possible 
to place the slide gate system at the original tap hole position, so no significant adjustments in 
the steel structure are necessary. Only the base plate of the slide gate has to be welded to the steel 
shell. The refractory lining is completed with two flat arches above and underneath the tap hole 
opening. The well block is put on place with its centerline exactly positioned. The interface 
between the well block and the surrounding lining is cast. Subsequently the slide gate is mounted 
on the base plate and nozzles and plates are installed. 
For safety reasons it has to be sure that it is possible to move the slide gate above the copper bath 
if an emergency occurs. In case of power failure, a back-up power generator is available at the 
anode furnace. Additionally the hydraulics are installed in such a way that the slide gate closes 
automatically in case of emergency. 
If the furnace layout shows the slide gate located on the same side than the tuyeres, the slide gate 
is immerged for a long time period also xluring oxidation and reduction. To prevent freezing of 
copper in the tapping channel during this time the lower plate is equipped with nitrogen purging 
(Figure 5). For this reason this moving plate has a small drilling and is connected to a nitrogen 
pipe. When the slide gate is closed the outlet of the drilling lies exactly in the tapping channel 
So a constant flow of nitrogen keeps the channel open. 

Figure 5. Upper Plate and Lower Plate with Nitrogen Piping. 

Due to the low distance between slide gate and casting launder an adequate heat protection is 
installed. It prevents an overheating of slide gate, hydraulic system and nitrogen pipes. 

Results 

The following reported results were obtained at Metallo-Chimique N.V. (Belgium) [1]. Because 
of its special position - tap hole and poling tuyeres are on the same side of the furnace • the tap 
hole is submerged all the time during poling and casting. The total immersion time is 7 to 7,5 
hours per heat and approximately 80 heats are processed per month. 
In the original setup the casting was started with the casting hole at height and as the anode 
furnace is emptied during the cast it is turned downwards. However, a large accretion is build in 
the launder. Because the batch wise work, this accretion causes a lot of copper return and 
damage to the launder when removing it. Because the slide gate allows to start casting with the 
casting hole at its lowest point, this build-up in the launder are avoided. The slide gate also 
eliminates almost completely the splashing and the cleaning is minimal. Before, more than 120 
MT of copper had to be removed from the surroundings and re-melted. 
Because always casting from the lowest point in the anode furnace, no slag is entrained in the 
anodes. Thus, an improvement of the surface quality of the anodes can been seen. 
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The slide gate allows to regulate the copper flow from the anode furnace to the intermediate ladle 
(so no turning up and down of the anode furnace anymore). If the intermediate ladle would have 
been on load cells, it is thinkable to even automate this. It is also possible to stop for a short 
while the copper flow and restart casting without any problems. 

Figure 6. Slide Gate with Heat Protection Shield in O 

Operation. 

The limiting factor for the lifetime of the installed refractories is the oxygen lancing in cases 
where the copper freezes in the tap hole. With the help of the above described nitrogen purging 
via the lower plate the tap hole can be kept open or during sporadic heats leaves only a thin layer 
to be lanced. Thus the wear of the inner nozzle is significantly reduced and a life time of more 
than six weeks was obtained. 
The plates show a lifetime of up to 16 heats and the well block hasn't to be changed during the 
two years life time of the anode furnace. Only small gunning repairs were necessary. 

Summary of Benefits 

• Improved safety for operators due to remote controlled opening and closing procedure. 
• Accurate controlled and steady flow and reduced maintenance for furnace drive. Only 

one small part has to be moved, not the entire furnace. 
• Slag free casting due to tapping from the bottom of the furnace. 
• Reduced splashing and therefore reduced cleaning effort due to the low tapping position. 
• Reduced oxygen pick-up due to the small distance between tap hole and launder. 
• Higher anode quality due to low oxygen content and slag free casting. 
• Immediate emergency stop is possible by simple push-button operation. 
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Summary 

It could be shown that the especially for the copper industry adapted slide gate system meets all 
operational and safety requirements. Increased productivity as well as decreased fuel 
consumption and C02 emissions due to reduced rejects could be obtained. The slide gate 
eliminates almost completely the splashing and the cleaning is minimal. 
For the future a big potential for slide gate applications on different vessels in the copper 
industry can be predicted. 
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Abstract 

Limonite is a collective for iron hydroxide argillaceous materials. It is very difficult to 
be treated due to the wide variation in specific gravity and magnetism and the high 
argillization rate in the course of grinding and beneficiation. The iron ore in 
Huangmei, Hubei, China is the typical representative of limonite. If the limonite is 
processed using conventional physical beneficiation methods (e.g. magnetic 
separation, gravity separation, flocculation-desliming-flotation, or a combined process 
of the three), it can only be obtained an iron concentrate grade of 51.98% and an iron 
metal recovery of 86.64%. However, the technique of flash magnetic 
roasting-magnetic separation can improve the concentrate grade to 61,03%, iron 
recovery to 91.17%. This paper describes the tests of recovering limonite by flash 
magnetic roasting in detail. 

Introduction 

Limonite (mFe203, nH20)[1] is a general designation for hydrous iron hydroxides and 
argillaceous matters. Limonite is hard to be separated because of its complicated 
genèses, comparatively weak magnetism, nonuniform grain size and being easily 
slimed during grinding. So most small and medium enterprises sell deslimed limonite 
product which was dealt with just by simple methods of washing, magnetic separation 
or gravity separation and so on. In recent years with the iron ore prices soaring, 
significant progress was made in mineral processing research of limonite. Laboratory 
research and industrial test results showed that flocculation-desliming-flotation 
process and roasting-magnetic separation process are the two best methods to recover 
limonite till now. To compare these two methods, roasting-magnetic separation 
process is superior to flocculation-desliming-flotation process in aspects of 
beneficiation indexes and industrial stability. 
The large amount of basic research results showed that the key favorable 
technological parameters affecting flash roasting are narrow particle size, improving 
the rate of heat exchange between thermal current and ore particles, increasing the 
contact area between reducing atmosphere and ore particle surface, and so on. 
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According to above research results, Changsha Research Institute of Mining and 
Metallurgy (abbreviated to CRIMM) developed flash magnetic roasting technology 
and designed a set of corresponding test equipment, and the differences between this 
test equipment and shaft furnace, rotary kiln are as follows: ore roasting state changed 
from accumulation state roasting into suspended photocatalyst roasting, the contact 
area between thermal current and ore particle surface is 3000^-4000 times larger than 
that in rotary kiln and the rate of heat exchange improved greatly due to the ore 
particle diameter of feed reduced to 0.2 mm or so. This paper describes the 
roasting-magnetic separation tests of Huangmei limonite in detail, and the roasting 
tests were carried out in flash magnetic roasting test equipment. 

Test Equipments and Methods 

Test Sample 

The limonite ore sample is from Huangmei, Hubei, China. The results of main 
chemical composition of limonite ore and the chemical phase of iron are listed in 
Tables 1 and II, respectively. 

Table I. Main Chemical Composition Analysis of Sample /% 

Component 

TFe 

FeO 

Fe203 

SiO> 

Content 

38.14 

1.62 

52.73 

23.63 

Component 

A1203 

CaO 

MgO 

MnO 

Content 

4.50 

1.57 

0.26 

1.90 

Component 

BaO 

Na20 

K20 

P 

Content 

2.33 

0.035 

0.42 

0.0027 

Component 

S 

LOI 

TFc/FeO 

Alkaline 
coefficient 

Content 

0.72 

9.71 

23.54 

0.065 

Table II. Chemical Phase Analysis of Iron /% 

Iron phase 

Content 

Distribution 
rate 

Fe in 
magnetite 

0.02 

0.05 

Fe in 
limonite (or 

hematite) 

36.17 

94.83 

Fein 
carbonate 

0.4 

1.05 

Fe in 
sulfide 

0.24 

0.63 

Fein 
silicate 

1.31 

3.44 

Total 

38.14 

100.00 

According to the comprehensive research results of microscopic identification, X-ray 
diffraction analysis and scanning electron microscopy analysis, the metallic minerals 
are mainly limonite, the second one are romanechite; hematite and pyrite are 
distributed sporadically. The main gangue minerals are quartz and barite. 
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Test Equipments 

The main equipment used in tests is flash magnetic roasting equipment which 
contains preheater, reacting furnace, airheater, dust pelletizing system and control 
system, and so on. The equipment structure and internal material flow states are given 
in Fig. 1. In addition, the other equipments include XMB-67 type ball mill ( O200 
mmx240mm), drum type low intensity magnetic separator and SHP high intensity 
magnetic separator, and so on. 

Fig. 1. Structure of flash magnetic roasting equipment and internal material flow states 

Test methods 

Based on mechanism analysis of thermodynamics and dynamics, the chemical 
reactions occurred in the process of magnetic roasting are as below[2]; 

3Fe203 +CO-2Fe304 +C02 ~53.2KJ/mol (1) 

3FeC03 - Fe304 + 2C02 + CO + 205.86KJ/mol (2) 

The key technological parameters influencing conversion degree of magnetite are 
roasting temperature, CO concentration and solid/gas ratio. Firstly, the conditioning 
tests of different parameters were carried out on crude ore in flash magnetic roasting 
equipment, and then to check roasting effect, low intensity magnetic separation 
(LIMS) tests were carried out on roasted ore under the condition of grinding fineness 
of 91.05%-0.045mm and magnetic field intensity of 1500 Oe, Secondly, 
preconcentration tests were conducted on roasted ore obtained from the condition of 
optimal roasting technological parameters, and then grinding fineness tests and 
magnetic field intensity tests were implemented on rough concentrate from 
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preconcentration tests. Finally, process flow tests were conducted on the basis of 
above conditioning tests. 
As comparison, detailed conditioning tests of high intensity magnetic separation 
(HIMS) were carried out on crude ore. But this paper just describes the process flow 
test results of HIMS for comparative analysis. 

Results and Discussion 

Conditioning Tests of Flash Magnetic Roasting on Crude Ore 

The conditioning tests of temperature, CO concentration and solid/gas ratio were 
carried out on crude ore in flash magnetic roasting equipment, the test results are 
described as follows. 

Roasting Temperature Tests. Roasting temperature tests were conducted under the 
condition of CO concentration of 3.5% and solid/gas ratio of 0.5 kg/Nm3, and LIMS 
test results of the obtained roasted ores are shown in Fig. 2. 

Fig. 2. LIMS test results of roasted ores obtained from roasting temperature tests 

The test results showed that the quality of roasted ore was very good, under the 
condition of a wide temperature range of 799—1008 °C, the concentrate with iron 
grade of 57—59% and recovery of 93—96% was obtained. The comprehensive 
consideration of iron grade and recovery of magnetic concentrate, a wide temperature 
range of 850—950 °C was selected to conduct subsequent tests, and meanwhile this 
roasting temperature was not high and easy to be controlled. 

CO Concentration Tests. CO concentration tests were conducted under the condition 
of roasting temperature between 850 °C to 950 °C and solid/gas ratio of 0.5 kg/Nm3, 
the LIMS test results of the obtained roasted ores are shown in Fig. 3. 
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Fig. 3. LIMS test results of roasted ores obtained from CO concentration tests 

It is known from Fig. 3 that with CO concentration increasing from 1.80% to 2.02%, 
the iron grade of magnetic concentrate was decreased from 60.75% to 59,73% and 
recovery was increased from 69.63% to 90.14%; when CO concentration was 
increased to 5.6%, the iron grade of magnetic concentrate was decreased to 58,65%, 
but recovery increased to 92.25%. In order to obtain good magnetic separation 
indexes, therefore, the CO concentration should be controlled above 2.0% during the 
process of roasting. 

Solid/gas Ratio Tests. Solid/gas ratio tests were conducted under the condition of 
roasting temperature between 850 °C to 950°C and CO concentration of about 2.6% , 
the LIMS test results of the obtained roasted ores are shown in Fig. 4, 

Fig. 4. LIMS test results of roasted ores obtained from solid/gas ratio tests 

The above test results showed that with solid/gas ratio increasing from 0.35 kg/Nm3 to 
1.01 kg/Nm3, the iron grade of magnetic concentrate was almost not changed, but 
recovery was gradually decreased. When the solid/gas ratio was 0.83 kg/Nm3, the 
recovery was 91.68%; When the solid/gas ratio increased to 1.01 kg/Nm3, the 
recovery was 83.32%. 
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The optimal roasting technological parameters were obtained through above 
conditioning test results, the roasting temperature should be controlled in a range of 
850—950 °C, the CO concentration was above 2.0% and solid/gas ratio was below 
0.8 kg/m3. The roasted ore as the feed to the following LIMS tests was obtained under 
this optimal roasting condition. 

Conditioning Tests of LIMS on Roasted Ore 

Preconcentration Tests of Roasted Ore. At first, preconcentration tests were carried 
out on roasted ore under the condition of different low magnetic field intensities, the 
test results shown in Fig. 5. 

Fig. 5. Preconcentration test results of the roasted ore 

It is known from Fig.5 that with the magnetic field intensity decreasing from 1800 Oe 
to 900 Oe, the iron grade of magnetic concentrate increased from 52.22% to 53.42%, 
and 1.2 percentage points rose; but the recovery decreased from 96.62% to 96.00%, 
and 0.62 percentage points were reduced. It can be seen that reducing magnetic field 
intensity appropriately can improve the grade of iron concentrate to a certain extent, 
and the loss of recovery is small. The magnetic field intensity of 1500 Oe was 
selected to conduct preconcentration test and produce rough concentrate for the 
subsequent tests. 

Grinding Fineness Tests of Rough Concentrate. Under the condition of magnetic field 
intensity of 1500 Oe, grinding fineness tests were carried out on rough concentrate 
obtained from preconcentration tests, the results shown in Fig. 6. 
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Fig. 6. Grinding fineness test results of rough concentrate 

The above test results showed that with grinding fineness increasing from 75,94% 
-0.075 mm to 96.24% -0.075 mm, the iron grade of magnetic concentrate was 
increased from 57.94% to 59.92%; when the grinding fineness increased to 91.05% 
-0.045 mm, the iron grade was just 60.49%. The comprehensive consideration of iron 
grade and recovery of magnetic concentrate, the grinding fineness of 96.24% -0,075 
mm was selected to conduct following tests. 

Magnetic Field Intensity Tests of Rough Concentrate. Under the condition of grinding 
fineness of 96.24% -0.075 mm, magnetic field intensity tests were carried out on 
rough concentrate, the results shown in Fig. 7. 

Fig. 7. Magnetic field intensity test results of rough concentrate 

It is known from Fig.7 that with the magnetic field intensity increasing from 600 Oe 
to 1800 Oe, the iron grade of magnetic concentrate was decreased from 61.09% to 
59.20%, but the recovery was increased from 94.64% to 96.58%. When the magnetic 
field intensity was 900 Oe, the iron grade of concentrate was 61.03% and the recovery 
was 95.10%. The magnetic field intensity of 900 Oe was selected to conduct process 
flow tests. 
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Process Flow Tests 

Process Flow Tests of Flash Magnetic Roasting-LIMS on Crude Ore. On the basis of 
above conditioning tests, the process flow tests of flash magnetic roasting- LIMS 
were carried out on crude ore, the results are listed in Table DI and the flowsheet is 
shown in Fig. 8. 

Table IE Results of Flash Magnetic Roasting-LIMS Process Test /% 

Product 
Concentrate 

Tailings 
LOI 

Crude ore 

Yield 
56.87 
33.42 
9.71 

100.00 

Iron grade 
61.03 
10.06 
0.00 

37.45 

Recovery 
91.17 
8.83 
0.00 

100.00 

Fig. 8. Flowsheet of flash magnetic roasting-LIMS process 

Process Flow Tests of HIMS on Crude Ore. As the comparison of flash magnetic 
roasting-LIMS process flow, the HIMS process flow tests were conducted on the basis 
of detailed conditioning tests, the results are listed in Table N and the flowsheet is 
shown in Fig. 9. 
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Table IV. Results of HIMS Process Test /% 

Product 
Concentrate 

Tailings 
Crude ore 

Yield 
62.42 
37.58 
100.00 

Iron grade 
51.98 
13.31 
37.45 

Recovery 
86.64 
13.36 

100.00 

The iron concentrate with yield of 56.87%, iron grade of 61.03% and recovery of 
91.17% was obtained through flash magnetic roasting-LIMS process. While using 
HMS process, the iron concentrate with iron grade of 51.98% and recovery of 
86.64% could be obtained. It can be seen that the iron grade was 9.05 percentage 
points higher and the recovery was 4.53 nercentage points higher than that of HIMS 
process. 

Fig. 9. Flowsheet of HIMS process 

Conclusion 

(1) When using the flash magnetic roasting equipment to process Huangmei limonite 
ore, the optimal technological parameters were obtained by the following: the roasting 
temperature was from 850 °C to 950 °C, the CO concentration was above 2.0% and 
solid/gas ratio was below 0.8 kg/m3. The roasting tests show that the flash magnetic 
roasting technology has good adaptability and operability. 
(2) The flash magnetic roasting-LIMS is a satisfactory process of dealing with 
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Huangmei limonite ore. Using flash magnetic roasting-LIMS process, the iron 
concentrate with iron grade of 61.03% and recovery of 91.17% could be obtained. 
The iron grade was 9.05 percentage points higher and the recovery was 4.53 
percentage points higher than that of HIMS process. 
(3) The flash magnetic roasting- LIMS technology provides a new way for exploiting 
and utilizing the complex refractory limonite, hematite and siderite ores. 
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Abstract 

A series of sintering and metallurgical experiments were carried out to optimize the blast furnace 
burden structure in this study. The results indicated that the sinter disintegrated seriously with 
basicity around 1.4, and after this "turning point", the sintering properties were improved 
gradually with the increase of basicity of sinter. Based on the results, an idea was put forward 
which focused on producing two different kinds of sinter with different basicity. Different with 
the original burden structure of 85% sinter with basicity 1.4-1.5 + 15% pellets, an alternative 
new BF burden structure was proposed by the following structure; 44% sinter with basicity 1.05 
+ 44% sinter with basicity 1.87 + 12% pellets. This new alternative BF burden structure has been 
adopted by some steel plants. 

Introduction 

In recent years, conventional blast furnace (BF) process was put into operation to produce hot 
metal in "A" steel plant. "A" steel plant owns two sets of sinter strands at present. Because the 
sinter production capacity exceeds the actual requirements of BF, a burden structure with 
85-90% self-made sinter + 10-15% purchased pellets is adopted to take advantage of the 
low-cost sinter. But the serious problems encountered with the BF operators are that the sinter 
disintegrated easily during transportation and storage process. Therefore, the rate of return fines 
is very high after sinter being screened. 
In order to regulate blast furnace slag composition, as well known, the basicity of the sinter must 
be between 1.4-1.5. According to production practices and researches ll"3], the sinter with basicity 
around 1.4-1.5 is classified as low-quality sinter. The reason lies in that it transforms from acidic 
sinter to high basicity sinter and the complex mineralogical composition result in the low quality. 
Especially restricted by raw material condition, the SiC>2 content of the sinter in "A" steel plant 
ranges from 7%-8%, which promotes the formation of dicalcium silicate (C2S), and the 
consequent phase transformation(from ß -C2S to Y-C2S) results in the disintegration of sinter141. 
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But for acidic and higher basicity sinter, the results are quite different. The researches indicate 
that for acidic sinter, magnetite and Ca-fayalite dominate the main bonding phase15"61. The 
physical strength is high enough to guarantee the strength of the sinter. For higher basicity sinter, 
magnetite, hematite and calcium ferrite are the main mineralogical composition17"81. Therefore, 
the sinter with higher basicity possesses good physical strength. 
In order to improve the sinter quality of "A" steel plant, a series of experiments were conducted 
on to replace the current low quality sinter by producing other two kinds of sinter with different 
basicity. Finally, a new kind of BF burden structure was proposed according to metallurgical 
experiments and metallurgical properties of different burden structure. 

Sintering Properties 

Raw Materials 

The chemical compositions of raw materials are shown at Table I . 

Table I The Chemical Compositions of Raw Material ( wt %) 
Name 
Iron Ore 1 
Iron Ore 2 
Iron Ore 3 
Miscellaneous Ore 
Limestone 
Dolomite 
Lime 

TFe 

65.12 
62.83 
64.82 
53.8 
/ 
/ 
/ 

FeO 

28.04 
3.28 
27.36 
9.8 
/ 
/ 
/ 

Si02 

7.95 
3.46 
6.87 
7.65 
1.36 
2.1 
2.3 

A1203 

0.34 
2.53 
0.47 
1.72 
0.38 
0.45 
0.35 

CaO 

0.36 
0.32 
0.46 
10.65 
50.52 
29.35 
85.3 

MgO 

0.24 
0.08 
0.53 
2.16 
2.38 
18.36 
3.23 

LOI 

0.89 
2.97 
1.87 
2.87 
49.8 
48.6 
3.62 

LOI: Loss on ignition. 

Methods 

The sintering apparatus consisting of a 300 mm diameter* 700 mm high sinter pot, which was 
used to simulate the industrial sintering. The proportioned raw materials including iron ore, flux, 
coke and sinter return fines were mixed uniformly and then added water into the mix. The 
moisture in the mix was controlled at a suitable level by calculating moisture of raw materials in 
advance. Before being loaded into the sinter pot, the mix was granulated for 3 min in a 1200 mm 
longx800 mm diameter drum, with a rotation speed of 18 rpm. 
The granulated mix was then charged into sinter pot, the mix was ignited with 1050°C for 2 min 
under 6 kPa suction pressure. After ignition, the suction pressure increased to 12 kPa and the 
exhausted gas temperature was monitored continuously. The sintering time was taken from the 
ignition to exhausted gas reaching the highest temperature. The finished sinter cake was dropped 
from 2m height three times to simulate the actual condition in a commercial sinter plant. 
Subsequently, the sinter was screened with 50, 40, 25, 16, 10 and 5 mm square aperture screen. 
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The sinter above 5 mm was the finished sinter of pot test and that minus 5 mm was the return 
fines. Finally the finished sinter was tested to determine the relative technical indices. 

Results of Sinter 

The experiments were performed according to the actual raw material condition of "A" steel 
plant by implementing the sinter pot tests with following designed sinter basicity (CaO/SiC>2): 
0.6,0.8,1.0,1.4,1.8,2.0,23. 
In this program, tests were carried out to determine the effect of sinter basicity on the following 
technical indices: vertical sintering speed(V±) , productivity, mean size of sinter mix, tumble 
index of finished sinter, +40 mm percentage of finished sinter, 25-40 mm percentage of finished 
sinter and -5 mm percentage of finished sinter after being cooled in ambient air for two hours. 
A series of sinter pot tests were carried out by regulating mix moisture and coke rate so as to get 
best results. The results are shown at Table II. 

Table II Summaries of the Sintering Results 
Sinter No. 
Designed Basicity (CaO/Si02) 
V±, mm/min 
Productivity, t/(m2.h) 
Mean Size of Sinter Mix, mm 
Tumble Index (+6.3 mm), % 
Product Size Distribution, % 
+40mm 
25-40 mm 
-5 mm* 

1 

0.6 
13.83 
1.36 
3.27 
60.07 

25.43 
23.71 
1.49 

2 

0.8 
16.33 
1.44 
3.63 
60.67 

28.81 
20.08 
3.15 

3 

1.0 
22.53 
1.75 
4.21 
60.70 

18.81 
30.41 
3.87 

4 

1.4 
22.02 
1.80 
4.17 
64.4 

15.37 
33.04 
6.13 

5 

1.8 
24,59 
1.84 
4.35 
66.8 

10.49 
33.72 
4.87 

6 

2.0 
26.03 
1.95 
4.57 
68.5 

9.94 
34.84 
3.14 

7 

2,3 
29.95 
2,09 
4.48 
71.4 

6.89 
34.30 
2.32 

*The finished sinter was cooled in ambient air for two hours. 

Discussions on Sintering Properties 

(1) For vertical sintering speed(V±), it is increased gradually with the increase of sinter basicity. 
But the V± keeps at extremely low level when sinter basicity is less 1.0, the productivity also 
demonstrates the similar trend. Such results are mainly attributed to the smaller mean size of 
sinter mix, for sinter mix with basicity 0.6 (No.l) and 0.8 (No.2), there is lower proportion of 
lime added in the mix, so the mean size of blend materials is 3.27 mm and 3.63 mm respectively, 
which has a detrimental effect on granulated bed permeability during subsequent sintering 
process. When it comes to sinter mix with basicity 1.0 (No.3), the mean size of mix reaches 4.21 
mm since much more lime is added in the mix, which would guarantee reasonable permeability 
during subsequent sintering process. The results also show that there is marked increase for V± 
and productivity when the basicity increase from 1.0 to 1.4. 
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(2) For physical strength, which represents by tumble index (TI), it is nearly at the same level 
when the sinter basicity varies from 0.6 (No.l) to 1.0 (No.3), but a rapid increase occurs when 
the basicity over 1.4 (No.4). 
(3) For size distribution, the results indicate that for +40 mm percentage of finished sinter, it is in 
reverse proportion to sinter basicity, while for 25-40 mm percentage of finished sinter, it is in 
direct proportion to sinter basicity. For blast furnace operators, they prefer sinter with the size of 
25-40 mm to that of larger size over 40 mm »because intermediate-sized sinter is conducive to 
quicker reduction during it's descent from BF stock-line to bosh. So from this perspective, it is 
suggested to produce higher basicity sinter so as to optimize size distribution of sinter. 
(4) In order to assess the sinter disintegration during its storage or transportation process, the 
experiments were performed by cooling the sinter naturally at ambient air for two hours and then 
evaluate the fracture toughness of sinter by screening the sinter with 5 mm square aperture 
screen. 
The results indicate that the sinter disintegrates seriously and -5mm percentage climbs to 
maximum level of 6.13% when sinter basicity around 1.4 (No.4), while for acidic sinter and 
higher basicity sinter, -5 mm percentage shows decreasing trends. It was observed on site that the 
new cracks formed along the surface of the finished sinter and very fine gray powder formed 
erratically, the sinter become brittle slowly. This is the so called "self disintegration" for sinter 
with higher level of SiÜ2 and FeO content, this phenomena are also reported in other 
researches191. 
So it is suggested to avoid the production of sinter with basicity around 1.4 based on the 
consideration of sintering property comprehensively. 

Chemical and Mineral Composition of Sinter 

Methods 

The determination of mineralogy and microstructure of the sinter were finished by using optical 
microscope, and the mineral composition of the sinter was quantified by manual point counting 
technique. The chemical and mineral analyses of the sinter are shown at Table III and Table IV. 

Results and Discussions 

(1) For acidic sinter (No.l, No.2 and No.3), it is found that Ca-fayalite and gangue dominate the 
bonding phase, very little of dicalcium silicate is observed. These bonding phase only shrink in 
volume and there is no remarkable fracture occurring among the phase, such simple mineral 
phase could guarantee the sinter physical strength. 
(2) For No.4 sinter, the proportion of Ca-fayalite decreases while that of dicalcium silicate (C2S) 
increases to 5%-8%. During the subsequent cooling sage, the C2S always goes through phase 
transformation (from ß -C2S to 7-C2S) and the volume of sinter increases by nearly 10%, which 
results in the disintegration of sinter, so the sinter became brittle during subsequent storage or 
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transportation process. 
(3) For No.5 sinter and other high basicity sinter, calcium ferrite dominates the bonding phase 
and Ca-fayalite disappears gradually. Since calcium ferrite could stabilize the transformation of 
ß -C2S and it also could increase bonding phase strength, so the physical strength of sinter 
improves gradually with the increase of sinter basicity. 
So it is suggested to avoid the production of sinter with basicity around 1.4 because of phase 
transformation (from ß -C2S to Y-C2S). 

Table III The Chemical Analysis of Sinter 
Sinter No. 
TFe, % 
FeO, % 
Si02, % 

A1203,% 
CaO, % 
MgO, % 

Actual Basicity 

1 

62.23 
14.96 
7.74 
1.29 
4.69 
1.30 
0.60 

2 

6134 
12.32 
7.68 
1.28 
6.06 
1.30 
0.78 

3 

60.15 
10.66 
7.57 
1.26 
7.55 
1.50 
0.99 

4 

57.76 
9.21 
7.28 
1.21 
10.50 
2.51 
1.44 

5 

56.46 
8.85 
7.61 
1.21 
14.27 
2.19 
1.87 

6 

55.94 
8.43 
7.48 
1.19 
14.74 
2,51 
1.97 

7 

54.62 
8.23 
7,40 
L16 
16,49 
2.64 
2.22 

Table IV The Mineral Anal} 
Sinter No. 
Magnetite, % 
Hematite, % 
Dicalcium Silicate, % 
Calcium Ferrite, % 
Ca-Fayalite, % 
Gangue, % 
Others, % 

1 

72-75 
5-7 
/ 
/ 

5-8 
8-12 
2-3 

2 

68-72 
5-9 
/ 
/ " 
3-5 
11-13 
2-3 

3 

65-70 
7-9 
3-6 
1-2 
5 
8-12 
2-3 

^sis of Sinter 
4 

58-65 
7-10 
5-10 
8-13 
3-5 
8-9 
2-3 

5 

51-58 
7-10 
10-15 
13-20 
1-2 
7-8 
1-2 

6 

47-51 
8-11 
10-12 
20*27 
/ 

7-8 
1-2 

7 

40-47 
842 
8-10 
27-32 
/ 
7-8 
1-2 

Study of Metallurgical Properties 

Based on the previous researches, a bold idea was put forward, which characterized with 
producing acidic sinter (basicity less 1.2) plus higher basicity sinter (basicity over 1.6) to replace 
the sinter with basicity around 1.4-1.5. So metallurgical property experiments such as 900eC 
reduction index and 550°C low temperature reduction degradation index were performed, but 
much more researches were concentrated on melting - dripping properties of integrated burden, 
so as to determine the reasonable burden structure when using two different kinds of sinter. 

Test Standard and Methods 

The tests on reduction index and low temperature reduction degradation index were finished in 

63 



compliance with ISO 7215 and ISO 4696 respectively. The results are presented by RI and RDI 
respectively. 
The experiments for melting-dripping properties were carried out in softening-melting 
experimental set-up. It consists of a furnace with graphite resistance heating element capable of 
raising temperature of the furnace to 1600°C, alumina reaction tube, graphite sample vessel, load 
applying device, melt-down product collecting chambers. The sample vessel containing 
sinter/pellet was placed at the centre of the furnace with the help of supporting stand. The sample 
was heated through a programmed heating pattern in an attempt to simulate the blast furnace 
conditions existing between the stock-line and the bosh. During heating process, the sample was 
reduced by reducing gases. The test conditions are as follows: 
• Maximum temperature: 1600°C; • Sample vessel diameter: 48mm. 
• Sample bed height: 100mm; • Particle size range: 8-10mm; • Gas flow: 15 L. min"* at NTP; 
• Gas composition: 0-200°C : N2 only, 200-1600 °C: 30% CO and 70% (N2+H2) ; 
• Heating rate: 0-200°C: manual, 200-900T?: 10°C. min'\900-1600°C: 3°C. min'1 ; 
• Applied load: 98 kPa at 900 eC until end of the test. 

The results are represented by T10, T4Ch TS9 Tm, APm, APsand(S). The(5)1101 is calculated 
by formula (1). 

(S) = j l (A/>„ - APS )■ dT (KPa -X) (1) 

Where, Tw and T40 refer to start-softening and end-softening temperature (°C) respectively, Ts 

and Tm refer to start-melting and start-dripping temperature (°C) respectively, APS refers to 
start-melting pressure (50x9.8 Pa), APm refers to maximum pressure (x9.8 Pa). The (S) 
represents comprehensive indices of integrated burden, the lower the (S), the better indices for 
integrated burden structure. 

Results and Discussions 

The results on RI and RDI are shown at Table V, while the results of melting-dripping properties 
of integrated burden are shown at Table VI. 
Discussions on RI and RDI. (l)For reduction degree (RI), it is increased gradually with the 
increase of sinter basicity. As above-mentioned discussions, for acidic sinter, fayalite and gangue 
dominate the bonding phase, very little calcium ferrite is observed, since fayalite is difficult to be 
reduced, so the reduction index of acidic sinter is very low compared with high basicity sinter. 
With the increase of the sinter basicity, more calcium ferrite are formed, the proportion of 
magnetite decreases while that of hematite increases, since calcium ferrite and hematite are easy 
to be reduced easily compared with magnetite, so reduction index increases gradually with the 
increase of sinter basicity. (2) For low temperature reduction degradation index (RDI), it is 
decreased gradually with the increase of sinter basicity, but it is all at low level, which mainly 
results from the high Si02 continent of the sinter and the increasing MgO content in the sinter. 
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Discussions on Melting-Dripping Properties of Integrated Burden Structure* (1) For test A, B and 
C, compared with base test I, APm shows higher level with the No.l sinter proportion increases 
from 30% to 42% , which indicates that the cohesive zone permeability of BF deteriorate, so the 
properties of integrated burden structure deteriorate if adopting A, B, or C burden structure, (2) 
For test D, E and F, compared with test I, APm also shows higher level with the No.2 sinter 
proportion increases from 35% to 48%, the (S) also shows higher level, which indicates that the 
properties of integrated burden also deteriorate if adopting D, E, or F burden structure. (3) For 
test G and H, compared with test A, B, C, D, E and F , APm decreases to 360 * 9.8 Pa and 500* 
9.8 Pa respectively, the (5) also decreases to 334 kPa.°C and 705 kPa,°C respectively, which 
indicates that the properties of integrated burden structure improve, It is confirmed that higher 
basicity (CaO/SiO2=2.0) sinter plus acidic sinter (CaO/SiC^l.O) could replace the low quality 
sinter with basicity around 1.4. (4) The comprehensive indices of Test G are better than that of 
test H and test I, so the integrated burden structure of 44% No.3 S+44% No.6 S+12% P could 
replace the original integrated burden structure of 85% No.3 S+15% P. 

Table V 
Sinter No. 

Basicity (CaO/Si02) 
RI ,% 
RDI (-3.15 mm, %) 

Metallurgical Properties of Different Basicity Sinter 
1 

0.60 
41.45 
16.8 

2 
0.78 
45.36 
14.0 

3 
0.99 
68.51 
13.4 

4 
1.44 

70.02 
12.2 

5 
1.87 

73.89 
11.8 

6 
1.97 
73.45 
10.0 

7 
2.22 
74,36 
11,7 

Test 

No. 

A 

B 

C 

D 

E 

F 

G 

H 

I* 

Table VI Melting-Dripping Properties 

Burden Structure 

30%No. lS*+58% No.5S+12%P* 

33%No.lS+55% No.6S+12%P 

42% No.lS+46% No.7S+12%P 

35% No.2S+53% No.6S+12%P 

38% No.2S+50% No.6S+12%P 

48% No.2S+40% No.7S+12%P 

44% No.3S+44% No.6S+12%P 

47% No.3S+41% No.6S+12%P 

85%No.3S+15%P 

°C 
1185 

1180 

1160 

1150 

1165 

1160 

1180 

1180 

1165 

1270 

1255 

1250 

1260 

1270 

1280 

1250 

1260 

1275 

oflnte 
Ts, 
V 

1310 

1315 

1300 

1290 

1335 

1290 

1350 

1280 

1320 

grated 

1450 

1440 

1445 

1420 

1440 

1460 

1460 

1440 

1445 

Burden Structure 
AT", 

V 
140 

125 

145 

130 

105 

170 

110 

160 

125 

X 9.8 Pa 

800 

1000 

1220 

860 

1060 

800 

360 

500 

570 

5, 
kPa/C 

1029 

1163 

1662 

1031 

1039 

1249 

334 

705 

637 

*S and P refer to sinter and pellet respectively. Test I refers to base test 

Conclusions 

(1) For acidic sinter, the sintering properties of the sinter with basicity 1.0 are better than that of 
the sinter with basicity ranging from 0.6 to 0.8. 
(2) The so called "self disintegration" occurs and sinter disintegrates seriously with sinter 
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basicity around 1.4. 
(3) For higher basicity sinter, the sintering properties improve gradually with the increase of 
sinter basicity. 
(4) For RI of sinter, it is increased gradually with the increase of sinter basicity, while the RDI 
decreases with the increase of sinter basicity. 
(5) For melting - dripping properties of integrated burden structure, the maximum pressure level 
(APm) increases sharply when higher basicity sinter plus sinter with basicity 0.6 or 0.8 
respectively, the (S) also shows higher level, which indicates that the properties of integrated 
burden deteriorate if adopting such burden structure. 
(6) The maximum pressure (APm) decreases to lower level when higher basicity sinter plus sinter 
with basicity around 1.0, the (S) also demonstrates similar trends, which indicates that the 
properties of integrated burden improve. 
(7) It is confirmed that the integrated burden structure of 44% No.3 S+44% No.6 S+12% P could 
replace the original integrated burden structure of 85% No.3 S+15% P. 
(8) An alterative BF integrated burden structure is proposed, which characterizes with acidic 
sinters (basicity less 1.2) plus higher basicity sinter (basicity over 1.6) to replace the sinter with 
basicity around 1.4-1.5. 

References 

1. Qinchen Zhang. The theory and process of sintering practice (Changsha: Central South 
University of Technology Press, 1992), 203-204. (In Chinese) 

2. Zhiwu Liu, Qinghua Tang, and Ansheng Hu, "Production of acidic pellet-sinter and sinter with 
high basicity and their smelting effect," Iron-Making, 19 (5) (2000), 15-17. (In Chinese) 

3. Shinong Yang, "The study of reasonable blast burden structure at AnShan steel," Sintering and 
Pelletizing, 9 (5) (1984), 1-11. (In Chinese) 

4. Jinzhi Zhang, "The study of metallurgical properties of sinter with different silica content," 
Sintering and Pelletizing, 9 (6) (1984), 1-9. (In Chinese) 

5. Yongjun Liu, Xilin Li, and Zhi-jun Song, "The practice of acidic sinter production in Aanyang 
steel," Iron and Steel, 38 (9) (2003), 1-3. (In Chinese) 

6. Baocai Dai, Bingyan Gao, "Experiment and production of low silica acid sinter," Sintering 
and Pelletizing, 28 (2) (2003), 48-50. (In Chinese) 

7. Chengjia Li, Ju Ding, and Jianqi Zhang, "The industrial trials and production of high basicity 
sinter," Sintering and Pelletizing, 6 (4) (1981), 25-34. (In Chinese) 

8. Fangchen Lu, "Mineral composition of high basicity sinter in Xintai steels and its influence," 
Sintering and Pelletizing, 25 (1) (2000), 17-19. (In Chinese) 

9. Jinglan Fu, "The study on mineral composition and metallurgical property of different basicity 
sinter" (Paper presented at the 1979 CSM annual meeting of iron-making. Beijing, 1979), 
98-104. (In Chinese) 

10. Manxin Xu, Gensheng Feng," Test and study of burden design for the blast furnace in 
Shijiazhuang steels," Sintering and Pelletizing ,23(6)(1998), 1-3. (In Chinese) 

66 



3rd International Symposium on High-Temperature Metallurgical Processing 
Edited by: Tao Jiang, Jiann-Yang Hwang, Patrick Mass et, Onuralp Yucel, Rafael Padilia, andGuifeng Zhou 

TMS (The Minerals, Metals & Materials Society), 2012 

HYDROTHERMAL SULFIDATION OF CARBONATE-HOSTED 

ZINC-LEAD ORE WITH ELEMENTAL SULFUR 

Cunxiong Li, Chang Wei, Jiqiang Liao, Zhigan Deng, Hongsheng Xu, Yan Song, Xingbin Li, 
Minting Li 

Kunming University of Science and Technology, Faculty of Metallurgical and Energy 
Engineering, Kunming, 650093, P R. China 

Keywords: Carbonate Hosted Zinc-lead Ore, Hydrothermal Sulfidation, Sulfidation Edtent 
Flotation 

Abstract: Direct flotation of oxidized zinc-lead ore is characterized by recovery of zinc and lead 
only around 55% and 50%, respectively. Mineralogical analysis shows that the sample used in 
the present study is a carbonate hosted zinc-lead ore, with a zinc and lead carbonate content that 
accounts for 80.14% and 75.63% of the total minerals, respectively. The carbonate hosted 
zinc-lead ore was hydrothermally sulfidized with elemental sufur and the experimental data 
indicated that under the conditions employed up to 75% zinc and 82% lead sulfidation extent 
were achieved. As a result of pre-sulfidation followed by flotation, the recoveries of zinc and 
lead into flotation concentrate were over 90%. A flotation concentrate was obtained with 52% Zn 
and 37% Pb from the materials which was treated by sulfidation. 

Introduction 

Sulfide ores are the primary source of zinc and lead, and they are becoming depleted; thus, 
metallurgical investigators are interested in using abundant oxidized zinc-lead ore reserves. The 
high-grade zinc-lead oxidized ore, which normally has a zinc content higher than 15%s can be 
disposed of by acid leaching and electrolysis. However, the low-grade ore, which has a zinc 
content lower than 10%, is difficult to smelt with pyrometallurgy and hydrometallurgy, and the 
processes are very complicated and expensive in terms of production flow and energy 
consumption. Therefore, making the low-grade oxidized zinc-lead ore more beneficial has 
become more important in recent years. Flotation is the most common process, and the primary 
method of recovering zinc and lead from sulfide or oxide minerals. It is well known that there is 
a difference between sulfurized and oxidized minerals regarding their separation by flotation. 
Flotation of zinc and lead oxidized minerals is extremely complex because of the similarities in 
the physicochemical and surface chemistry of the constituent minerals. There are no known 
direct-acting collectors capable of producing single metal concentrates [1-3]. 
Therefore, it is common practice to sulfurize oxide lead-zinc minerals prior to flotation to 

67 



prepare their surfaces to receive the collectors generally adopted for concentrating sulfide. There 
have been extensive investigations into the sulfidation of oxidized zinc-lead ore and zinc-lead 
ores containing oxidized constituents. The ore is subjected to a sulfidizing operation, such as a 
treatment with hydrogen sulfide gas or its equivalents [4-5] or sodium sulfide [6-12] or 
sulfidation roasting with the element sulfur [13]. 
The objective of this study was to investigate the sulfidation of a carbonate-hosted zinc-lead ore 
with sulfur under hydrothermal conditions, which were applied prior to flotation and could 
contribute to improving the flotation recovery of zinc and lead. In such a sufidizing operation, 
the oxidized ore constituents may be merely filmed with the stable metal sulfide compounds, or 
they may be converted to a greater or lesser extent into stable metal sulfide compounds. In the 
first part of the present study, we studied the sulfidation of carbonate-hosted zinc-lead ore with 
elemental sulfur under hydrothermal conditions and characterized the solid phases as a function 
of the sulfidation level by chemical analysis. The solid phases were then concentrated by a 
conventional flotation flow sheet. 

Experiment 

Materials 

The chemical composition of carbonate-hosted zinc-lead ore used in the present study is shown 
in Table I. Mineralogical compositions of zinc and lead in the sample were identified by 
chemical analysis, and the results are shown in Table II. 

Table I Chemical Composition of Carbonate-hosted Zinc-lead Ore 
Element 
Concentrate(%,œ) 

Zn 
11.27 

Fe 
2.17 

Si02 

2.73 
Pb 
3.45 

S 
3.15 

As 
0.003 

CaO 
15.21 

MgO 
13.38 

A1203 

1.39 
Ag 
58g/t 

This ore includes calamine, hemimorphite, zincite, sphalerite and hydrozincite as zinc minerals, 
cerussite, galena, and lead oxide as lead minerals, hematite, limonite, dolomite, calcite, and 
quartz as other minerals. We can observe in table 2 that among zinc minerals, zinc carbonate is 
account for 80%. Mineralogy analysis also shows that most of zinc oxide and carbonate minerals 
were in very fine particles. Some of them are closely associated with limonite, and most of them 
are disseminated in the gangue minerals independently. Table 3 shows the chemical analysis of 
the carbonate-hosted zinc-lead ore in different size fraction. 

Table II Phase Composition of Zinc and Lead in the Sample 

Constituent/% 

carbonate 
silicate 
sulfide 
others 
Tatal 

Zn 

content 

9.04 
1.64 
0.35 
0.24 
11.27 

Percentage 

80.14 
14.59 
3.12 
2.15 
100 

Pb | 

content 

2.61 
0 

0.23 
0.61 
3.45 

Percentage 

75.63 
0 

6.55 
17.82 
100 1 
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Table III Chemical Analyses of the Sample 
| Particle size, um 

147-106 
! 106-74 

74-58 
58-48 
48-42 
42-37 

Zn, % 
10.35 
11.23 
10.78 
12.01 
11.38 
10.98 

_ _ 
3.49 
3.03 
3.24 
3.67 
3,24 
3.42 ] 

In the laboratory scale tests, elemental sulfur (>99% pure, powder) was used as the sulfldizing 
agent, and the effects of the dosage of sulfur, temperature, time and particle size were 
investigated in relation to the sulfidation of carbonate-hosted zinc-lead ore. The solid phases 
were concentrated by a conventional flotation flow sheet. The ratio of solid mass to liquid 
volume (S/L) was 1:10 g/mL, which was maintained for all sulfidation experiments. The slurry 
was stirred at a speed of 600 rpm. 

Equipment and procedure 

The experimental apparatus used for sulfidation of the carbonate-hosted zinc-lead ore consisted 
mainly of a 2 L autoclave, which was equipped with a heating mantle, a PID temperature 
controller, a variable speed stirrer and an internally mounted cooling coil a horizontal tube 
furnace and ancillary equipment. The flotation tests were conducted in a 2 L flotation cell (type 
XFD). The process flow sheet is shown in Fig. 1. 

Fig. 1 The Process Flowsheet of Sulfidation and Flotation 

One hundred grams of ground carbonate-hosted zinc-lead ore was added at one time to the 
autoclave. The procedure consisted of slurring the ore with sulfur and water at the set liquid solid 
ratio in the autoclave. Nitrogen was admitted for about three minutes, and heating the solution to 
the temperature of the experiment for some time. At the end of the experiment, the autoclave was 
rapidly cooled with water, and the solution was filtered for collecting the solid phases. The solid 
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phases were characterized by X-ray diffraction (XRD) and chemical analysis and then 
concentrated by flotation. The sulfidation rate of zinc or lead can be calculated by the formula. 

^= 100%x-^£- (1) 
A - A 

Where cp is sulfidation rate of Zn or Pb; a is the content of Zn or Pb in the form of sulfide in 
sulfidation product; A is the content of Zn or Pb in the form of sulfide in raw ore; and A is the 
content of Zn or Pb in raw ore. 

Results and discussion 

Sulfidization of carbonate-hosted zinc-lead ore 

Effect of reagent dosage of sulfur The sulfidation rates of zinc and lead were also affected by 
the dosage of sulfidizing agent. In this study, a reagent mole ratio of sulfur to the sum quantity of 
zinc and lead in the raw ore from 0.8 to 2 was selected, and its effect on sulfidation of 
carbonate-hosted zinc-lead ore was studied. The results were shown in Fig. 2. As we can see 
from Fig. 2, the sulfidation rate of zinc depends significantly on the dosage of sulfur in the 0.8 to 
2.0 range. Increasing the sulfur dosage from 0.8 to 1.4 resulted in a pronounced increase in the 
sulfidation rate of lead. However, a further increase in the sulfur dosage from 1.4 to 2.0 did not 
substantially increase the sulfidation rate. 

Effect of temperature Sulfidation of oxidized zinc-lead ore was conducted at temperatures 
varying from 120 °C to 220 °C, and the results are presented in Fig. 3. It can be seen from Fig. 3 
that the temperature has a significant effect on the sulfidation rates of zinc and lead. The 
sulfidation rate of lead increased from 23% to 83% when the temperature increased from 120°C 
to 180 °Q Meanwhile, the sulfidation extent of zinc increased from 14% to 75%. The sulfidation 
rates of zinc and lead increased slowly with further increasing in temperature. 

M o l e n i » T«np«*tu» /C 
Rg.IEfiectofdOTigeofsulFburoQ&e wlfid«l«mof Rg^ Efl»ci of temperature on suffidatoan of 
carbonate-hosted zinc-Jead ore. Camfitiora: ptttkSesjze cubootte-Jiosted zinc-lead ore. Conditions particle size 
74-51 um. 180°C. 240 mm. 7 4 _ 5 S Vs*» 2 4 ° **&>l0tfef *«*** 2 0-
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Effect of reaction time The effect of holding time on the sulfidation of carbonate-hosted 
zinc-lead ore was studied in the range of 60 to 360 min. Fig. 4 shows the variation in the 
sulfidation of zinc and lead as a function of the holding time. It can be observed in this figure 
that there was a transparent increase in the sulfidation rate of zinc when the holding time was 
prolonged from 60 min to 180 min. The sulfidation rate of lead increased greatly from 62% to 
83% when the holding time increased from 60 to 180 min. Beyond 180 min, there was no 
significant increase in the sulfidation rate of lead. 

The Effect of Particle Size The effect of particle size on the sulfidation of carbonate-hosted 
zinc-lead ore was studied using different size fractions (147-106 urn, 106-74 urn, 74-58 urn, 
58^18 urn, 48-42 urn, 42-37 urn), and the results are shown in Fig. 5. 

These results in Fig. 5 indicate that the sulfidation rate of zinc and lead increased slowly with 
decreasing particle size. Considering that the fine particle size may cause poor flotation 
separation, a size fraction of 74-58 urn was chosen in the following experiments. 

¥%A ES«* of time 00 fee s»îfckt*»o 0* Rgj . Effect of pwttcj* im m sttifi&tioö of 
cat-boasfe-faöstee aac-fead ore. Conditions: particfe size cwfeoaate-hMted aaofead ont CoaMoœ îfiÔ^C, 248 
74-5* H » . t&®*£*mffix dosage 2.0. ^ vtfijrdaagflZO 

Characterization of the sulfidized materials Experiments were performed with a particle size of 
74-58 urn and a sulfur dosage of 2.0 at 180 °C for 240 min. The sulfidized materials were 
chemically analyzed and the phase composition of zinc and lead in the sulfidized materials is 
listed in table 4. From table 4, it can be concluded that phase composition of zinc and lead 
change substantially when compared to the raw material. Zinc sulfide accounts for 76.93% of the 
total zinc minerals and lead sulfide accounts for 90.14% of its total minerals. Using formula (1)? 
the sulfidation extent of zinc and lead can be calculated as over 75% and 82% under the 
conditions employed, respectively. By comparing table 2 to table 4, it can also be concluded that 
both zinc and lead carbonate minerals are more easily sulfidized than their silicate minerals. 

In the hydrothermal sulfidation process the majority of zinc, lead and iron, which existed as 
oxide forms in the raw ore, are transformed into their sulfides by. Gangue minerals, such as 
quartz and calcite are still in their original forms. 

71 



Table 4 Mineralogical Compositions of Zinc and Lead in the Sulfidized Material 

Constituent/% 

carbonate 
silicate 
sulfide 
others 
Tatal 

Zn 
content 

1.23 
1.17 
8.67 
0.20 
11.27 

Percentage 
10.91 
10.38 
76.93 
1.78 
100 

Pb ] 
content 

0.03 
0 

3.11 
0.31 
3.45 

Percentage 
0.9 
0 

90.14 
8.99 
100 1 

The influence of sulfidation pretreatment on flotation 

The carbonate-hosted zinc-lead ore was pretreated under hydrothermal conditions with a particle 
size of 74-58 um and a sulfiir dosage of 2.0, at 180 °C for 240 min. The zinc and lead in this 
product was concentrated by a conventional mixed flotation process without desliming. The 
untreated raw material was also concentrated using the same process, and the results are shown 
in Fig. 6. 
The flotation reagent regime incorporated the following components: float reagent-butyl 
xanthate (670 g/t), frother-pine camphor oil (40g/t), dispersant-sodium hexametaphosphate 
(280g/t), and activator-copper sulfate (1500g/t). 
Fig. 6a shows extremely poor recoveries of zinc and lead in the flotation concentrate from the 
unsulfided sample. The recovery of lead and zinc into the flotation concentrate was only around 
55% and 50%, respectively. The mass balance was within ±2%. The discrepancies in the mass 
balance are possibly attributable to a loss of fine sulfide particles during washing. Flotation for 
this sample after sulfidation (Fig. 6b) gave much higher recoveries of over 91% zinc and 90% 
lead in the concentrate. A flotation concentrate treated by sulfidation was obtained with 52% Zn 
and 37% Pb from the materials. 

Fig.6 Recoveries of zinc and lead during flotation of unsulfided 
(a) and sulfided (b) carbonate-hosted zinc-lead ore. 
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Conclusions 

1) The zinc-lead ore used in the present study includes smithsonite as main zinc minerals and 
cerussite as lead mineral; and calcite, dolomite, quartz, and kaoling as gangue minerals. Zinc and 
lead carbonate minerals account for 80.14% and 75.63% of all minerals, respectively. Therefore, 
the sample is a carbonate-hosted zinc-lead oxide ore. 
2) The o carbonate-hosted zinc-lead ore was sulfidized under the following conditions: particle 
size 74-58 urn and a sulfur dosage of 2.0 at 180 °C for 240 min. The phase composition of zinc 
and lead change substantially when compared to the raw material. The sulfidation extent of zinc 
and lead was over 75% and 82%, respectively. 
3) Both zinc and lead carbonate minerals were more easily sulfidized than their silicate minerals 
in the present study. 
4) Flotation of the unsulfided sample was ineffective, with less than 55% recovery of zinc and 
lead, after sulfidation. The recoveries of zinc and lead into flotation concentrate were over 90%. 
A flotation concentrate was obtained with 52% Zn and 37% Pb from the materials, which were 
treated by sulfidation. 
5) The sulfidation of the carbonate-hosted zinc-lead ore with sulfur under hydrothermal 
conditions, which were applied prior to flotation and can improve the flotation recovery of lead 
and zinc. Therefore, application of metallurgical processes is proposed for zinc and lead recovery 
from the carbonate-hosted zinc-lead ore. 
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Abstract 

Titanium alloy was prepared from titania-bearing blast furnace slag (Ti-BF slag) by 
aluminothermic process in an induction furnace. The effects of aluminum amount on the titanium 
silicon yield and titanium recovery ratio were studied. The phase transformation and chemical 
composition of the prepared alloy were investigated by X-ray diffractometry (XRD) and X-ray 
fluorescence (XRF) respectively. It was found that the mass fraction of silicon and aluminum 
increased with increasing the aluminum amount, however, the mass fraction of titanium 
increased first and then decreased with increasing the aluminum amount, Furthermore, both the 
titanium alloy yield and titanium recovery ratio increased with the increase of aluminum amount. 
The main phases of the alloy were TixSiy and AlTi3. The titanium alloy samples prepared in 
various conditions had a composition (wt.%): 38-50% Ti, 29-34% Si, 4-11 Al%, 1.6-2.2 Mn%. 

Introduction 

Panzhihua and Xichang regions in the southwest of China are rich in vanadium-titanium 
magnetite containing iron, vanadium, titanium and gangue. According to the characteristics of 
the resource, iron and vanadium are successfully recovered with a blast furnace process and a 
converter process. However, most content of titanium are entered in the blast furnace slag with 
Ti02 22% -26% and metallic Fe 2%-6% called Ti-BF slag. Due to the dispersed distribution of 
Ti in various fine grained mineral phases with a complex combination between Ca, Al and Si, it 
is difficult to recover the Ti components[l]. This slag is generated at a current rate of 3.6 million 
tons per year, which adds to the existing 70 million tons of slag produced so far[2]. The slag has 
had to be piled as large as the mountains, which not only waste of resources but also cause a 
pollution of the environment. Therefore, the study of integrated utilizing Ti-BF slag has become 
very significant. 
In the past years, several mineral and metallurgy processes for treating the slag have been studied, 
such as flotation separation combined with magnetic separation, hydrometallurgy and melting 
reduction [3-6]. And the main processes included selective precipitation separation of Ti-BF slag 
with metallurgical modification^], preparation of TiCU by high-temperature carbonization and 
low-temperature selective chlorination[8], preparation of Ti-Si alloy by Plasma smelting 
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reduction[9], recovery of TiÜ2 by direct mineral processing enrichment! 10] and preparation of 
new mineral wool[ll]. However, the recovery efficiency for Ti components of those processes 
were poor, so far the slag has not been efficiently utilized. The slag results in a waste of the 
resource and the pollution of environment. This study examined the effect of aluminum amount 
on the titanium alloy yield, titanium recovery ratio, the phase transformation and the chemical 
composition of the prepared alloy. 

Experimental 
The chemical compositions of Ti-BF slag and Aluminum ingot, which are supplied by Panzhihua 
Iron & Steel (Group) Co., China and Xuzhou Dongfeng Aluminum Co., China respectively, are 
shown in Table I. Combining the chemical analysis with the XRD patterns of the Ti-BF slag, the 
main phases are shown in Fig.l. The schematic of the smelting experimental apparatus is shown 
in Fig.2. It was designed by the Shanghai experimental electric furnace company, with power 
from a 150 kVA medium frequency induction furnace generator (1.0 kHz single phase). The 
graphite heating crucible, in which the Ti-BF slag was melt and reacted with aluminum, was 180 
mm high with a 80 mm diameter. The upper graphite lid could keep a strong reducing 
atmosphere at high temperature. 

Table I. Chemical Composition of the Raw Materials (wt.%) 
Aluminum ingot Ti-BF slag 

Components 
(wt.%) 

Al 
95.00 

Si 
3.68 

Fe 
0.73 

Ti02 
20.78 

Si02 
26.48 

FeO 
1.61 

CaO 
26.17 

MgO 
8.57 

MnO 
0.73 

AI2O3 
14.61 

Fig. 1 XRD Patterns of Ti-BF Slag 
Fassaite:(Cao.96«Mgo.578Feo^2oAlo.i6iTio.o59XSij.72«Alo.272)06 

Augite: (Mg, Fe, Al, TiXCa, Mg, Fe, NaXSi, A I ) ^ 

Diopside: Ca(Mg, AlXSi, A1)206 Perovskite: CaTi03 
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Fig. 2 Setup of the Experimental 

On the basis of the chemical analysis of the Ti-BF slag and the reactions of aluminum with TiOa, 
SiC>2, FeO and MnO, the stoichiometric amount of aluminum necessary to reduce these oxides to 
elementary substance are 9.35%, 15.89%, 0.40% and 0.17% of the Ti~BF slag respectively, In 
other words, 25.8lg aluminum was required for reduction of 100g Ti-BF slag, If add more than 
the stoichiometric amount of aluminum, the aluminum would increase fast in the alloy [12]. So 
the levels of aluminum addition were 12%, 14%, 16%, 18%, 20%, 22% and 24% in this study. 
Since the reaction product of the reduction, alumina is solid at high melting temperature, the 
separation of the slag and metal is a very significant process. Consequently, we used a slag of 
CaF2-CaO because of its better fluidity and ability to absorb alumina. On the other hand, due to 
the high content of CaO in the Ti-BF slag, only 5% CaF2 was added into the Ti-BF slag[13]. In 
each experiment, 1.0 kg Ti-BF slag and 50g CaF2 were completely mixed and then melted in the 
graphite crucible. The total amount of aluminum ingot was divided into three parts, which was 
added in the graphite crucible respectively while the mixed samples M y melted, After feeding 
the aluminum, the graphite lid must be covered immediately. The power and holding time of the 
heating process were shown in table 2. After solidification, the reduced slag and alloy block were 
easily separated from the smelted samples. The prepared alloys were analyzed for various 
elements and phases by X-ray fluorescence and X-ray diffraction. 

Table II. Heating Process of the Experiment 

P(kW) 
t(min) 

Melting slag 
25 
15 

35 
8 

Feeding AI 
25 
5 

25 
5 

25 
5 

Results and Discussion 

Titanium Recovery and Titanium Silicon Yield 

The titanium recovery and titanium silicon yield were calculated by Equations 1 and 2, 
respectively. 
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Titanium recovery = — x 100 ( 1 ) 

Titanium silicon yield = — x 100 (2) 
A 

where, co and W stand for the titanium weight in the produced alloy and in the Ti-BF slag, a and 
A are the weight of Fe + Ti+ Si + Mn in the produced alloy and in the Ti-BF slag. The 
relationship of titanium recovery and titanium silicon yield and aluminum amount was shown in 
Fig.3. It is shown that both the titanium alloy yield and titanium recovery ratio increased with the 
increase of aluminum amount. The titanium recovery is from 48% to 85% with increasing the 
aluminum amount from 12% to 24%. When the aluminum amount is low or approaching the 
stoichiometric amount, the increasing ratio of the titanium recovery has the same phenomenon, 
which is becoming slow. Because the lower content of aluminum is not enough to reduce the 
titania. When the content of aluminum is approaching the stoichiometric amount, the titanium 
was reduced about 85% and the residual titanium was little. So the reaction of titania with 
aluminum is gradually becoming equilibrium. If add more aluminum, the reaction rate is still 
slow. On the other hand, the amount of titanium silicon yield has the same tendency with 
titanium recovery. When the amount of aluminum is higher than 22% the titanium recovery had 
already reached the maximum, however, the amount of alloy yield still increased. According to 
the chemical composition of the alloy described later, only the content of silicon increased. 
That's indicated that the reduction of titania with aluminum preceded the reduction of silica. 

Fig. 3 Titanium Recovery and Titanium Silicon Yield as a Function of Al Addition 

Phases of the Alloy 

The phases of the alloy were detected after aluminathermic reduction with different aluminun 
addition, as shown in Fig.4. It's abviously shown that the phase of C only could be found when 
the alumiun amount was from 12% to 16%. We want to understand whether it reacted with the 
alloy or penetrated into the alloy. According to the mass fraction of C in the alloy and mass of the 
alloy, the mass of C in the alloy was calculated that was shown in table 3. It is indicated that the 
mass fraction of C in the alloy decreased with the increase of aluminun amount while the mass of 

80 



C in the alloy nearly keep constent. It could be got a conclusion that C was penetrated into the 
alloy and formed a saturated solution with the alloy. On the other hand» due to the mass of alloy 
increased with the increase of aluminun amount, the relative content of C in the alloy decreased 
while the phase of C couldn't be detected. The main phases are TiSi2, TisSia, AlTis and Ti7Al$Sii2-
When the content of aluminum increased, the phase of the alloy was conversed to TiSia, AIT13 
and Ti7Al5Sii2, which were corresponding with the chemical composition of the alloy described 
in the next paragraph. 

Table III. Mass Fraction and Mass 
Al addition (wt.%) 
C in alloy (wt.%) 

C in alloy (g) 

12 
8.01 
5.21 

14 
9.49 
6.62 

of C in the Alloy 
16 

3.62 
5.10 

18 
3.41 
6.25 

at Different Al Addition 
20 

2.43 
4.83 

22 
2.19 
5.15 

24 
2.52 
6.63 

Fig. 4 XRD Patterns of the Alloy at Different Al Addition 

Mass Fraction of Elements in the Alloy 

According to the compositions of the Ti-BF slag and the aluminum ingot, the mass fractions of 
the elements in the alloy were calculated by the FACTSage software, as shown in Fig. 5(a), It's 
implied that the mass fraction of titanium increased first and then decreased with increasing the 
aluminum amount. And the mass fraction of silicon increased with increasing the aluminum 
amount until the amount of aluminum is 26%. It's also indicated the titanium was previously 
reduced by aluminum. However, the increase rate of silicon was faster than titanium. That's why 
the mass fraction of titanium increased first and decreased. On the other hand, the aluminum was 
directly melted in the alloy when the content of aluminum addition was higher than 22%, That's 
why the amount of silicon decreased later. The experimental data was shown in Fig. 5 (b). It's 
shown that the calculated data had a good agreement with the experimental data, The 
experimental data of the aluminum amount in the alloy was higher than the calculated data. It's 
owing to the thermodynamic calculation is unable to considerate the influence of the dynamics, 
The low melting point (660°C) of aluminum ingot would be melted rapidity. Similarly, FeO was 
hardly reduced to metal iron when the content of FeO was very low in the slag. So the calculated 
mass fraction of iron was decreased obviously and the experimental data not. 
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Fig. 5 Effect of AI Addition on the Mass Fraction of Elements in the Alloy 
((a) Calculated Data, (b) Experimental Data) 

Conclusions 

This work studied the preparing of titanium alloy in an induction furnace and the mass fractions 
of the elements in the alloy were calculated with the software of FACTSage. The conclusions are 
summarized as follows: 
(1) The titanium alloy could be prepared by this method and the main phases of the alloy were 

TixSiy and AlTi3. 
(2) Titanium recovery and titanium silicon yield increased with increasing the aluminum addition. 
(3) The mass fraction of silicon and aluminum increased with increasing the aluminum amount, 

however, the mass fraction of titanium increased first and then decreased with increasing the 
aluminum amount. 

(4) The content of aluminum in the alloy increased fast when the aluminum amount of charge 
reached to the stoichiometric aluminum. 
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Abstract 

This paper proposed a new method of Mg and CI2 circulating for titanium sponge production by 
direct pyrolysis and thermal reduction process. Effects of pyrolysis temperature, pyrolysis time and 
partial pressure of oxygen on pyrolysis efficiency were researched, and the crystallite structural 
transformation of MgO productions at different pyrolysis temperature and time were analyzed by 
XRD. The experimental results indicates that the pyrolysis temperature and time effects the pyrolysis 
efficiency obviously, and the reasonable pyrolysis conditions by using MgCb in molten state are as 
follows: the pyrolysis temperature is 1100°C, pyrolysis time is 60min and the partial pressure of 
oxygen is 100%, the pyrolysis efficiency get above 95% at this conditions. The dynamic analysis of 
molten magnesium chloride pyrolysis reaction shows that, as a chemical reaction process control, the 
response of the apparent activation energy Ea=70.4 kJ/mol. 

Introduction 

Titanium is a young metal, it is applied in industrial until the Second World War, It is 160 years from 
the discovery of titanium to the industrial production of ductility titanium by magnesium reduction 
method in the United States in 1948. As a new kind of metal, titanium and titanium material are 
better than the traditional metal materials in mechanical properties, heat resistance and thermal 
conductivity. Titanium is a kind of landmark structure and function material, which is called "space 
metal", "Marine metal", "Intelligent metal" [1-3]. Although the study of new methods of titanium 
smelting get more at present, Kroll method and Hunter method are really applied to industrial 
production methods for titanium smelting, and Hunter method is already discontinued because of 
costs at present. The core technology in Kroll method of sponge titanium production process can be 
come down to two circulation, namely the cycle of magnesium and chlorine in preparation-process of 
titanium sponge. In the traditional Kroll method, the cycle is realized through magnesium chloride 
which is produced by the electrolytic magnesium reduction process in hot molten state. But because 
investment of equipment for electrolysis method is too high, this method has not been used by most 
titanium sponge production enterprise in China. At present most titanium sponge production 
enterprise in China produce titanium sponge by the outsourcing of titanium tetrachloride, but the 
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main disadvantage of this method is that the by-product of magnesium chloride is difficult to deal 
with. 
Based on the reasons above, northeastern university proposes a method dealing with by-products 
magnesium chloride from titanium sponge smelting by the way of direct pyrolysis and achieving the 
circle of chlorine in titanium smelting, achieving circulation of magnesium through preparation of 
metal magnesium by aluminum heat or silicon heat reduction .This paper focuses on the influence on 
pyrolysis process of anhydrous magnesium chloride by technology conditions, the circumstance of 
magnesium chloride crystal structure transformation in the process of pyrolysis of magnesium 
chloride is determined by phase analysis, and analysis of dynamics process of pyrolysis [4-8]. 

Experimental 

Anhydrous magnesium chloride in experiments is from a titanium industry company in China, 
getting from titanium metallurgical process by distillation process, purity >99%. 
Effects of temperature, pyrolysis time, partial pressure of oxygen and gas flow rate on pyrolysis 
efficiency of molten state magnesium chloride through pyrolysis experiments by homemade SK2-4-
12 type of tubular pyrolysis furnace. The experimental process will first rise tubular pyrolysis 
furnace temperature to setting point, and then put high aluminum crucible with magnesium chloride 
to sieve plate of furnace body, then blow oxygen and nitrogen gas mixture of different oxygen 
concentrations, start to time 1 min after stability of temperature, stop blow gas after the response 
time and toke the material in tube out. 
Determine concentration of chlorine ion in the pyrolysis products by titration method, calculate 
pyrolysis efficiency through formula (2-1): 

77=[l-1.338x/w(Cl)]xlOO% (1) 

In formula: n- decomposition rate of magnesium chloride; 
m(Cl) -concentration of chlorine ion in the product. 

Results And Discussion 

Thermodvnamic Analysis of Pvrogenation Process 

The overall reaction of pyrolysis process for 
magnesium chloride is: 

2MgCl2+02(g)=2MgO(s)+2Cl2(g) (2) 
The change of gibbs free energy of the reaction from 
298 K to 1673 K and the relation curve between 
reaction equilibrium constant and temperature as 
shown in figure 1 shows: 
From the results of gibbs free energy in figure 1 we 
can conclude: when the reaction temperature is less 
than 81 OK , gibbs free energy of direct pyrogenation 
process of molten state magnesium chloride is 
positive. When the reaction temperature is more than Fig. 1 Curve of standard Gibbs free energy 

and temperature from 298K to 1600K 
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81 OK, the gibbs free energy of direct pyrogenation process of molten state magnesium chloride 
presents the state of rising first and descending then, the minimum appeared near UOO K, the 
reaction equilibrium constant achieves maximum near 1100 K, InK is 2,3. 
The relationship between oxygen partial pressure and chlorine partial pressure of initial reaction, is 
further studied when temperature is 873K-1473K, the results are shown as figure 3,The figure 
indicates that when temperature is 873K-1473K, there is little influence of gas partial pressure on 
the process of MgCl2 direct pyrolysis, whenpo2 is 0.02mpa, the minimum chlorine partial pressure 
meets the direct pyrolysis condition is about 0.5 atm, in the thermodynamic investigation range, 
initial reaction partial pressure of chlorine up to 3 atm above. [9,10] 

Fig.2 Curve of equilibrium constant and temperature from F i » 3 * * « « * ■ % between motion gibbs free 
298K to 1600K energy and vapor partial pressure 

Research On The Process of MgCb Direct Pvrolvsis 

Investigate the influence of pyrolysis temperature and pyrolysis time on the content of chlorine and 
pyrolysis efficiency in products in the condition that partial pressure oîpo2 is 10 atm.the results are 
shown as figure 4 and figure 5. 

Fig.4 Effect of temperature on Cl content of melting Fig.5 Effect of temperature on decomposition efficiency 

MgCl2 through roasting of melting MgCl? 
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c d 
Fig.6 Effect of decomposition temperature on phase of production 

a-raw MgCl2; b-800°Q c-1000°Q d-1100°C 

From experimental result we can see, pyrolysis temperature and pyrolysis time have a great influence 
on content of Chlorine in magnesium oxide product and pyrolysis efficiency of magnesium chloride. 
Pyrolysis rate of molten state magnesium chloride increase significantly when the temperature 
reaches 1100°C The pyrolysis efficiency of molten state magnesium chloride reaches 95.12% when 
pyrolysis temperature at 1100°Q pyrolysis time at 60min and partial pressure of oxygen at l.Oatm. 
XRD patterns of pyrolysis products of molten state magnesium chloride at different pyrolysis 
temperature were shown by figure 6, through analysis of XRD figures, we can get table 1 and table 
2: 
Analysis results in table 1 and table 2 indicate: when the pyrolysis temperature is 800°Q in the XRD 
diffraction figure of pyrolysis product MgO, the height of diffraction peak is 707.28, the half width is 
0.1948 when the 20 is 43°. As the temperature grows, the height of diffraction peak of MgO 
gradually raises, the half width decreases. When the temperature is 1100°C, the height of diffraction 
peak is 35678.82, the half width is 0.1624. When the 20 is 62°,the height of diffraction peak is 
676.48 and the half width is 0.3168 for MgO at 800°Qthe height of diffraction peak is 20098.75 and 
the half width is 0.0792 for MgO at 1100°C This shows that the stability of the product of 
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magnesium chloride pyrolysis is increasing with the rise of temperature,it is against the process of 
magnesium chloride pyrolysis when the temperature is greater than 900 °Cfrom thermodynamics 
angle, but the reaction rate increases with the rise of temperature from dynamics angle. Overall look, 
the half width of magnesium oxide product is getting smaller, the crystallization of magnesium oxide 
phase also gradually completes with the rise of temperature. From the experiment results, we can see 
that conversion rate of magnesium chloride is improved with the rise of temperature. Further 
investigation of oxygen partial pressure without water in the process of pyrolysis magnesium 
chloride was affected and the results as shown in Table 2. 

Table 1 XRD analysis results of pyrolysis products at different temperature ™ ~] 

Temperature/°C 

800 

1000 

1100 

Content 

MgO 

MgO 

MgO 

parameters 
260 

43.0036 
62.4218 
78.9723 
37.2353 
43.1641 
62.6129 
75.0302 
78.9298 
37.0616 
43.0233 
62.4118 
74.7943 
78.7331 

Height 
707.28 
676.48 
82.61 
148.38 

1101.84 
798.93 
112.67 
148.21 

4448.48 
35678.82 
20098.75 
2479.47 
6302.68 

d-spacing 
2.10334 
1.48652 
1.21137 
2.41483 
2.09589 
1.48244 
1.26492 
1.21191 
2.42575 
2.10242 
1.48673 
1.26832 
1.21445 

FWHM 
0.2922 
0.3168 
0,1188 
0.0974 
0.1948 
0.2772 
0.2376 
0.1188 
0.0974 
0.1624 
0.0792 
0,1188 
0.1188 

abc 

4.1980 

4.2090 

4,2030 

Aßy(°) 

90 

90 

90 

Take a further investigation about effects of partial pressure of oxygen on pyrolysis of molten state 
magnesium chloride, the results are shown in Table 2. 

Table 2 Transform rate of MgCl2 at different oxygen pressure ~| 

Decomposition rate (%) 
Chlorine content of MgO ( 

%) 

Oxygen pressure 
0.4atm 
85.95 

10.5 

0.7atm 
89.52 

7.83 

latm 
95.12 

3.65 

From the results in table 2 we know that pyrolysis efficiency of molten state magnesium chloride 
increase gradually with the increase of oxygen partial pressure, resolution ratio of molten state 
magnesium chloride is 95.12% when oxygen partial pressure is 1 atm, this result agrees with the 
thermodynamic calculation results well. 

Dynamics Research of Pyrolysis Process of Molten State Magnesium Chloride 

Pyrolysis reaction of molten state magnesium chloride as follows: 
2MgCl2+02(g)=2MgO(s)+2Cl2(g) (3) 

89 



From the reaction above, it is easy to see that pyrolysis process of molten state magnesium chloride 
is a process involving multiphase reaction of gas -liquids liquid-solid, steps of pyrolysis reaction 
may include: 
(1) Oxygen diffusion from the main reaction 
atmosphere to reaction interface; 
(2) Diffusion of magnesium chloride in molten 
state to the reaction interface 
(3) Reaction between oxygen and magnesium 
chloride in the reaction interface; 
(4) The chlorine generated to the main reaction 
atmosphere. 
In the analysis of pyrolysis process dynamics 
of molten state magnesium chloride, assuming 
the reaction process as chemical reaction 
control in level 1, kinetic equation of reaction : 

da , 
--TT = *a»W.2 '(4) 

"* Fig. 7 Molten state magnesium chloride pyrolysis reaction 

In the formula: rate constant fi«ure 

a—The decomposition efficiency of the 
magnesium chloride ; w,^^ —Efficiency of magnesium chloride in reaction; t-reaction time; kd— 
Reaction constant rate. 
According to the experimental results of pyrolysis experiment of molten state magnesium chloride, 
rendering the relation between pyrolysis rate and time, the result is shown as Fig.7, because this 
process is controlled by chemical reaction, magnesium chloride in the interface in the chemical 
reaction is a constant quality, the reaction rate and reaction time is linear relationship, so the slope of 
the fitting line are respectively for 1073 K, 1223 K and 1373 K reaction rate constant of molten state 
magnesium chloride. 
According to arrhenius formula: 

* = .4exp(- |^) (5) 

In the formula 
Ea—the apparent activation energy of response ; 
A- the former factor of index number; 
R-gas constant, for 8.314 kJ/mol; 
T-reaction temperature. 
Take logarithmic on both sides of the formula, we 
get the formula below: 

\nk = \nA-— (6) 
RT 

Plot according to the different temperature "oxxxm 000075 0.00a» ooooss 
J \IT 

reaction rate constant and corresponding — ,The 
Fig.8 Relations diagram between In* and \IT 

results are shown in figure 8 . 
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Through the linear calculation, the linear slope is -8468.3, namely: 

— =8468.3 (7) 
R 

So the apparent activation energy of the reaction is Ea = 70.4 kJ/mol, 
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Conclusion 

1. The thermodynamic analysis for the pyrogenation process of molten state magnesium chloride 
shows that: gibbs free energy in the process of pyrolysis magnesium chloride raises first and then 
descends with the temperature rise. Along with the increase of the pressure of O2 and the 
decrease of the pressure of CI2, the gibbs free energy of no water magnesium chloride pyrolysis 
reaction can be reduced in the temperature range of 873 K ~ 1473 K. When the pressure ofP02 is 
0.02Mpa, the minimum chlorine partial pressure for pyrolysis process is up to 0.5 atm. 
2. The optimal condition of pyrolysis for molten state magnesium chloride: pyrolysis time is 
60min ,pyrolysis temperature is 1100°Cand the partial pressure of oxygen is 1 atm, the pyrolysis 
efficiency is 95.12%, eventually lattice constant of pyrolysis products MgO is 4,2030. 
3. Kinetics analysis of pyrolysis process for molten magnesium chloride shows that, the reaction 
process as a chemical reaction control at level 1, the apparent activation energy of the reaction 
Ea = 70.4kJ/mol 
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Abstract 

Two titania slags, rutile and synthetic rutile were chlorinated with petroleum coke and CO in a 
small bubbling fluidized bed reactor. The study aims to identify differences in chlorination 
mechanism, compare conversion rates, blowover and the chlorination of impurities for the 
various titania feedstocks at different temperatures. 

Chlorination rates were highest at 1000°C; rutile chlorination significantly increases as 
temperature increases from 800°C to 1000°C. At 1000°C, synthetic rutile had the highest 
chlorination conversion rate; this was followed by Slag B which in turn was more reactive than 
Slag A and rutile. The mechanism for slag, synthetic rutile (SR) and rutile chlorination differs, 
Synthetic rutile feed is porous, providing a larger surface area for the chlorination reaction, hence 
the highest conversion rates was attained. Titania slag becomes porous with the initial 
chlorination of FeO and MnO whilst rutile remains solid. As the porosity of slag particles 
increases so does its tendency to be elutriated. Ti203 is oxidized within the early stages of 
chlorination during the chlorination of FeO and MnO. T12O3 not oxidized is then rapidly 
chlorinated. 

Introduction 

Titanium dioxide (Ti02) is the most common compound of titanium, about 95 - 98% of extracted 
titanium minerals is processed into l\Oi white pigment [1]. Two processing routes exist for the 
production of T\Oi pigments, i.e., sulphate and chloride based processes. In the chloride process, 
titania feedstock is fed to a fluidized bed reactor together with reductant and chlorine gas. A 
temperature of 1000 - 1300°C is maintained in the reaction zone and apart from silica, zirconia, 
uranium and thorium, virtually all the metal oxides in the feed are converted to their respective 
chlorides [2]. Chlorine is recovered and recycled back to the reactor. 

The feed to the chlorinator includes a number of titania feedstocks namely, synthetic rutile (SR), 
natural rutile, upgraded titania slag (UGS) and titania slag produced from ilmenite smelting. 
Natural rutile is the preferred feedstock for chlorination but due to dwindling reserves other 
titania feedstocks are substituted as feed for pigment production. 

Fluidized bed technology is employed for the chlorination process, so feedstock physical 
characteristics such as density, size and shape factor is of importance. The feedstock has to have 
sufficient grain size and bulk density in order for the material to fluidize and to minimize 
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blowover carryovers from the chlorinator. A high elutriation rate translates to a shorter residence 
for particles in the fluidized bed which in turn negatively affects conversion efficiencies. 

Since feedstock origin and production techniques differ, the physical properties and phase 
chemistry differ of the feedstocks will also differ, this will in turn impact the way in which each 
feedstock reacts in the chlorinator, although the TiC>2 content might be similar. 

A number of studies have been completed on the chlorination kinetics of different feedstocks [3, 
4, 5, 6, 7, 8]. Few studies have addressed the microstructural changes of titanium-bearing 
materials during the chlorination reaction [9, 10, 6]. Zhou et al., [9] studied the changes in 
ilmenite, SR, rutile, beneficiated slag and found that the rapid chlorination of easily chlorinated 
iron oxide in titania slag creates porosity that extends deeply into the interior of the particles. 
Nell and den Hoed [10] found that chlorination is associated with significant increases in particle 
porosity (even for rutile), which is brought about by the rapid initial chlorination of FeO and 
MnO (in ilmenite and slag) and (it is argued) by the chlorination of Ti2Û3 which forms at high-
energy surface sites. 

This paper considers the chlorination of two slags, rutile and SR, the impact of elutriation on 
chlorination efficiencies and effects of Ti2Û3 on chlorination. 

Experimental Details 

Samples - The test samples (i.e., Slag A, Slag B, rutile and SR) were subjected to 
carbochlorination experiments at temperatures ranging from 800°C to 1000°C in a fluidized bed 
reactor. Petroleum coke (i.e., 1.5 - 5mm, 97% Carbon) and CO gas was added as reductant. Slag 
A and rutile was acquired from South African producers whilst Slag B and SR were from 
international producers. In order to minimize the effect of size on chlorination rate, a common 
size range was selected for the experiments (i.e., 106 - 300um). Den Hoed and Nell [10] found 
that at carbon levels lower than 15wt%, availability of carbon was the rate limiting step but once 
the stoichiometric requirement is exceeded the reaction proceeds unhindered. In this 
experimental procedure, 17wt% coke was added to the feedstock. 

Apparatus - The chlorination experiments were conducted in an externally heated quartz reactor 
(80mm in diameter and 1100 mm in length). A porous distributor plate supported the charge and 
allowed for the even distribution of fluidizing and chlorination gases. Bed temperature was 
measured with a K type thermocouple. The crossover duct allows for the passage of the product 
gases and elutriated particles from the quartz reactor into the gas system. The crossover duct is 
connected to a condenser. High boiling point metal chlorides are condensed in the condenser and 
uncondensed gases are vented off to the caustic scrubber. Gas velocity is reduced in the round 
bottom flask and blowover settles out here. Figure 1 is an illustration of the experimental set up. 

Procedure - The charge (i.e., 200g feedstock and 40g petroleum coke) was fluidized with argon 
during the heat up. Approximately 2% of the feed was elutriated during the heat up; this amount 
was considered insignificant in comparison to the feed mass. When the bed temperature reached 
the desired experiment temperature, the argon gas was switched off and a CO and CI2 mixture 
was fed to reactor. Gas flow (i.e., CI2, CO) was controlled by rotameters to give a superficial gas 
velocity of 39.8cm/s. The flow rates of CI2 and CO gas were maintained at 8Nl/min and 4Nl/min 
respectively. The total gas pressure inside the fluid bed reactor was approximately 85kPa, the 
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partial pressure of Cl2 gas in the fluid bed reactor was approximately 57kPa. Upon completion of 
the test, the blowover and bed residue was collected, the large carbon particles were screened 
out of the bed sample. The blowover and bed sample was washed with water and dried at 105°C 
for 2 hours. Thereafter the material was roasted at 900°C for 2 hours to burn off fine coke 
particles. 

Analytical Techniques - The chemical analysis of feed material and chlorinated bed samples 
were determined by Inductively Coupled Plasma Optical Emission Spectrometry (ICP - OES) 
techniques, particle size by screening and density by helium pycnometry. X-Ray diffraction 
(XRD) and Scanning Electron Microscope (SEM) were used for mineralogical characterization 
of the feed and the chlorinated bed samples, equipment and software details are described 
elsewhere [11]. 

Using the masses of the feed, bed residue and blowover, the conversion to gaseous chlorides was 
calculated as follows: 

ConVersion(%)=M'-(M
M

£+MB) (1) 

Mi is the initial mass of sample charged to reactor, Me is the mass elutriated from the reactor and 
Mb is the mass of sample remaining in the reactor at the end of the experiment. The degree of 
conversion is affected by kinetics of the reaction as well physical properties of feedstock since 
blowover is considered. 

Figure 1: Schematic of Experimental Set up for Chlorination Experiments 

Results and Discussion 
Sample Characterization 

Feedstock chemical composition is reported in Table I. 
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Table I: Feedstock Chemical Composition, Average Particle Size and Density 

Si02(wt%) 
Al203(wt%) 
FeO (wt%) 
Fe (metallic) (wt%) 
Ti02 
(equivalent)*(wt%) 
Ti203(wt%) 
Ti02(wt%) 
CaO (wt%) 
MgO (wt%) 
MnO (wt%) 
Impurities^ (wt%) 
dso (fim) of feed 
Average densityÇkg/m3) 

Slag A 
1.64 
1.02 
8.60 
0.00 

87.46 
23.42 
61.92 
0.22 
0.73 
1.90 
1.11 
294 

4025 

SlagB 
1.49 
1.64 
1.96 
1.03 

95.02 
38.80 
51.90 
0.26 
0.25 
2.80 
0.73 
218 

4033 

Rutile 
1.44 
0.31 
0.49 
0.00 

95.69 
0.00 

95.69 
0.08 
0.01 
0.01 
1.52 
110 

4172 

SR 
0.80 
1.80 
3.43 
0.10 

92.77 
10.30 
81.40 
0.10 
0.31 
1.00 j 
0.76 I 
151 

4254 
' Ti* and Ti4* expressed as Ti02, +sum ofNa2Q, Nb2Os, K20, Cr203, V2Os, P2Os, Zr02 

The slags are products of ilmenite smelting and as a result of the milling process is more brittle, 
angular and irregularly shaped than rutile and SR. Slag A and B has a wider particle size 
distribution than rutile and SR. The difference in the shape and size is evident from the scanning 
electron microscope (SEM) back scattered electron (BSE) images, Figure 2. 

Figure 2: BSE Images of a Section through a. Slag A, b. Slag B, c. SR, d. Rutile 
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There are four phases (i.e., solid solution, rutile, metallic iron and glassy) present in high titania 
slags [12]. The major phase is a solid solution referred to as the M3O5 phase. This phase is a 
solid solution of the end members FeTi205, Ti305, MnTi205!, MgTi205, CraTiO?, AlaTiOj and 
V2TO5 [13]. The glassy phase was present in various shapes and sizes throughout most of the 
Slag A and Slag B particles. The glassy phase consists of mainly of SiOa, with smaller amounts 
of AI2O3 and Ti02. Tabular lath like rutile crystals with fine grained metallic iron precipitates 
was found in Slag A. Bessinger [14] and Toromanoff and Habashi [15] also found metallic iron 
to be present in the rutile phase in the slag. 

The iron present in Slag A is between 1 and 2 urn whereas in Slag B it is approximately 20um 
and associated with carbon. The chemistry and size of the iron droplets suggest that the iron was 
trapped in a viscous slag and did not precipitate during cooling as with Slag A, A magnified Slag 
A particle showing the various phases is presented in Figure 3a. In the magnified particle, the 
dark grey phase is the silicate/glassy phase, the light grey is the M3O5 phase, the bright spots are 
the Fe and the intermediate grey bands are the rutile. 

The SR sample is a product of the acid leaching process. The leaching of the iron fraction leaves 
behind a porous particle with Ti02 content above 90%. The sample contained a few particles that 
appear to have escaped the leaching process with iron fraction still present, A porous particle and 
iron containing particle is shown alongside each other in Figure 3b. The rutile sample primarily 
consists of unaltered rutile particles with a few zircon grains. 

a. b. 
Figure 3: BSE Image of a Section through a. Slag A Feed and b. SR Feed 

Chlorination Results 

Effect of Temperature - Slag A, Slag B and rutile were chlorinated at 800, 900 and 1000°C with 
coke and CO. Results are presented in Figure 4 and 5, the conversion (%) is calculated using 
Equation 1. Temperature had a significant effect on the overall conversion rate with the 
chlorination of rutile especially hindered at lower temperatures. Slag B shows the highest degree 
of conversion, with Slag A following closely behind. At 800°C, only 15% of rutile is chlorinated 
compared to 60% at 1000°C. It is clear to see why the commercial chlorination process is carried 
out at temperatures of 1000°C and higher. Iron chlorination in Slag A and Slag B is complete at 
800°C. MnO chlorination in rutile is complete at 800°C, MnO chlorination in the slags improves 
slightly with increasing temperature. The chlorination of AI2O3 to AICI3 significantly improves 
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with increasing temperature; there is a 40% improvement in AI2O3 chlorination when the 
temperature is increased from 800°C to 1000°C. MgO chlorination in the Slag A and Slag B 
improves with increasing temperature. Complete MgO chlorination is achieved in the rutile 
sample at 800°C. The mass balance indicates that there is more SiC>2 in the bed sample than at the 
start of the reaction; this difference is approximately lg to 2g and is considered insignificant 
compared to the total sample mass. This is likely due to analytical error. However, this indicates 
that Si02 does not chlorinate significantly during the experiment. 

Figure 4: Chlorination of Three Feedstocks for 3 hours 

Figure 5: Chlorination of FeO, MnO, A1203 and MgO for 3 hours 

Effect of Time - The conversion results from the chlorination experiments conducted at 1000°C 
is shown in Figure 6, the blowover and bed residue is given in Table II. After 3 hours of 
chlorination, the highest degree of conversion was achieved with the SR sample; this was 
followed by Slag B, Slag A and rutile. Slag A and rutile blowover increased with increasing 
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reaction time. Although the conversion of Slag A and SR differ by 23% after 3 hours of 
chlorination, the remaining bed sample after the experiment was similar. The difference in 
conversion results was due to the blowover, a significant amount of partially reacted Slag A 
particles was elutriated after 3 hours whereas blowover from the SR experiment was low, 
Blowover decreases chlorinator efficiency and this effect is illustrated with Slag A where degree 
of conversion of Slag A was lowered because 53g of partially reacted feedstock was blown out of 
the reactor during the 180 minute experiment. 

Figure 6: Conversion of Slag A, Slag B, SR and Rutile at 1000°C 

Table II: Blowover and Remaining Bed Mass of Slag A, Slag B, SR and Rutile after 
Chlorination at 1000°C for Different Times 

Feedstock 

Slag A 
SlagB 
Rutile 
SR 

Blowover (g) 
30 

(minutes) 
2 
4 
0 
0 

60 
(minutes) 

7 
2 
1 
1 

180 
(minutes) 

53 
3 

30 
1 

Remaining Bed Sample (g) 
30 

(minutes) 
142 
112 
149 
98 

60 
(minutes) 

125 
108 
128 
71 

180 
(minutes^ 

11 
48 
47 
18 

Chlorination Mechanism - The remaining bed samples after the 30, 60 and 180 minute 
experiments at 1000°C were collected and prepared for SEM analysis. BSE images of the 
1000°C, 30 minute experiments are presented in Figure 7. The BSE images together with 
chemical analysis and EDS analysis provided vital information towards identifying and 
understanding the difference in the chlorination mechanism between the feedstocks. With the 
exception of samples that were chlorinated for 1 minute, rutile was identified as the major titania 
phase in all the bed samples. A study of the surface of the bed samples after 30 minutes of 
chlorination shows different levels of porosity between Slag A, Slag B and SR samples, 

99 



c. d. 
Figure 7: BSE Images of a Section through a. Slag A, b. Slag B, c. Rutile, d. SR after 30 

minutes of Chlorination at 1000°C 

Slag A and Slag B - BSE images of Slag A after 1 minute of chlorination at 1000°C is shown in 
Figure 8. The chemical analysis of the bed samples indicates that 80% of FeO and 63% MnO was 
chlorinated during the first minute of the experiment. The chlorination of Fe and Mn leaves 
behind porous particles with a large surface area for subsequent reaction. Small amounts of Ch 
were identified on the boundary of the pores. The presence of chlorine around the pores indicates 
that the reactive gases diffused into the slag particle and chlorination was not restricted to the 
outer surface. Pore size increases with increasing chlorination duration and the particles become 
lighter and can be elutriated from the reactor. This is evident with Slag A as blowover increased 
from 7g to 50g after 60 and 180 minutes of chlorination. Silica removal was many times slower 
than TiC>2 chlorination; unreacted free-lying silicate pieces collected in the bed after the 
chlorination of the rest of the particle that it was initially apart of. 

Slag B (i.e., the higher TiC>2 content slag) feed was brittle and contained more cracks than Slag 
A. Due to the lower iron content; the porosity was not as widespread as in Slag A after 30 
minutes of chlorination. However the larger Fe droplets in Slag B feed left behind larger pores 
upon chlorination. Chlorine attack widens the cracks causing particle breakage; the smaller pieces 
of slag are then converted to gaseous metal chloride before the particle is elutriated. 
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Figure 8: BSE Image of a Section through Slag A after 1 minute of chlorination at 
1000°C 

Rutile - After 30 minutes of chlorination, the rutile particles are dense and smooth show no signs 
of porosity. Rutile particles grow smaller as chlorination proceeds according to a shrinking core 
mechanism. 

Synthetic rutile - SR feed particles are porous so the surface area available for chlorination was 
large from the start. After 30 minutes of chlorination, the initial pores left behind by the leaching 
of the iron have grown into larger pits. The SR particles are rapidly chlorinated before they are 
elutriated. 

Effect of Ti?Ch - During ilmenite smelting, some TiC>2 is reduced to Ti203 according to reaction 
3. 

2Ti0 2 + C = Ti203 + CO (3) 

Ti203 is not desired as it does not increase the equivalent Ti02 content of slag but consumes 
more electrical energy and carbon [16]. Le Roux [6] chlorinated slag in the absence of reductant 
(i.e., no coke and/or CO) and found that chlorination reactions still took place albeit to a lesser 
extent. It was demonstrated by mass balance methods that there was sufficient TiaOs to act as 
reductant for the chlorination of FeO and MnO. The remaining Ti203 was rapidly chlorinated. 

In this study, experiments were conducted with CO and coke; so thermodynamic calculations 
were done to determine whether chlorination with coke, CO, or Ti203 would be more 
thermodynamically feasible. Using Factsage Version 6.1, a thermodynamic software tool, the 
change in Gibbs free energy at 1000°C for Reactions 4 to 9 was determined. The change in Gibbs 
free energy is negative for all six reactions; however reaction with Ti203 for both FeO and MnO 
chlorination is more negative indicating that these reactions are more thermodynamically 
favorable. 

MnO + Ti203 + C12 -* MnCl2 + 2Ti02 

MnO + CO + Cl2 — MnCl2 + C0 2 

MnO + C+ Cl2 -+MnCl2 + CO 
FeO + Ti203 + C12 ->FeCl2 + 2Ti02 

FeO + CO + Cl2 ->FeCl2 + C0 2 

(AG-
(AG = 
(AG = 
(AG = 
(AG = 

-277 kJ/mol MnO) 
-191kJ/molMnO) 
-243 kJ/mol MnO) 
-273 kJ/mol FeO) 
-187kJ/molFeO) 

101 



FeO + C+ Cl2 — FeCl2 + CO (AG = -239 kJ/mol FeO) (9) 
Slag A was chlorinated for 1 minute at 1000°C with petroleum coke (17wt% of charge) to 
determine the effect of Ti203 on chlorination. The mass balance is presented in Table III. After 1 
minute of chlorination, 5g of Ti3+ was chlorinated and 74% of Ti3+ oxidized to Ti4+. According to 
stoichiometry there was sufficient Ti203 to act as reductant for the chlorination of MnO and FeO. 

Table III: Slag A Mass Balance After 1 minute of Chlorination at 1000 °C 
Elements 

Ti (tot) 
Ti3+ 

Ti4+ 

FeO 
MnO 

Feed Material 

Analysis 
(%) 

52.42 
15.51 
36.91 
8.60 
1.90 

Mass 
(2) 

104.83 
31.02 
73.81 
17.20 
3.80 

Bed Sample 

Analysis 
(%) 

55.90 
1.89 

53.98 
1.89 
0.78 

Mass 
(2) 

99.89 
3.38 
96.46 
3.38 
1.39 

Mass 
chlorinated 

(g) 

4.94 
27.64 

13.82 
2.41 

Conversion 
(%) 

5% 

80% 
63% 

The result of the 1 minute experiment has shed some light on the difference between the Ti02 
chlorination rate of Slag A and Slag B (Figure 9). Ti02 chlorination in Slag A after 30 minutes of 
chlorination at is only 20% after 30 minutes, whereas chlorination in Slag B is 41%, the 
difference is likely due to the Ti203 content of the slag's, Slag B has 39 % whereas Slag A has 
23%. The results of the 1 minute chlorination experiment show that Ti203 not oxidised in the 
chlorination of FeO and MnO is then rapidly chlorinated, since Slag A has a higher FeO content 
compared to Slag B (i.e., 9 % vs 2 %) there is less Ti203 available for chlorination, in addition 
Slag B had a higher Ti203 content to start with. This provides an explanation as to why 
chlorination in Slag B was higher than Slag A. 

Figure 9: Ti02 Conversion of Slag A and Slag B at 1000°C 

Although rutile and Slag B feed have approximately the same Ti02 (equivalent) content (i.e., 95%), 
overall conversion of rutile after 180 minutes is 14% lower than Slag B. This is likely due to 
combination of the effects of rapid chlorination of the Ti203 fraction in Slag B and the Fe content 
in Slag B which leaves behind a porous matrix and larger surface area for subsequent 
chlorination. 
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Conclusion 

Chlorination rate increases with increasing temperature and the chlorination of rutile is most 
affected by lower temperatures. At 1000°C, SR had the highest chlorination conversion rate; this 
was followed by Slag B which in turn was more reactive than Slag A and rutile. 

SR feed is porous; this allows for easy diffusion of reactive gases and chlorination proceeds 
quickly. The rapid chlorination of iron from slag leaves behind a porous high titania matrix with 
a large surface area for subsequent reaction. In this process, the density of the slag is lowered and 
it can be elutriated from the reactor. Rutile chlorination proceeds along the surface of the particle; 
so particle size decreases with increasing chlorination time. 

Ti203 acts as reductant for the chlorination of FeO and MnO, Ti203 not oxidized is rapidly 
chlorinated. 
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Abstract 

Using the facility of reduction experiment, the low temperature reduction pulverization and 
reduction behavior of sinter in oxygen blast furnace (OBF) were studied. Through analyzing the 
results, the difference of pulverization and reduction behavior of sinter in OBF and conventional 
blast furnace (BF) were discussed. Furthermore, the effect laws of reduction temperature and the 
content of CO and H2 on reduction behavior of sinter were studied. Also the controlling step of 
iron oxide reduction was discussed. Compared with BF, the low temperature reduction 
pulverization of sinter became serious at 773 K; reduction rate became faster at 1173 K; 
reduction time became less and final reduction degree was increased in OBF, With increasing of 
H2 and CO contents, the reduction of sinter was promoted. The reduction process was controlled 
by interface chemical reaction at the earlier stage and by interface chemical reaction and internal 
diffusion at the final stage. 

Introduction 

The new ironmaking technology of Oxygen Blast Furnace (OBF) is most likely to be used in 
large-scale application process. The concept relies on the removal of the CO2 contained in the 
top gas of the blast furnace. Therefore the useful components, i.e. CO+H2, can be recycled back 
into the furnace and reused as reducing agents. In addition, injecting oxygen (O2) into the 
furnace instead of preheated air, removes unwanted nitrogen (N2) from the gas. Under the 
pressure of CO2 emissions in iron and steel making, the growing international shortage of coking 
coal resources and the rising price of coke, OBF has attracted attentions of both domestic and 
foreign researchers, because it has so many advantages such as high productivity, high PCI rate, 
low coke rate, high gas reducing capability and high top gas calorific value, etc [1-7], As a result 
of recycling most of the top gas after CO2 removal and injecting oxygen into the furnace, the 
reduction capacity of blast furnace gas will be increased, so the metallurgical behavior of OBF's 
iron burden is different from traditional blast furnace. Therefore, it is one of the keys to develop 
this technology, which studies the metallurgical behavior of sinter in OBF. The purpose of this 
paper is to study the low temperature reduction pulverization and reduction behavior of sinter at 
the atmosphere of OBF, which includes the difference of low temperature reduction 
pulverization and reduction behavior of sinter in oxygen blast furnace and conventional Blast 
Furnace (BF). It will provide theoretical basis for the development of OBF. 

Experimental 

Table I shows the chemical analysis of sinter used in the experiments. All of the experiments 
were carried out in a gas-solid reaction apparatus, which can measure the iron weight 
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continuously and this is shown schematically in Figure I. The granular size of the sinter was in 
the range of 10mm to 12.5 mm and the sample weighted 500 g. The diameter of reaction tube is 
75 mm. The sinter sample was set on packed alumina balls. The reducing gas mixture was 
injected from the top of the tube, down along the outer fringe of the reaction tube and then up 
into the reaction tube. The reducing gas was preheated by the alumina balls before reducing the 
sample. The weight of the sample was measured continuously by an electric balance on top of 
the furnace during the whole experiment. 

Table!. Composition of Sinter (wt.%) 
Tpc 

52.40 
Si02 
6.56 

CaO 
13.18 

MgO 
2.40 

A1203 
2.05 

S 
0.024 

Ti02 
0.192 

FeO 
9.10 

1-Gas cylinder; 2-Flowmeter; 3-Gas mixer; 4-Reaction tube; 5-Reduction furnace; 
6-Electric balance; 7-Temperature controller; 8- Data processing system 

Figure 1. Schematic Layout of Experimental Apparatus 

Experimental Procedure 

Reduction behavior experiment: 
The sample was heated up to the predetermined experimental temperature and during the heating 
process it was protected by N2. Then the gas mixture was introduced into the reaction tube with a 
flow of 15 L/min. The flow of the gas mixture was not stopped until the weight of the sample 
remained stable for some time, which meant that the sinter was reduced completely. The gas 
mixture was then switched back to N2 and the sample was cooled down to 298 K in the N2 
atmosphere. The experiment temperatures were set at 1173 K, 1273 K and 1373 K. Table 2 
shows some parameters of reduction experiment. 

Table II. Parameters of Reduction Experiment 

Case 

1 
2 
3 
4 
5 
6 

Volume Flow, 
L-min"1 

15 
15 
15 
15 
15 
15 

Temperature, K 

1173 
1173 
1173 
1173 
1273 
1373 

Gas concentration, % 
CO 
71 
30 
71 
30 
71 
71 

H2 
15 
0 
0 
15 
15 
15 

N2 
12 
70 
29 
55 
12 
12 

C02 
2 
0 
0 
0 
2 
2 

Low temperature reduction pulverization experiment: 
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The sample was heated up to the predetermined experimental temperature and during the heating 
process it was protected by N2. Then the gas mixture was introduced into the reaction tube with a 
flow of 15 L/min. The experiment temperature was set at 773 K. The total reduction process 
lasted for 60 min. The gas mixture was then switched back to N2 and the sample was cooled 
down to 298K in the N2 atmosphere. At last, put the sample in a drum, and the drum was running 
10 min with the speed of 30 r/min. The weights of the sample which remained in 6,30 mm, 3.15 
mm and 0.5 mm sieve were measured by a balance. Then low temperature reduction 
pulverization behaviour was measured by its percentage. 

Results and Discussion 

Low Temperature Reduction Pulverization of Sinter 

The experiment results of low temperature reduction pulverization of sinter at the atmosphere of 
OBF (Case 1) and BF (Case 2) are shown in Table III, respectively. The results of Table III show 
that low temperature reduction pulverization of sinter in Case 1 is serious compare with Case 2, 
which RDI+3.15 is on the low side, 82.7% while RDI.0.5 is on the high side, 37%. In Case 2, 
RDI+3.15 of sinter is on the high side, 92.6% while RDL05 is on the low side, '1.9%, The reason 
may be that the concentrate of CO and H2 in the reducing gas of Case 1 is high and the reduction 
potential of the gas is high, which promote the reduction process (Fe203~*Fe304~*FeO) of 
sinter. The transformation of crystalline shape is observed during the reduction process» the 
transformation from hexagonal structure of Fe20s to the cubic structure of Fe?04 lead to volume 
swelling and serious pulverization of sinter. 

Table III. Results of Low Temperature Reduction Pulverization Experiment 

Case 

1 
2 

Volume 
Flow, 

L-min"1 

15 
15 

Temperature, 
K 

773 
773 

Gas concentration, % 

CO 
40 
20 

C02 

32 
20 

H2 

10 
0 

N2 

18 
60 

Experiment result, % 

RDI+6.3 
61.4 
81.6 

RDI+3l3 
82,7 
92,6 

RDL0.5 
3,7 
1.9 

Reduction Behavior of Sinter 

In this paper, reduction degree RI is the mass percentage of the oxygen that is reduced from 
Fe 2 0 3 to Fe: 

RI = 
0.1W, M,-M, 
0A3W, Mnx0A3W, 

<100 xlOO (1) 

Where, M0 is the initial mass of the sample, Mi is the mass of the sample before reduced, M is 
the mass of the sample reduced t min later, W\ is the mass percentage of FeO in the initial 
sample, Wi is the mass percentage of total Fe in the initial sample. 

Comparative Analysis of Sinter Reduction in Different Blast Furnace Atmosphere 

Figure 2(a) shows the relationships between reduction degree RI with time for reduction of sinter 
in OBF (Casel) and BF atmospheres (Case2) at 1173 K. It can be found that the sinter reduced 
faster in OBF atmosphere than that in BF atmosphere. The measured RI of the sinter is up to 
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98.2% when the sinter reduced in OBF atmosphere at 1173 K for 117 min, while only 88.3% in 
BF atmosphere at 1173 K for 180 min. Therefore, it can be seen that because the improvement of 
gas reduction potential in OBF, sinter reduction has been promoted greatly. 
Figure 2(b) shows the relationships between reduction rate RI' with time for reduction of sinter 
in OBF (Casel) and BF atmospheres (Case2) at 1173 K. Also, it can be found that RI' 
(3.73%-min1) of sinter reduction in OBF atmosphere is much higher than that in BF atmosphere 
(1.10%-min"1) at the initial stage, and its advantage kept for about 70 min. 

(a) (b) 
Figure 2. Reduction Degree and Reduction Rate of Sinter with Time at OBF and BF 

Atmosphere 

Effect of Reduction Temperature on Reduction Behavior of Sinter 

Figure 3(a) and Figure 3(b) show the variation of the degree and rate of sinter reduction with 
time at the three experimental temperatures of 1173 K, 1273 K and 1373 K. This figures show 
that with increasing temperature, the reduction rate increased and the reduction time decreased, 
which lead to an increase of the final degree of reduction. At the early stage of reduction the 
reaction rate is fast, but the reduction curve becomes relatively flat at the final stage in OBF. The 
final degree of reduction of the sinter reaches as high as 99.24% and the reduction time is only 
63 min at 1373 K. Under the same atmosphere, the final reduction degree reaches 99.15% and 
98.20%, the reduction time is 78 min and 117 min at 1273 K and 1173 K, respectively. 

(a) (b) 
Figure 3. Reduction Degree and Reduction Rate of Sinter with Time at Different Temperatures 
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Effect of CO and Fb Contents on Reduction Behavior of Sinter 

Figure 4(a) and Figure 4(b) show the relationships between RI and RI' with time for reduction of 
sinter at 1173 K with different reducing atmospheres, where Case 2, Case 3 and Case 4, 
respectively. By comparing Case 3 with Case 2 in Figure 4, it can be seen that the reduction of 
sinter improved with the increase of CO concentration» the reduction degree RI increased from 
88.3% to 92.3%. And the reduction rate is also increased greatly, the time-duration of sinter 
reduction decreased from 180 min to 140 min. According to Figure 6, the reduction of sinter 
improved after 15% H2 was added into the reductive gas, and the final reduction degree RI 
increased from 88.3% (Case 2) to 97.8% (Case 4). Besides, the reduction rate increased 
significantly as well, the reduction rate in the early stage increased from 1.10%-min"1 (Case 2) to 
2.80%-min"1 (Case 4). While comparing Case 4 with Case 3 in Figure 6, it can also be found that 
although the reductive gas (CO+H2) accounts for 71% of Case 3, which is much higher than that 
of Case 4, the sinter reduction degree RI in the two atmospheres have almost no différence in the 
initial 90 min. But 90 min later, reduction degree RI of sinter in Case 4 atmosphere is higher than 
that in Case 3 atmosphere, its final reductive degree RI (97.8%) is 5.5% higher than that (92.3%) 
in Case 3. It can be seen that the reductive ability of H 2 is better than CO in the final stage. 

(a) (b) 
Figure 4. Reduction Degree and Reduction Rate of Sinter with Time at Different Atmospheres 

Controlling Step of Iron Oxide Reduction in OBF 

The kinetic behaviour of the iron oxide reduction under such a high reducing atmosphere can be 
described by using an approximate 'unreacted core model' [8]. According to the unreacted core 
model, the derived integral expression [9] of the kinetics of the iron oxide reduction: 

f°r° -L + fid p _ 3(1 _ f)% + 2(1 » /)] 
C°A-C'Akg 6De{C°A-CA)1 

+ — r ^ P - O - / ) ^ ] * ' (2) 
k+(l + K)C°A-CA

l J) 

Where,/is the degree of reduction, r0 is the radius of original ore ball, t is the chemical reaction 
time, p0 is the density of oxygen of solid-phase content, CA is the initial volume concentration 
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of reduction gas, CA is the balance volume concentration of reacting gas,'^ is the mass transfer 
coefficient of gas phase in phase boundary layer, De is the effective diffusion coefficient of 
reducing gas A in product layer, k+ is the positive interface reaction rate constant, and K is the 
reaction equilibrium constant. 

The first part in the left of equation: o ° * s n o w s m e contribution of the external 

diffusion, the second part: f^—nP~3(1-/)^ +2(1-/)] shows the contribution of the 
6De\pA-CA) 

internal diffusion, the third part: ; ° ° [1 - (1- / )^] shows the contribution of the 
k+(l + K)C°A-CA

l J) 

interface chemical reaction. Under the normal condition, when the flow of reducing gas is 
15L/min, the flow rate is 56.6 mm/s. When the flow rate of gas is close to, or above, 50mm/s, the 
resistance of gas external diffusion can be neglected in the study of kinetics of iron oxide 
reduction, therefore, Equation 2 can be simplified as: 

^ ^ [ l - 3 ( l - / ) ^ 2 ( , - / ) ] + ^ ^ | r [ l - ( , - / ) ^ = , (3) 

Dividing both sides of Equation 3 by 1 - (1 - fy3, the equation becomes: 

^ 7 ^ [ l + (l-/)X-2(l-/)^]+/ n
 pf** 

1 - ( 1 - / ) * 6De(C°A-Ce
A)L k+(l + K)(C°A-CA) 

(4) 

When the gas-solid reaction is hybrid controlled by internal diffusion and interface chemical 
reaction, this kinetics equation can be used. From the first part in the left of Equation 3 the 

y 
reaction time of solid phase reactant / is proportional to[l - 3(1 - fy3 + 2(1 - / ) ] when reduction 
process is controlled by internal diffusion process. From the second part in the left of Equation 3 
the reaction time of solid phase reactant t is proportional to[l - (1 - fy3 ] when reduction process 
is controlled by interface chemical reaction process. From Equation 4, the term tj\ - (1 - fy3 is 
proportional to[l + ( l - / ) ^ - 2 ( 1 - / ) ^ ] when reduction process is hybrid controlled by both 
internal diffusion and interface chemical reaction processes. 
Therefore, it is possible to plot [1-3(1- / )^ +2(1-/)] versus /, [1 - (1- / )^] versus / and 
t/l-il-f)73 versus [1 + ( 1 - / ) ^ - 2 ( 1 - / ) ^ ] . From these plots the controlling unit of the 
sinter reducing reaction can be identified. 
[1-3(1- / )^ +2(1-/)] and [1- (1- / )^] are plotted in Figure 5 as a function of time /, to 
show the experimental reduction results of sinter in TGR-OBF at the high temperature stage. 
According to the figure, through the reduction process, [l-(l-fy3] is linear with /, but 
[1 - 3(1 - fy3 + 2(1 - / ) ] is linear with t only at the final stage of reduction, which shows that 
the reduction process at the early stage of sinter is controlled only by interface chemical reaction 
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at 1173 K, 1273 K and 1373 K, but is hybrid controlled by internal diffusion and interface 
chemical reaction after a period. For the reduction process at 1173 Kf 1273 K and 1373 K, the 
start time of the reducing reaction, which is hybrid controlled by internal diffusion and interface 
chemical reaction, are 30 min, 21 min and 18 min, respectively. 

(c) 1373K 
Figure 5. Comparison Curve of Chemical-controlled with Internal Diffusion -controlled 

Reaction at Different Temperatures 

Figure 6. Mixed Control Plot at Different Temperatures 
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To verify whether it is hybrid controlled by both interface chemical reaction and internal 
diffusion at the final stage, / / l - ( l - / ) ^ as a function of [l + ( l - / ) ^ - 2 ( l - / ) ^ ] was 
plotted as shown in Figure 6. It can be seen that there is a good linear relationship between 
t/l-(l-f)% and p + ( i _ y ) X _ 2 ( l - / ) ^ ] at the final stage of the reduction at 1173K, 
1273K and 1373K. It confirms that the reduction reactions are hybrid controlled by both 
interface chemical reaction and internal diffusion. 

Conclusions 

(1) Low temperature reduction pulverization of sinter in OBF was serious compared with BF, 
which RDI+3.is was on the low side, 82.7% while RDI4.5 was on the high side, 3.7%. 
(2) It could be found that the sinter reduced faster in OBF atmosphere than that in BF 
atmosphere at 1173K. 
(3) In OBF, with the increase of the temperature, the reduction rate of sinter increased, the 
reduction time decreased, and the final reduction degree increased. 
(4) With increasing of H2 and CO contents in the reducing atmosphere, the reduction of sinter 
was promoted, but H2 affected more significant than CO to the reduction of sinter. 
(5) The reduction process was controlled by interface chemical reaction at the earlier stage and 
by interface chemical reaction and internal diffusion at the final stage. 

Acknowledgments 

The authors gratefully acknowledge the support of the National Basic Research Program of 
China (973 Program) (No.2012CB720401) and the National Key Technology R&D Program 
(NO.2011BAC01B02). 

References 

[1] G.Q. Zuo, A. Hirsch, "The Trial of the Top Gas Recycling Blast Furnace at LKAB's EBF 
and Scale-up" (Paper presented at Proceedings of the 4th Ulcos seminar, Essen, Germany, 1-
2 October 2008), 1-4. 

[2] G. Danloy, et al., "ULCOS-Pilot testing of the Low-C02 Blast Furnace process at the 
experimental BF in Lulea", Revue de Metallurgie, 1(2009), 1-8. 

[3] H. Hannu et.al., "Optimization of top gas recycling conditions under high oxygen 
enrichment in the blast furnace", ISIJInt., 50(7)(2010), 931-938. 

[4] H. Hannu et al. "Multi-objective optimization of ironmaking in the blast furnace with top 
gas recycling", ISIJInt, 50(10)(2010), 1380-1387. 

[5] M.S. Qin et al., "Blast furnace operation with full oxygen blast", Ironmaking and 
Steelmaking, 15(6)( 1988), 287-292. 

[6] M.S. Qin, Z.K. Gao and G.L Wang, "Study on blast furnace operation with all oxygen 
blast", IRON & STEEL, 22(12)(1987), 1-4. 

[7] M.S. Qin, J.L. Zhang, "Oxy-coal technique of blast furnace", IRON & STEEL, 28(9)(1993), 
9-13. 

[8] X. K. Huang, Principle of Ferrous Metallurgy (Beijing, PRC: Metallurgical Industry Press, 
1990), 291-295. 

[9] X. L. Wang, Ferrous Metallurgy (Ironmaking) (Beijing, PRC: Metallurgical Industry Press, 
2006), 90-93. 

112 



3rd International Symposium on EDgh-Temperature Metallurgical Processing 
Edited by: Tao Jiang, Jiann-Yang Hwang, Patrick Masset, Onuralp Yucel, Rafael Padilla, and Guifeng Zhou 

TMS (The Minerals, Metals & Materials Society), 2012 

FORMATION OF Ti(C,N) IN BLAST FURNACE SLAG 

BEARING HIGH Ti02 

Shiwei Ma, Guibao Qiu, Qingyu Deng, Wang Hua 

College of Materials Science & Engineering, Chongqing University, Chongqing 400044, 
China 

E-mails: mashiweil46484@163.com 

Keywords: Blast Furnace Slag Bearing Titania, Thermodynamics, Ti(C,N), FactSage 

Abstract 

The flow properties of the blast furnace slag bearing high Ti02 at high temperature like 
the viscocity may change a lot due to the formation of the carbonitride inside, causing 
serious problems on the separation between the metal and the slag, Therefore, the critical 
condition of the formation of Ti(C,N) in blast furnace is vital importance for the 
ironmaking process with iron ore bearing titania. In this study, the formation of Ti(C,N) 
in blast furnace and the influences of various factors on the Ti(C,N) formation are 
investigated by FactSage. It is found that the mass of Ti(C,N) would reach the maximum 
at 1480 °C, and the product is mainly TiN below 1620 °C, while it is mainly TiC above 
1620 °C. The order of the factors by the importance from strong to weak was: 
temperature, the content of Ti02 in slag, basicity of slag, the content of MgO and AI2O3. 

Introduction 

The titanium dioxide (Ti02) in iron ore bearing titania will be partly reduced by carbon 
to titanium carbonitride (Ti(C,N)) in blast furnace, causing serious problems on the 
separation between the metal and the slag because of the change of flow property. 
Therefore, the critical condition of the formation of Ti(C,N) in blast furnace is vital 
importance for the ironmaking process, especially for the smelting of iron ore bearing 
titania. Extensive experimental data in regard to the formation of Ti(C,N) has been 
reported in numerous papers[l-6]. However, only some discrete data can be obtained by 
experiment, and it is difficult to detect the mass of Ti(C,N) in slag. In addition, the 
experiment is difficult to be proceeded when the temperature is above 1600°C. Therefore, 
it is very difficult to make clear the critical condition of the formation of Ti(C,N) by 
experiment. 
In the present study, the thermodynamics software FactSage was used to study the critical 
condition for the formation of Ti(C,N) in slag. In addition, the influences of various 
factors on the formation of Ti(C,N) were investigated, including temperature and slag 
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composition (Ti02,MgO,Al203 and basicity). FactSage has developed many years and 
been widely used in metallurgy and other fields [7-11]. It is one of the largest fully 
integrated database computing systems in chemical thermodynamics in the world. 
Especially it has slag-iron database which is suitable for calculating the reaction and 
thermodynamics equilibrium between slag and iron at high temperature. Therefore, it is 
feasible and reasonable to investigate the formation of Ti(C,N) in slag by FACTSage. 
Finally, the ultimate purpose of this study is to find out some measures to prevent or 
reduce the formation of Ti(C,N), keeping blast furnace operation more smoothly when 
the iron ore bearing high titania is smelted in blast furnace. 

FactSage Modeling 

The Equilib module was mainly used when the formation of Ti(C,N) was predicted by 
FactSage. A 1:2 mass ratio of slag to pig iron (100g slag, 200g pig iron) was inputted into 
this module. The calculations were performed using slag composition and iron presented 
in Table I and Table II, respectively, mixed with excess carbon, and heated in the 
temperature range to 1100 °C to 1800 °C in a nitrogen atmosphere. As slag T3, A3, M3 
and B4 have the same composition, therefore, slag T3 is regard as the basic slag to 
predict the formation of Ti(C,N) in slag at different temperatures. The influence of slag 
composition on the formation of Ti(C,N) was predicted at 1425°C,1450°C and 1475 °C. 
All parameters are list in Table III. 

Table IV. The Composition of Slag (wt%) 
Slag | 
"TÏ 
T2 
T3 ! 
T4 
T5 
Al 
A2 
A3 
A4 
A5 
Ml 
M2 
M3 
M4 
M5 
Bl 
B2 

TiQ2 

22.0 
23.0 
23.5 
24.0 
25.0 
23.5 
23.5 
23.5 
23.5 
23.5 
23.5 
23.5 
23.5 
23.5 
23.5 
23.5 

1 23.5 

A12Q3 

14 
14 
14 
14 
14 
12 
13 
14 
15 
16 
14 
14 
14 
14 
14 
14 

I 14 

MgO 
8.0 
8.0 
8.0 
8.0 
8.0 
8.0 
8.0 
8.0 
8.0 
8.0 
7.0 
7.5 
8.0 
8.5 
9.0 
8.0 

I 8.0 

CaO 
29.67 
29.14 
28.87 
28.61 
28.07 
29.94 
29.41 
28.87 
28.34 
27.81 
29.41 
29.14 
28.87 
28.61 
28.34 
28.14 

1 28.39 

SiQ2 

26.03 
25.56 
25.33 
25.09 
24.63 
26.26 
25.79 
25.33 
24.86 
24.39 
25.79 
25.56 
25.33 
25.09 
24.86 

; 26.06 
1 2581 

V20s 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 

1 0.3 

Basicity 
1.14 
1.14 
1.14 
1.14 
1.14 
1.14 
1.14 
1.14 
1.14 
1.14 
1.14 
1.14 
1.14 
1.14 
1.14 

, 1.08 
1 1.10 
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Table V. Continued 
Slag 
B3 
B4 

1 B5 

Ti02 

23.5 
23.5 
23.5 

A1203 

14 
14 
14 

MgO 
8.0 
8.0 
8.0 

CaO 
28.63 
28.87 
29.11 

Si02 

25.57 
25.33 
25.09 

V205 

0.3 
0.3 
0.3 

Basicity] 
1.12 
1.14 
1,16 J 

| Pig iron 
| Mass fraction 

Table VI. The Composition of Pig Iron (wt%) 
Fe 

94.64 
C 

4.50 
Ti 

0.23 
V 

0.30 
Si 

0.19 
P 

0.06 
S 

0.08 

Table VII. Model Parameters 
1 Temperature(°C) 

1100—1800 

Pressure(atm) 

2 

Slag(g) 

100 

Pig iron(g) 

200 

Solution ] 
FToxid-slag 1 

FSstel-LIQUID 1 

Results and discussions 

Influence of Temperature on the Formation of TifC.N) 

Tern peraturcC°C) 
Fig. 1. The relationship between temperature and mass fraction of Ti(C,N) 

in slag as well as mole fraction of Xnc» XHN in Ti(C,N) 

The results of calculation on the slag-iron system in nitrogen at temperatures between 
1100 °C and 1800 °C carried out in the present study are shown in Fig. 1. It can be seen 
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from Fig. 1 that, at temperatures below 1260 °C, the solid solution Ti(C,N) was not 
formed. At a temperature of 1260 °C, the solid solution Ti(C,N) began to form, and its 
mass fraction in slag increased with increasing temperature at temperatures between 
1260 °C and 1480 °C. This change can be analyzed thermodynamically based on the 
following reactions to form TiN, TiC or Ti(C,N): 

(1) 

(2) 

Ti02+2C+1/2N2 - TiN+2CO AGr°=375900-255.86T (J/mol) 

Ti02+3C - TiC+2CO AGr°=527400-336.56T (J/mol) 

The initial reaction temperatures for reactions (1) and (2) are 1196 °C and 1294 °C, 
respectively. Therefore, it is reasonable for the formation of Ti(C,N) at a temperature of 
1260 °C. 
At a temperature of 1480 °C, the mass of Ti(C,N) in slag reached the maximum, which 
would imply that Ti02 in slag can't be reduced by carbon any more with increasing 
temperature. This can be demonstrated by Fig. 2. The mass fraction of Ti02 in slag 
decreased with increasing temperature, and only 1.45 wt pet of Ti02 can be observed in 
slag at 1480 °C. At temperatures above 1480 °C, the mass fraction of Ti02 in slag 
increased hardly with increasing temperature. Thererfore, the temperature in the lower 
blast furnace should be controlled below 1480 °C as possible as in order to avoid the 
formation of large amount of Ti(C,N). 

Fig. 2. The relationship between temperature and mass fraction of Ti02 in slag 

It also can be seen from Fig. 2 that the mass fraction of Ti(C,N) decreased with 
increasing temperature at temperature above 1480 °C. This is mainly caused by the 
transformation of titanium from TiN and TiC to [Ti] in liquid iron. Therefore, the 
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solubilities of titanium ([Ti]) in liquid iron increased with increasing temperature. This 
can be demonstrated by Fig. 3. It can be seen from Fig. 3 that, at a temperature of 1480 
°C, only 0.25 wt pet of Ti dissolved in liquid iron. However, the solubilities of titanium 
increased to 1.92 wt pet at 1800°C. The overall reactions of this process are summarized 
in reactions (3) and (4): 

TiC - [Ti]+[C] (3) 

TiN - [Ti]+1/2N2 (4) 

Fig. 3. The relationship between temperature and mass fraction of Ti in liquid iron 

The change of mole fraction of TiC and TiN in Ti(C,N) are also shown in Fig. 1, From 
Fig. 1, it can be seen that it is mainly TiN at lower temperature (1260°C<T<1620 °C), 
XTIC<XTIN. However, Xnc increased with increasing temperature, while Xr»c decreased. 
At a temperature of 1620 °C, XTIC^XTJN; then Xnc would be greater than XTIN with 
increasing temperature. That is to say, it is mainly TiC at high temperature (T>1620°C). 
This change can be analyzed thermodynamically based on the following reaction: 

TiN+C-TiC+l/2N2 (5) 

The initial reaction temperature (To) for reaction (5) (AG=0) would change with 
changing activities of TiN and TiC. The relationship between To and &m, a-nc are list in 
Table VIII, which was calculated by Reaction module. As Ti(C,N) is regard as an ideal 
solid solution, therefore, X-riN^anN and Xnc-aric- The result is in a good agreement with 
the result in Fig. 1, which was calculated by Equilib module. And it is also in agreement 
with previous results of Che.YC[12]. 
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Table IX. The Initial Reaction Temperature for Reaction (5) 
at Different â N and a-nc 

1 PN2 (atm) aTic (Xnc) 
0.103 

0.178 
0.231 

0.289 
0.352 
0.415 
0.478 
0.539 
0.595 
0.646 
0.691 

ariN (XTIN) 

0.897 
0.822 

0.769 

0.711 
0.648 
0.585 
0.522 
0.461 
0.405 
0.354 
0.309 

To(°C) 1 

1260 

1350 

1400 

1450 
1500 
1550 
1600 
1650 
1700 
1750 
1800 1 

Influences of Slag Composition on the Formation of Ti(CN) 

Fig. 4. The relationship between mass fraction of Ti(C,N) and slag composition at 1425 
°C,1450 °C,1475 °C: (a)-different content of Ti02, (b)-different content of A1203, 
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(c)-different content of MgO, (d)-different slag basicity. 

The results of influences of slag composition on the formation of Ti(C,N), which were 
predicted by FactSage, are shown in Fig. 4. Fig. 4 (a), (b), (c) and (d) show the influence 
of Ti02,Al203, MgO and basicity in slag on the formation of Ti(CsN), respectivily. It can 
be seen from Fig. 4 (a) that the mass of Ti(C,N) increased with increasing ÜO2 in slag. 
This is mainly caused by the activity of Ti02 (a-no2).The a-no2 increased with increasing 
mass fraction of Ti02 in slag, therefore, the mass of Ti02 reduced by carbon increased, 
which would lead to the increase of mass of Ti(C,N). From Fig.4 (b)s (c) and (d), it can 
be seen that the influence of A12C>3, MgO and basicity in slag is small compared with 
Ti02. To some extent, the increase of MgO, slag basicity and decrease of AI2O3 can 
restrain the formation of Ti(C,N), Therefore, the ideal slag composition should satisfy the 
following demands: low Ti02,Al203 and high MgO,slag basicity. The results are in a 
good agreement with previously experimental results of Du.HG [4], 

Conclusions 

At 1-atm N2 pressure, the critical condition for the formation of Ti(CsN) is that the 
temperature should reach approximately 1260°C (1533K). The mass of Ti(C,N) reach the 
maximum at a temperature of 1480 °C. And it is mainly TiN in solid solution Ti(C,N) at 
temperatures below 1620 °C , however, TiN will be replaced by TiC at temperatures 
above 1620 °C. Therefore, it is mainly TiC at high temperature. The order of the factors 
by the importance from strong to weak was: temperature, the content of T1O2 in slag, slag 
basicity, the content of MgO and AI2O3. 
However, additional optimization of the parameters in the thermodynamic FactSage 
database can improve the accuracy of calculations. So the method that using FACTSage 
to predict the formation of Ti(C,N) in blast furnace can save a large amount of human and 
material resources. 
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Abstract 

In this paper, the carbonthermal reduction behavior and the influencing factors of 
Panzhihua ilmenite under the condition of carbon-burdened were systematically 
investigated. The results show that the ilmenite forms into titanium nitride during the 
reduction process at 1200 oC under the condition of carbon-burdened. 
Carbon-burdened is beneficial to the reduction of iron oxide, but less favorable for the 
growth of iron grain. 

Introduction 

The titanium ferrous resources are very rich in Panzhihua-xichang area, accounting 
for about 38.85% of the world's proved reserves [1], However, TiOa grade of this kind 
of ilmenite is low and calcium magnesium content is high, it generally requires 
preconcentration to titanium-rich material—titanium slag or synthetic rutile, 

Chlorination process is an advanced method for production of titanium dioxide, which 
should takes high quality titanium-rich material with low content of calcium and 
magnesium as raw materials (the content of MgO and CaO are less than 1.0%), 
Ilmenite in Panxi area, however, contains high calcium and magnesium; it is not 
suitable as a raw material for chloride process.,Methods of producing titanium-rich 
materials which have been applied in industry are electric smelting, various acid 
leaching and reduction rust [2-5]. There still exist some problems such as CaO and 
MgO removed not thoroughly, low resource utilization, high energy consumption and 
environmental pollution. 

Based on the previous methods of preparing titanium-rich materials and the research 
results, a new process of preparation of titanium-rich materials is presented in this 
paper. This process is based on the chlorination speed of TiCN is far higher than that 
of other impurities, thus carbon nitriding titanium chlorinated selectively and other 
impurities left in slag. TiN can be used in chlorination process and the production of 
ceramic material. 
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The solid and liquid reduction behaviors of carbon-burdened titanium are investigated 
in this study by using X-ray diffraction, optical microscopy and scanning electron 
microscopy for laying the foundation to fulfill the carbon nitriding process of 
ilmenite. 

Material and Methods 

Material Properties 

The fine-grained flotation concentrate of titanium ore used in this study was provided 
by the PanZhiHua Iron and Steel Company. The main chemical composition of the 
sample is shown in Table 1. 95.60% of the titanium ore had a particle size of 
0.076mm. Reducing coal was bituminous coal received from Shanxi in China, 
Proximate analysis and ash melting points for coal are shown in Table 2. The 
pelletizing binder was a multi-functional composite binder F, which is a patented 
product developed by Central South University [6]. 

Table I. Chemical Compositions of Ilmenite Concentrations /wt% 
Composition 

Content 
Composition 

Content 

Ti02 

46.63 
CaO 
0.86 

TFe 
30.17 

A1203 

0.50 

FeO 
30.29 
MgO 
5.34 

V2O5 

0.060 

Si02 

4.00 

K20 
0.0057 

S 
0.11 

Na20 
0.029 

P 
0.004 

MnO 
0.48 

Ig 
0.16J 

Table II. Industry Analysis and Ash Analysis of Coal 

Coal 

Bitumino-us 
coal 

Industry Analysis /% 

Mad 

20.36 

Ac 

4.48 

Vdaf 

27.38 

Tcad 

47.78 

Volatile 
matter(l 

-8) 

2 

Ash Fusion /°C 

DT 

1260 

ST 

1280 

HT 

1290 

FT 

1290 

Research Methods 

Ilmenite, certain molar ratio of C and 1% F binder were thoroughly mixed and 
pelletized to 010x10 mm pellets with certain pressure on a high-energy hydraulic 
pellet machine, drying. Reduction was carried out in high temperature furnace with N2, 
using additives to strengthen the reduction process [7]. Firstly, put the pellets (about 
25 g) with excessive bituminous coal in a graphite crucible. Secondly, put the graphite 
crucible in the resistance furnace (0120 mm) when the temperature rises to the setting 
one, time and stay warm for the fixed time. Thirdly, turn off the N2 valve, take out and 
cover the graphite crucible with waste coal, cooling. Sampling and analysis: use the 
metallization rate to measure the reduction degree of titanium iron; the X-ray 
diffraction (Cu anode target, Kal wave length for 1.54056 A) to analyze the phase 
composition change of ilmenite during reduction process; the SX-40 type optical 
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microscope to analyze the microscopic structure, the particle shape and distribution 
state of each reduction products 

Results and Analysis 
Effects of Dosage of Carbon 

Effects of internal carbon on metallization rate, phase composition and micro 
structure of reduction products are shown in Figure 1, Figure 2 and Figure 3. When 
experimenting, keep the reduction temperature at 1300 °C for 2 h and the amount of 
internal carbon was measured by C: Ti. 

Figure 1. Effect of Carbon-burdened F i S u r e 2- T h e X-diffraction Figure of the 
on metallization rate of reduction Reduction Products of different amount of 

internal carbon 
As is shown in Figure 1, the metallization rate of the product increased from 79.08% 
to 91.43% as the C: Ti value increased from 0 to 2.0. The results suggested that 
increasing internal carbon was favorable to the metallization rate of the products. 

From Figure 2, with no carbon-burdened, the phases were FeTi205, Ti02, and Fe, 
When C: Ti= 1.0, the FeTi205 diffraction peak decreased, TiN diffraction peak 
appeared, and the quantity of TiN gradually increased with carbon increasing. 

These results indicated that with none-internal carbon, the reactions were almost the 
reduction of FeTiCh, which generated FeTi2Os, iron and Ti02. Chemicals reactions are 
as follows: 

FeTi03+C=Fe+Ti02+C02, (1) 

FeTi03+C=FeTi205+Fe+CO. (2) 

When the carbon increases to 1.0, under the environment of nitrogen-containing 
below 1743K which is the melting point of FeOTi02)the possible reactions in the 
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reduction process are as follows [8]: 

FeTi03 + 4 C = Fe + TiC + 3 CO (3) 

FeTi03 + 3 C + 1/2 N2 = Fe + TiN + 3 CO. (4) 

At high temperature, as TiN is more stable than TiC, TiC will transform to TiN easily, 
so TiN is the main reduction products [9]. The possible reaction in the system also 
contains: 

Ti02 + 2C + 1/2N2= TiN + 2CO (5) 

C:Ti=0.0 C:Ti=1.0 C:Ti=1.5 C:Ti=2.0 

Figure 3. Microstructure of the Reduction Rroducts of Different Amount of 
Internal Carbon in scale (x200 times) (white-iron, gray- anosovite, gold-TiN) 

As is shown in Figure 3, with no-carbon-containing, the iron grain size of the 
reduction products was biggest, distributing in the anosovite. With the amount of 
carbon increased, the iron grain size became smaller. The results suggested that 
internal carbon was conducive to the reduction of iron, but unfavorable to the 
migration of iron particles, going against the increasing of iron grain size. When the C: 
Ti value increased from 1.0 to 2.0, the color of the surface of reduction products 
changed from lavender to cyan, purple Ti (C, N) generated inside[10]. Under the 
conditions of C: Ti value between 1.5 to 2.0, as the iron particles migrate, connect 
with each other, the grain size increased obviously. Due to the lattice constants of TiC 
(0.4 329nm) and TiN (0.4 235nm) were much closed to each other, it was easy to form 
the solid solution of Ti(C, N). Along with the different percentages of TiN and TiC, 
the color of Ti (C, N) presented a series of changes. When the percentage of TiN (%) 
is close to 85% and TiC(%) nearly 15%, the color is purple as shown in the picture. 
When C: Ti = 2.0, the metal particles edges were becoming irregular, with angular and 
the size of iron particles was equal to that of none-internal carbon. 

Effects of Reaction Temperature 

The effects of temperature on metallization rate, phase composition and micro 
structure of reduction products are shown in Figure 4, Figure5 and Figure6. Other 
parameters kept constant : C/Ti=2.0, reduction time is 2 h. 
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Figured Relationship of Different Figures. X-diffraction Pattern of the 
Temperature and metallization rate Reduction Products at different temperature 

As is shown in Figure4, at 1350 °C, the metallization rate increased to 92.79%, which 
indicated that temperature was favorable to the metallization rate of products, 

From Figure 5, under the temperature of 1200 °C, the phases of the reduction products 
were FeTi205, Fe and Ti02. When the temperature was higher than 1200 °C, the phase 
of FeTi205 disappeared gradually and a little TiN generated. Above 1300 °C, the 
phases changed unconspicuously. 

The results suggested that when the reduction temperature was below 1200 °C, the 
changes were only the transformation of FeTi03 to FeTi2Os. At 1300 °C» the reduction 
of Ti02 and Fe were almost completed and the only change was Ti02 transforming to 
TiN. The temperature that Ti02 changing to TiN was 1201 °C as thermodynamic 
calculation shows. The main reaction was: 

FeTi03 + 3 C + 1/2 N2 = Fe + TiN + 3 CO (6) 

1100°C 1200°C 1300°C 1350°C 

Figure 6. Micro-structureof the reduction products at different temperature 
(x200 times) (white-iron, gray- anosovite, gold-TiN) 

As shown in Figureô, at 1100 °C, the iron particles were very small, distributing in 
FeTi2C>5? little amaranthine TiN generated. As the temperature increased to 1200°C, 
the diameter of iron particles increased. Large particles of iron can be seen 
accidentally, mingling with TiN. At 1300 °C, the size of iron grain increased obviously. 
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The color of TiN gradually became deeper, from wheat to light purple, which was 
related to the rising percentage of TiN. The iron became to melt and the iron particles 
and TiN were mingled more and more when the temperature continues to rise. The 
results showed that temperature was beneficial to iron grain growth and the formation 
ofTiN. 

Effects of Reaction Time 

The effects of time on metallization rate, phase composition and micro structure of 
reduction products are shown in Figure 7, Figure 8 and Figure 9. Other parameters 
kept constant : C/Ti=2.0, the reduction temperature was 1300 °C. 

Figure 7. The relationship of different Figure 8. The X-diffraction figure of 
time-metallization rate the reduction products in different time 

As shown in Figure 7, when the reduction time was 1.0 h, the metallization rate was 
only 88.65%, when the time was prolonged to 3.Oh, the metallization rate increased to 
95.55%. The results indicated that prolonging the reduction time was conducive to the 
increasing of metallization rate. 

From Figure 8, when the reduction time was less than 2.0 h, the phases were TiN, Fe 
and FeTiaOs. When the time was prolonged to 2.5h, the FeTi20s phase disappeared 
and TiN generated a lot. The results showed that the reduction of TiC>2 and Fe almost 
completed, the only reaction was the changing of TiC>2 to TiN. Continue prolonging 
the time to 3.Oh, the phase composition barely changed. The results suggested that 
prolonging reduction time was favorable to the reduction of iron and the generation of 
TiN. 
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1.0 h 3.0 h 

Figure 9. Microstructure of the reduction products in different time (x200 
times) (white-iron, gray- anosovite, gold-TiN) 

As shown in Figure 9, prolonging the reduction time, the size of iron particles 
changed little, but the amount of TiN increased obviously. As the reduction time 
increased from 1 h to 3 h, the color of the reduction products was changed from 
lavender to purple. The molten iron particles became bigger and the quantity of TiN 
increased gradually. 

Conclusions 

(1) Increasing the amount of internal carbon was favorable to the reduction of iron 
and the generation of TiN; Little internal carbon hampered the migration of iron 
particles, going against iron grain size to grow up, but when the amount of internal 
carbon increased to a certain amount, this kind of resistance would be weakened 

(2) Rising the reduction temperature or prolonging the reduction time were conducive 
to increasing metallization rate, the generation of TiN and the grain size of iron. But 
the effect of temperature was more obvious. 
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Abstract 

In this paper, the reduction kinetics of low grade hematite ore was calculated. Mineralogy 
shows that the ROM (run of mine) ore is of low grade hematite ore type, assaying 27.2 
wt% Fetotai and with main valuable minerals of hematite. The reduction kinetics shows 
that the reduction reaction rates of pellets with additive and without additive are all 
controlled by diffusion through the product layer. The calculated apparent activation 
energy of pellets with 12 wt% complex additive is 8.55 KJ/mol, dropping 62.23% 
compared to that of pellets without additive. 

Introduction 

With the rapid development of iron and steel industry in China, there has been a soaring 
demand for iron ores in the past decade. The imports of iron ores have increased from 
148 million ton in 2003 to 620 million ton in 2010[1], Therefore, large quantities of low 
grade iron resources are necessary to utilize in China at the moment. During the past 
years, extensive research has been carried out on the low grade hematite ores [2*6], such 
as reverse floatation, gravity separation, high-gradient magnetic separation and direct 
reduction-magnetic separation. Direct reduction-magnetic separation is an innovation 
way to treat the low grade hematite [7]. However, the research of reduction kinetics of 
low grade hematite is few. Some research about the reduction kinetics of reducing iron 
oxides by CO was studied [8]. The results indicated that the apparent activation energy is 
8.0-28 KJ/mol when the reducing reaction is controlled by internal diffusion, The 
apparent activation energy is 50-75_KJ/mol when the reducing reaction is controlled by 
chemical reaction. In this paper, the reduction kinetics of pellets was also been studied. 
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Experimental Procedure 

Raw Materials 

The ROM superfine low grade iron ore samples were provided by Lianyuan steel 
company, Hunan Province, China. Chemical compositions analysis (Table I) indicates 
that the iron content of ROM ore is only 27.2wt%JFe. 

The complex additive is the off-white power containing some calcium, and is produced 
according to the invention patent held by Central South University [9]. 

Table I. Chemical Composition of ROM Iron Ore Sample (mass %) 

Element 

Content 

TFe 

27.23 

FeO 

2.91 

Si02 

49.51 

AI2O3 

3.72 

CaO 

1.45 

MgO 

1.34 

Na20 

0.13 

P 

0.063 

S 

0.025 

LOI 

3.97 

Experimental Procedure 

The experimental procedure includes pelletizing and direct reduction of pellets by standard 
gas. 

Pellets were made from the mix of low grade hematite and bentonite, or mix of low grade 
hematite and 12% complex additive in a disc Pelletier of 0.8 m in diameter and 0.2 m rim 
depth, using rotational speed at 38 rpm and inclined at 47° to the horizontal. The green 
pellets were transferred into the oven to dry at 105°C for 2 h. 

The direct reduction was done in the shaft furnace, controlled automatically. The 
reduction gas containing 30%_CO and 70%_N2 was used in this study, and the flow rate is 
1.5_L/min. When reduction was over, N2 was used cooling to the room temperature. 
Study included examination of reduction kinetics of pellets without additive and with 
12% complex additive. In this study, the un-reaction core model of for reduction reaction 
was chosen to calculate the related parameters. If the reduction reaction is controlled by 
chemical reaction on surface of un-reacted core, l-(l-y)1/3 is linear with t (min). If the 
reduction reaction is controlled by diffusion through the product layer, the relation 
between 1+2(1 - ^ ( l - / ) 2 7 3 and t (min) is linear. 

The RI (reduction index) equation is as follows: 
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RI = ° ^ U m°-m< xlOO xlOO% (1) 
L0.43^2 m0xOA3W2 

/= #7/100 (2) 

Where, RI is reduction index, wt%; mois the weight of pellets before reduction (g); m,is 
the weight of reduced pellets reduction for some time (g); Wt is the FeO content of pellets 
before reduction (wt %); W2 is the Fetotai content of pellets before reduction (wt %); / i s 
reacted fraction of reduction. 

Results and Discussions 

From Fig.l and 2, the reduction index increases markedly when exceed reduction time 
from 0 to 40 min, and then keeps augment when continue to prolong reduction time. On 
the other hand, reduction temperature also can improve the reduction index. The higher 
temperature is elevated, the higher reduction index is obtained. The reduction index of 
pellets with complex additive is superior to this of pellets without additive under the same 
conditions. 

Figure 1. Isothermal Reduction Curves of RI vs. t When Reducing Pellets without 
Additive 
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Figure2. Isothermal Reduction Curves of RI vs. t When Reducing Pellets with Additive 

According to the experimental data from Fig.l and Fig.2, plots of \-(\-J)m vs. t and 
\+2(l-j)-3(\-jf3 vs. t are depicted, and l+2(l-y)-3(l-y)2/3 vs. t possesses the excellent 
linear relation (Fig.3 and Fig.4). Therefore, the reduction reactions of pellets without 
additive and with complex additive are controlled by diffusion through the product layer. 

Figure3. Line of H-2(lT/)-3(l-^)2/3 vs. t When Reducing Pellets without Additive at 
850°C to 1000°C 
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Figure4. Line of 1H-2(1T/)-3(1-/)2/3 vs. t When Reducing Pellets with Additive at 850 °C 
to 1000°C 

Using the results in Figure 3 and Figure 4, the reduction rate constant k (slop of line) at 
different temperatures were achieved and are shown in Tables 2 and 3, In order to 
calculate the apparent activation energy, the plot of \nk vs. 1/T should be as straight 
line with a slop of -E/R andthe intercept of Info, according to Arrhenius equation: 

In* = 1 1 1 * 0 - - ^ (3) 

Where, k is reduction rate constants; E is the activation reduction energy (J/mol); R is the 
constant of 8.314 J/ (mol-K); T is the temperature (K); 

Table II. The Reduction Rate Constant k (slop of line) at Different Temperatures (without 
additive) 

Temperature/°C 
£/(X10" 3 ) 

In* 
R2 

850 
3.62 
-5.62 

0.995 

900 
3.84 
-5.56 
0.994 

950 
4.22 
-5.47 
0.990 

1000 
4,86 
-5.33 
0.990 

♦Footnote: R2 is linear coefficient 

Table III. The Reduction Rate Constant k (slop of line) at Different Temperatures (with 
additive) 

Temperature/°C 
kl (X10- 3) 

In* 
R2 

850 
5.13 
-5.27 

0.989 

900 
5.33 
-5.23 
0.991 

950 
5.49 
-5.20 
0.986 

1000 
5.72 
-5.16 
0.986 
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Figure5. Line of Arrhenius on lnfc against 1/T for the Reduction of Pellets without 
Additive and with Additive 

Using equation (3) and results from Tables II and III, the linear fittings between lnfc 
and 1/T were calculated and are shown in Figure 5. The slops of the lines are -E/R and 
the apparent activation energy of pellets without additive and with complex additive are 
calculated as 22.64KJ/mol and 8.55 KJ/mol, respectively. The apparent activation energy 
of pellets with additive drops 62.23% compared to those of pellets without additive. 
Therefore, the reduction reaction of two types pellets are controlled by internal diffusion, 
which are consistent with the excellent linear relation between l+2(l-/)-3(l-$2/3 and t. 

Conclusions 

Reducing reaction kinetics analysis of pellets indicates that the reaction rates of pellets 
without additive and with 12wt% complex additive are controlled by diffusion through 
the product layer. The activation energy of two types pellets are22.64 KJ/mol and 
8.55KJ/mol, respectively. 
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Abstract 

The flow behavior of the blast furnace slag bearing titanium, like viscosity, play an importance 
role during the iron-making process with the vanadium-titanium magnetite, which is a very 
special minerals in Panzhihua, China. The dependency of the viscosity on the chemical 
composition like TiC>2, AI2O3, MgO, binary basicity (CaO/SiC^), temperature, reaction time were 
studied. The experiments showed that the viscosity decreased with the increase of T1O2» MgO 
content and binary basicity, and it increased with the increase of AI2O3 content and temperature, 
The viscosity showed a slight decrease within 60mins' reaction with graphite crucible, however, 
it increased rapidly afterwards with the formation of Ti(C, N). 

Introduction 

The ordinary iron ore has been an essential part of raw materials for vanadium-titanium 
magnetite smelting in Panzhihua to avoid a series of problems, such as slag thickening, adhesive 
bond of slag and hot metal, etc. The ratio of vanadium-titanium magnetite has been decreased 
gradually since 1970s, and has down to about 65% now. However, with the substantial 
appreciation of price of imported ordinary iron ore, Panzhihua Iron and Steel Group aims to 
increase the ratio of vanadium-titanium magnetite and decrease the dependence on ordinary iron 
ore in order to lower the cost of smelting process. 
Thus, the flow behavior of the blast furnace slag bearing titanium would change and influence 
the iron-making process. So simulation research on the flow behavior of the blast furnace slag 
has great importance for improving the ratio of vanadium-titanium magnetite. In general, the 
viscosity of the blast furnace slag depends on chemical ingredients such as TiC>2, AI2O3, MgO, 
basicity, temperature, reaction time and atmosphere. 
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Experimental Methods 

Materials and Apparatus 

The chemical composition of the slag is shown in Table I . Slag 1# (6#, 11#, and 16#) 
represented the chemical compositions of the slag taken from Panzhihua iron works, including 
the main compositions (27.33%CaO, 24.54%Si02,14.55%A1203, 8.43%MgO, and 22.65% Ti02) 
and the minor compositions (0.36%V2O5, 1.12%FeO, 0.51%MnO, and 0.51% CaF2). Single 
factor method was used in the experiment and the chemical composition was altered on the base 
of slag 1#. Other slags were obtained by adding pure chemical reagents to the basic slag. 

Table II. Chemical Composition of Slag (wt %) 

Slag# 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

CaO 

27.33 

26.80 

26.27 

25.75 

25.22 

27.33 

26.80 

26.27 

25.75 

25.22 

27.33 

26.80 

26.27 

25.75 

25.22 

27.33 

27.56 

27.79 

28.01 

28.23 

Si02 

24.54 

24.06 

23.59 

23.12 

22.65 

24.54 

24.06 

23.59 

23.12 

22.65 

24.54 

24.06 

23.59 

23.12 

22.65 

24.54 

24.31 

24.09 

23.87 

23.65 

MgO 

8.43 

8.43 

8.43 

8.43 

8.43 

8.43 

9.43 

10.43 

11.43 

12.43 

8.43 

8.43 

8.43 

8.43 

8.43 

8.43 

8.43 

8.43 

8.43 

8.43 

A1203 

14.55 

14.55 

14.55 

14.55 

14.55 

14.55 

14.55 

14.55 

14.55 

14.55 

14.55 

15.55 

16.55 

17.55 

18.55 

14.55 

14.55 

14.55 

14.55 

14.55 

Ti02 

22.65 

23.65 

24.65 

25.65 

26.65 

22.65 

22.65 

22.65 

22.65 

22.65 

22.65 

22.65 

22.65 

22.65 

22.65 

22.65 

22.65 

22.65 

22.65 

22.65 

R(CaO/Si02) 

1.11 

1.11 

1.11 

1.11 

1.11 

1.11 

1.11 

1.11 

1.11 

1.11 

1.11 

1.11 

1.11 

1.11 

1.11 

1.11 

1.13 

1.15 

1.17 

1.19 
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Slag viscosity was measured by rotating cylinder method using a rotatory viscosimeter operating 
under N2 atmosphere. The schematic diagram of rotatory viscosimeter is shown in Figure 1. The 
viscosimeter was regularly calibrated before the experiment using a series of standard silicon oils 
of known viscosities. About 300g of single sample was used in the viscosity measurement to 
ensure at least 45mm deep of the slag bath so that the molybdenum spindle was thoroughly 
submerged. 

Figure 1. Schematic Diagram of Rotatory Viscosimeter 

Procedure 

The viscosity of slag l-20# was detected in the corundum crucible to invest the effects of 
chemical composition on viscosity evolution. For example, Slagl-5# aims to invest the effect of 
TiC>2 content while keeping the proportion of other components constant. Slagl 1-15#, Slag6-10#, 
Slagl6-20# focused on the effect of A1203 content, MgO content, basicity (CaO/ Si02), 
respectively while the Ti02 content was kept as the same as the basic slag. The viscosity 
measurement was executed at 1450°C when the slag was completely molten and thoroughly 
mixed. In consideration of the possibility of gradual reduction of titania to titanium protoxide 
and the concomitant influence on slag viscosity, hot preservation of the basic slag for about 
240mins was carried out and the viscosity was measured every 30mins in the graphite crucible, 
which acted as reductant. 

Results and Discussion 

The experimental results are presented and discussed below in terms of the effects of chemical 
composition and reaction time on viscosity evolution of blast furnace slag bearing titanium. 
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Effect of TiO? Content on Slag Viscosity 

The effect of TiÜ2 content on slag viscosity was investigated through Slagl-5#, with T1O2 
content varying from 22.65% to 26.65% while the proportions of all other components remained 
constant. The results are shown in Figure 2. 
Slag viscosity decreased with the increase of TiC>2 content. As TiC>2 belongs to a weakly acidic 
oxide, the electrostatic potential of Ti4+ is intermediate between that of Si4+ and Ca2+, thus T1O2 
in the slag neither exists in the form of metallic cation as CaO, nor has a strong tendency to 
constitute complex anion as SiC>2. According to earlier research[l], in Si02-TiC>2 binary slag 
system, TiC>2 inclines to form [TiOô]8" octahedral structure when the content of TiC>2 is more than 
15wt% and increases, and eventrually totally [TiOô]8" octahedral structure in the range of more 
than 49wt% Ti02. In this paper, the Ti02/ (Ti02+Si02) ratio is about 48wt%, accordingly Ti02 
mainly forms [TiOô]8", which dispersedly embeds in and breaks up the network of silica 
composite anion SixOy

z\ As a result, the size of viscous flow unit in the slag becomes smaller 
and thus improving the rheological properties of the slag. 
Correlate Figure 2 with Figure 6, it could be seen that when TiC>2 content was raised from 
22.65% to 26.65% by 4%, the slag viscosity decreased slightly before reduction, and 
significantly the viscosity of slag containing 26.65% TiC>2 after 4hours' reduction only increased 
by 0.2Pa.S to about 0.45Pa.S, which remain normal and would not deteriorate the blast furnace 
process. 

2.40 

24 25 26 27 
Ti02content(%) 

Figure 2. Slag Viscosity as a Function of Ti02 Content(1450°C) 

Effect of Basicity on Slag Viscosity 

The effect of binary basicity (CaO/SiCh) on slag viscosity was investigated through Slagl6-20#. 
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The results are shown in Figure 3. 
Slag viscosity decreased with the increase of binary basicity in the range of 1.11 to 1,19. Among 
all components acting as network modifiers, the effect of CaO is most significant, because of its 
strong ionization tendency. In the range of basicity in this paper, the increase of basicity benefits 
slag thinning. It is worth noting that the excessive increase of basicity will get the opposite effect 
owning to the precipitation and dispersion of calcium silicate in the slag. 

2.40 

£ 131 

1.12 1.14 1.16 1.18 1.20 
Basicity(CaOSi02) 

Figure 3. Effect of Binary Basicity (CaO/Si02) on Slag Visco$ity(1450°C) 

Effect of MgO Content on Slag Viscosity 

The effect of MgO content on slag viscosity was investigated through Slag6-10#. The results are 
shown in Figure 4. 
Slag viscosity decreased with the increase of MgO content from 8.43% to 12.43%. MgO can 
play the role of network modifier and destructuralizes SixOy

z\ Moreover, MgO can react with 
other components (Si02, AI2O3, 2CaO.Si02,etc.) to form a series of complex chemical 
compounds such as melilite [(Ca,Mg)3.(Si,Al)207], manganolite [CaaMgSiaOg], monticellite 
[CaMgSiOJ, in which the components are in eutectic state and thereby lower the melting point 
of the slag as well as the viscosity. From Figure 4, it is convinced that the MgO content in this 
paper is reasonable. The optimal MgO content might be greater, however, it must be controlled 
strictly to avoid the formation of spinel and periclase, which has a high melting point and 
precipitates in the slag, hence thickening the slag. 
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IVfeO content (%) 

Figure 4. Effect of MgO Content on Slag Viscosity(1450°C) 

Effect of Al?Ch Content on Slag Viscosity 

The effect of AI2O3 content on slag viscosity was investigated through Slagll-15#. The results 
are shown in Figure 5. 
Slag viscosity showed a linear increase when AI2O3 content increased from 14.55% to 18.55%. 
The fusion temperature of AI2O3 is as high as 2050°C, consequently with the increase of AI2O3 
content in the slag, the free-running temperature of the slag raises and so does the viscosity of the 
slag at the same temperature. The experimental result in this paper is in line with iso-viscosities 
diagram of CaO-SiC^-AhCb ternary system[2]. 

16 17 18 
AI203content(%) 

Figure 5. Effect of A1203 Content on Slag Viscosity(1450°C) 
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Effect of Reaction Time on Slag Viscosity 

A series of experiments were conducted for slag 5# to investigate the rheological properties of 
the slag as a function of reaction time (continue for 4 hours and every other 30mins). The results 
are shown in Figure 6. It could be obtained from the oxygen potential figure[3] that TiC>2 in the 
slag is most likely to be reduced to TC2O3 and TiO initially. According to the AG-T formulas as 
follows: 

Ti02 +C-TiO+CO AGe=312000-189.24T(J/mol) 

AGe=0, 7 > 1 6 4 9 À : = 1 3 7 6 
0) 

2Ti305 +C-3Ti203+CO AGe =258509-170.03T(J/mol) 

AGe=0, 50=1520^=1247 
(2) 

The generation of Ti203 and TiO start at the temperature of about 1247 *C and 1376'C, 
respectively. They are much lower than the experimental one, therefore it is rational to infer the 
formation of certain amount of Ti2Û3 and TiO initially (<60mins), which play a part in thinning 
the slag[4]. Afterwards, titanium protoxides were further reduced to Ti(C,N), which highly 
dispersed in the slag, acted as a heterogeneous phase and caused fast thickening of the slag[5]. 

0 30 60 90 120 150 180 210 240 
Time (min) 

Figure 6. Viscosity Evolution of Slag5# as a Function of Reaction Time(1450,C) 

Conclusions 

The viscosity evolution of blast furnace slag bearing titanium with the change of chemical 
composition like Ti02, AI2O3, MgO, binary basicity (CaO/Si02), temperature, reaction time were 
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studied. The results can be summarized as follows: 
(1) The slag viscosity decreased slightly with the increase of T1O2 content from 22.65% to 
26.65% before reduction; and significantly the viscosity of slag containing 26.65% Ti02 only 
increased by 0.2Pa.S to about 0.45Pa.S after 4hours' reduction, which remain normal and would 
not deteriorate the blast furnace process, so that it is promising to improve the ratio of 
vanadium-titanium magnetite in Panzhihua iron works. 
(2) The increase of binary basicity and MgO content benefited slag thinning in the chemical 
composition range in this paper, however, the increment should be limited to avoid the 
production of compounds with high melting point thus getting opposite effect. 
(3) The viscosity increased with the increase of AI2O3 content and temperature. 
(4) The viscosity showed a slight decrease within 60mins' reaction with graphite crucible, 
however, it increased rapidly afterwards. 
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Abstract 

The thermal decomposition and regeneration behaviors of wüstite were investigated by in situ 
high temperature X-ray diffraction (HT-XRD) under non-isothermal condition at heating rate of 
4 K min in vacuum ranging from 294 K to 973 K. Wüstite on heating decomposes to magnetite 
and iron up to 823 K, above which it exhibits marked tendency to regenerate. Investigation of 
thermal stability of the reaction system shows that the decomposition proceeds under kinetic 
reaction control while the regeneration is under thermodynamic control. Kinetics study based on 
the Coats-Redfern integral approximation method indicates that the decomposition reaction 
follows a Komatsu-Uemura model-based diffusion-controlled kinetics with activation energy of 
32.860 kJ mol"1. The thermodynamics analysis of regeneration reaction demonstrates that wüstite 
regenerates at lower temperature than stoichiometric ferrous oxide. 

Introduction 

Owing to its importance in preparing various magnetic ceramic/metal nanocompostites or 
nanocrystals with high values of coercivity for the application as recording media, wüstite (non-
stoichiometric ferrous oxide) has been attracting the attention of scientists over a long period [1-
6]. The thermal behavior of wüstite was investigated by several researchers and phase 
transformations due to thermal decomposition and regeneration of wüstite during the heating in a 
specific temperature range was observed [7-9]. In spite of wüstite being found to dissociate to 
magnetite and iron at temperatures lower than 848 K and then regenerates at higher temperature, 
a clear understanding of the reaction mechanisms is clearly lacking [9]. 

The decomposition kinetics has not been studied yet mainly due to the characteristics of the 
product. It is well known that most of investigations for the decomposition kinetics of materials 
such as carbonates [10-12], selenites [13], permanganates [14], metal oxalates [15,16], etc. are 
based on the corresponding thermogravimetric measurements. In these studies, one product of 
the decomposition reactions is generally gas or vapor, resulting in the weight loss during the 
measurements where the decomposition degree (reaction fraction) of reactant can be determined. 
Since the products formed in the decomposition of wüstite are both solids, the conventional 
kinetic analysis relying on the weight change via thermogravimetry (TG) during the heating is 
not useful. 

In order to understand the thermal decomposition process and the effect of solid products on the 
decomposition mechanism of wüstite, it is necessary to adopt an untraditional characterization 
technique. In this work, we propose to use in situ high temperature X-ray diffraction (HTXRD) 
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to determine the decomposition degree of wüstite, from which a suitable kinetic function for 
describing the decomposition reaction mechanism of wüstite was found using the Coats-Redfern 
method. Meanwhile, thermodynamics of the regeneration reaction of wüstite at high 
temperatures was analyzed based on the calculated kinetics data. 

Experimental 

Wüstite powder samples (99% purity) with particle size of 0.5-1.0 urn were supplied by Sigma 
Aldrich (USA). Due to non-stoichiometry characteristic of the sample, room temperature X-ray 
diffraction (RT-XRD) using a conventional Scintag XDS2000 powder X-ray diffractometer with 
a graphite monochromator and Cu Ka radiation was first employed, to determine the lattice 
parameter. The specific molecular formula of the sample was then identified by comparing the 
datum obtained with that on the corresponding JCPDS card. 

The phase transformations of the sample during the heating were characterized by high 
temperature X-ray diffraction (HT-XRD). The measurements were conducted in vacuum at given 
temperatures ranging from 294 K to 973 K using PANalytical XPert PRO X-ray diffractometer 
with Cu Ka radiation at constant heating rate of 4 K min"1. The XRD pattern at each specified 
temperature was rapidly produced (<5 minutes). The phases presented in the patterns were 
identified and the decomposition degrees of wüstite at various temperatures were calculated 
through area integrations of the phase peaks using Origin 8.1 program. 

Results and Discussion 

The RT-XRD pattern of wüstite sample is shown in Figure 1. The main peaks were indexed with 
corresponding crystallographic planes and the lattice parameter was found to be 4.036 Â through 
the calculation using DMSNT software. The sample was identified as Feo.9250 (JCPDS card: 89-
0686). 
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Figure 1. RT-XRD pattern of Feo.9250. 

As mentioned before, HT-XRD was used to identify the phase transformations of wtlstite in the 
temperature range of 294 K to 973 K. The XRD patterns are depicted in Figure 2. As shown by 
the patterns, Feo92sO is found to be stable without apparent phase change below 573 K. At higher 
temperatures until 823 K, it is noticed that there is obvious thermal decomposition reaction, 
Wüstite decomposes to magnetite (Fe304) and iron (Fe) and the decomposition degree increases 
with temperature in this temperature range. The decomposition reaction can be described as 
follows: 

4Fe0.9250 = 0.7Fe + Fe304 (1) 

At 873 K and above, it is shown that the peaks of the magnetite and iron disappear due to 
regeneration of wüstite, as indicated by the following reaction: 

0.7Fe + Fe304 = 4Fe0.925O (2) 
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Figure 2. HT-XRD patterns of the sample at various temperatures. 

The HT-XRD patterns clearly demonstrate that decomposition and regeneration of wüstite occur 
in the investigated temperature range. For understanding the basic mechanism of these 
transformations, it is of importance to study the reaction thermodynamics. Sufficient literature 
reviews indicate that the thermodynamic properties of Feo.9250 are unavailable. Owing to the 
similarity between the stoichiometric FeO and wüstite, the study of stoichiometric FeO based on 
the corresponding data may shed light on the mechanism of phase transformation of wüstite. 
This is started with the determination of standard Gibbs free energy changes (AC?) for 
decomposition and regeneration of FeO. 

The standard Gibbs free energy changes with temperature (7) for the reactions of formations of 
stoichiometric ferrous oxide (FeO) and magnetite (Fe304> are expressed as follows: 

1 
Fe + - 0 2 = FeO (3) 

AG° = -263700 + 64.357 (298 K < T < 1644 K) (4) 

3Fe + 202 = Fe304 (5) 

AG° = -1102200 + 307.47 (298 K < T < 1808 K) (6) 
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After several mathematical operations for Eq. (4) and Eq. (6), the relationship between 
temperature and the standard Gibbs free energy change for decomposition of FeO can be written 

4FeO = Fe304 + Fe (7) 

AG° = -47400 + 507 (298 K < T < 1644 K) (8) 

The standard Gibbs free energy change for the regeneration of FeO is then given by 

Fe304 + Fe = 4FeO (9) 

AG° = 47400 - SOT (298 K < T < 1644 K) (10) 

The temperature dependences of standard Gibbs free energy change (AG°) for the decomposition 
and regeneration of FeO are plotted in Figure 3. 

Figure 3. AG° for the decomposition and regeneration of FeO and FeowsO. 

As illustrated in Figure 3, at temperature lower than 948 K, the decomposition of FeO is possible 
although the tendency is not strong. However, it should be noted that the decomposition should 
decrease with increasing temperature. This is contradictory with the phenomenon observed in the 
HT-XRD patterns of wüstite. Thus, it may be sufficient to conclude that the decomposition of 
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wüstite proceeds under kinetic control instead of thermodynamic control. On the contrary, at 
temperature above 948 K, it is found that the tendency of regeneration of FeO increases with 
temperature. This can be used to account for the similar regeneration reaction of wüstite. 

Kinetics of decomposition of wüstite 

Since the decomposition of wüstite is assumed under kinetic control, the analysis of kinetic 
characteristics can be performed. Without weight loss in the reaction, the data of decomposition 
degree derived from traditional TG curve cannot be obtained. Instead, it is found that area 
integrations of peaks for the phases observed in the HT-XRD patterns may provide good 
approximation for the decomposition degree at each temperature. The decomposition degree is 
calculated by following equation: 

<*=1T (11) 

where ST is the area of wüstite peak at given temperature and STo is the area of wüstite peak at 
room temperature (294 K). Figure 4 shows an example for the integration of the peak for wüstite 
corresponding to (024) plane at 294 K. 

Figure 4. Integration of the peak corresponding to (024) plane. 
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The areas of other peaks at other temperatures could be determined through the same operation. 
The variation of decomposition degree for the whole temperature range covered is shown in 
Figure 5. The quite small values of decomposition degree lower than 573 K agree well with the 
observation from XRD patterns. The decomposition degree subsequently increases rapidly until 
773 K and then the reaction rate slows down between 773 K and 823 K, as demonstrated by 
apparent weaker intensity of wüstite peaks with increasing temperature. In the last stage, it is 
shown that the decomposition degree drops down dramatically corresponding to the absence of 
the peaks of the magnetite and iron in the HT-XRD patterns. 

Figure 5. Variation of decomposition degree of Fe0.925O with temperature. 

The decomposition kinetics can be determined by the Coats-Redfern relation: 

where g (a) is the kinetic function of decomposition degree a, A is the frequency factor (min*1), E 
is the activation energy (J mol"1), R is the gas constant (/£=8.314 J mol*1 K"1) and ß is the ramp 
rate in the heating (K min ). 

The kinetic function of g (a) is related to the algebraic expression of function/(ty, depending on 
different reaction mechanisms. The general formula for f(a) is given as 
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fid) = a m ( l - a)n[-Zn(l - a ) ] p (13) 

where my n and/? are the empirical exponent factors and one of them is always zero. 

As indicated by Eq. (12), a plot of InlgfaJ/t2] against 1/T gives the best linear fit representing the 
most probable decomposition mechanism of the material. The activation energy (E) and 
frequency factor (A) can be derived from the slope and intercept of the straight line, respectively. 

Analysis of the decomposition process of wüstite below 823 K shows the experimental data best 
delineate a straight line by using Komatsu-Uemura (anti-Jander) equation based on diffusion-
controlled mechanism (Correlation coefficient Z^O.984). Corresponding kinetic function of g(a) 
can be formulated as: 

*(a)=|[(l + a)ï-l] (14) 

The activation energy (E) and frequency factor (A) are found to be 32.860 kJ mol"1 and 0.0594 
min"1, respectively. 

Thermodynamics of regeneration of wüstite 

As shown in Figure 5, the decomposition degree decreases rapidly with increasing temperature, 
indicating a rapid achievement of reaction equilibrium. Under this assumption, at temperature 
above 823 K, the temperature dependence of AG° for the reaction was calculated using the 
equilibrium constant k dependent on the decomposition degree a: 

mo 
The standard Gibbs free energy change can thus be calculated by: 

AG° = -RT\nk (16) 

The linear fit (correlation coefficient ^=0.9924) shows the temperature dependence of the 
standard Gibbs,free energy change for the regeneration reaction of Fe0925O: 

AG° = 358598 - 459.357 (17) 

The above equation indicates that the wüstite starts to regenerate at around 782 K, as shown in 
Figure 3. This temperature is much lower than that for regeneration reaction of stoichiometric 
ferrous oxide (FeO). 

154 



With known AG° for the regeneration reaction, the standard Gibbs free energy change of FÇ0.925O 
(AG°Feo.9250 ) can be obtained using the following equations: 

AG° = 4 AG&092s0 - âG°Fe3o4 - 0.7AG°Fe (18) 

T T 

AG°e304 = A H F V - TAS°Fe30t = f Cp,FHOtdT - T j ^f^dT (19) 
298 298 

T T 
■c„ AC& = AHFe - TàSFe = j Cv,FedT - T j ^p-dT (20) 

298 298 

Cp,Fe3o4 = 104.2096 + 178.5108 x 10"3r + 10.6151 X lCT6?2 + 1,132534 
x 10"9r3 (21) 

CPtFe = 37.12 + 6.17 X l ( T 3 r (22) 

Therefore, the temperature dependence of standard free energy change of Feo92sO in the 
regeneration reaction can be written as 

àGFe0.925o = 144702.3 - 381.288T (23) 

Finally, it should be mentioned that above thermodynamics analysis is based on the measured 
kinetic data under the assumption of quick reaction equilibrium achievement. Verification of 
such assumption requires further work on accurate thermodynamics properties measurements. 

Conclusions 

The decomposition and regeneration reactions of wüstite in the temperature range of 294 K to 
973 K were studied using in situ HT-XRD. It is shown that the decomposition proceeds under 
kinetic control with activation energy of 32.860 kJ mol"1, following a Komatsu-Uemura model-
based diffusion mechanism. The regeneration of wüstite succeeds then at much lower 
temperature than that for the same reaction of stoichiometric ferrous oxide. 
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Abstract 

Vanadium is widely utilized as an important element to improve the quality of alloyed steels 
in iron and steel industry. Moreover, the crystallization process of V-containing spinels plays a 
significant role due to the aim of achieving a fairly larger size of spinel crystals in vanadium 
extraction. Thus, a comprehensive exploration and discussion on the competitive precipitation 
and growth of vanadium, chromium and titanium spinel crystals in vanadium slag during a 
cooling process were carried out in the present study on the basis of a crystallization kinetic 
model. To be more specific, the abilities of forming crystal, precipitation order and suitable 
temperature range for crystallization of the three kinds of spinels were discussed with both 
theoretical and experimental methods. 

Introduction 

Vanadium is an important element which is used almost exclusively in ferrous and non-
ferrous alloys due to its excellent physical properties such as high tensile strength, hardness, and 
fatigue resistance [1]. Various kinds of processes of vanadium extraction from V-containing hot 
metal are available at present. However, only four processes which are the Highveld process 
(South Africa), the Pan-steel process (China), the NTMK duplex process (Russia) and the New 
Zealand steel process (New Zealand) take the dominant positions [2, 3]. Although the type of 
reactor and the initial vanadium content in hot metal are different in these techniques, they share 
the same principle that vanadium is oxidized by oxygen into vanadium slag. 

The vanadium extraction process of Pan-steel in China is schematically illustrated in Figure 
1. It is characterized by concentrating the vanadium to spinel phases in vanadium slag, then 
extracting vanadium oxide via salt roasting and leaching of slag. As an intermediate product, the 
quality of vanadium slag has a significant effect on the follow-up vanadium extraction process. 
Furthermore, the quality of vanadium slag is determined by the proportion and grain size of V-
containing spinels to a large extent. To be specific, Chen and Yang [4] found that large spinel 
crystal size could promote vanadium oxidation rate as silicate phases would impede the 
oxidation of V-containing spinels by decreasing the exposing probability. Therefore, research on 
the competitive precipitation and growth of spinel crystals will beneficial for improving the 
quality of vanadium slag. Diao et al [5, 6] reported the mineralogical characterization and 
growth of spinel crystals under different kinds of conditions by experiments. However, 
systematic and theoretical analyses on the competitive precipitation and growth of spinel crystals 
in vanadium slag are seldom reported. Thus, this work attempts to carry out a comprehensive 
exploration and discussion on the crystallization ability, the precipitation sequence and the 
optimum temperature range for crystallization of spinels in vanadium slag from the point view of 
kinetics, and give experimental verification to the calculated results in the meantime. 
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Figure 1. Vanadium extraction process of Pan-steel in China 
Mathematical Model 

It is widely accepted that the crystallization of spinels in vanadium slag can be mainly 
divided into two stages, i.e. nucleation and growth. According to the classic crystallization 
kinetic model reported by Turnbull [7-9], the nucleation rate can be expressed as: 

/ = DN0a'2 expI-AG'Otrr1] (1) 
where / is the nucleation rate per unit volume; D is the diffusion coefficient; T is the absolute 
temperature; k is the Boltzmann's constant; a is the lattice parameter of the crystal; N0 is the 
number of molecules (or atoms) in per unit volume, i.e. NQ = l/a*. 

AG* is the critical free energy change of nucleus formation and it can be expressed as 
AG'=b<r*/AG} (2) 

where b is a constant determined by the nucleus shape and for spherical nuclei, b = 16^/3 ; a is 
the crystal-liquid interfacial tension and AGF is the free energy change per unit volume 
associated with the crystallization. 

The nucleation rate / can be expressed by equation (3) when combining equation (1) and 
equation (2) 

/ = DNQa2 exp[-&r3 (AG2kTyl ] (3) 
Where AGF = AHmAT I (V-Tm), AHm is the molar heat of fusion and V is the molar volume of 
the crystal; AT = Tm - T, Tm is the melting point of the crystal and expressed in kevins. 

Suppose Tr is the reduced temperature defined by Tr=T/Tm and ATr is defined by 
ATr =AT/Tm, i.e. ATr =\-Tr\ a is the reduced crystal-liquid interfacial tension defined by 
a = a(V2NA)m /AHm, where NA is the Avogadro's constant; ß is the reduced molar heat of 
fusion defined by ß = AHm/(RTm) and R is the gas constant. Thus, a new expression form of 
/ is obtained as equation (4) shows 

/ = DN0a~2 Qxp[-ba3ß(AT2Trrl] (4) 
Take the Stokes-Einstein equation D = kT I Qxarj) , where rj is the viscosity, into 

consideration, then the nucleation rate / can be given by 
/ = NQkT(3>7t^rjyx exp[-ba'ß(AT2Tr )~l ] (5) 

The growth rate U can be expressed as [10] 
U = Dfa-l[l-exp(-AHmATr(RTr)] (6) 
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where / is the fraction of acceptor sites in the crystal surface and f ~{ 
[0.2A7; &Hm>4RTm 

Thus, U is obtained as 
U = fiT(3xa2rjrl[l-exp(-ßATr ITr)] (7) 

Determination of Parameters 

Typical industrial vanadium slag sample was obtained from Pan-steel in China and chemical 
composition of the slag sample which was analyzed by X-ray fluorescence spectroscopy (XRF) 
is given in Table I. 

Table I. Chemical composition of the experimental slag sample, wt-% 
FeO V2O3 SiQ2 TiQ2 MnO MgO CaO Cr2Oi AW, 
34.7 12.3 18.4 12.5 8.2 4J 2.8 .3.4 2.6 

The main phases of vanadium slag in Pan-steel which have been reported [11] are spinels and 
silicates. Diao et al [5] confirmed this by X-ray diffraction (XRD) and Energy Dispersive X-ray 
Spectroscopy (EDS or EDX) analyses of vanadium slag samples from Pan-steel. The results 
showed that V, Ti and Cr are concentrated in the spinel phases and Ca, Si are concentrated in the 
silicate phases. Fe, Mn, Mg, AI and O are coexisted in both phases. That is to say, the spinel 
phases in vanadium slag includes FexV3.x04, Fe2Ti04, FeCr204 and (Mg, Mn)x(V, Cr. Ti, Al)3-
x 0 4 . Nevertheless, since the concentration of Mg and Mn is fairly low to be compared with Fe, 
and the similarity of Fe-spinels and (Mg, Mn)-spinels is relatively high, only Fe-spinels arc taken 
into consideration in the present study. Thus, the spinel crystals concerned about in this study are 
FeV204, FeCr204 and Fe2Ti04. Parameters of structure and melting point of these spinel crystals 
are given in Table II. 

Table II. Parameters of structure and melting point of three kinds of spinel crystals 
Spinel type Structure type Lattice parameter a, A Melting point, K 

FeV204 face-centered cubic (FCC) 8.543 [12] 2023 [13] 
FeCr204 face-centered cubic (FCC) 8.378 [14] 2273 [15] 
Fe2Ti04 face-centered cubic (FCC) 8.509 [16] 1668 [17] 
In the preceding model, a key parameter is viscosity of the vanadium slag which is studied. 

However, due to the high oxidability and high melting point of vanadium slag, viscosity of 
vanadium slag is hard to be measured. In the report of Turnbull [8], the viscosity is regarded as 
constant or illustrated by empirical equation for a specific system. Recently, some more 
empirical equations of slag viscosity are applied to model computation, yet the accuracy of 
viscosity value is still limited and some components of the slag are neglected. In this study, 
viscosity of vanadium slag is calculated by the National Physical Laboratory (NPL) model [18] 
in order to get a relatively precise result. The optical basicities of components of vanadium slag 
which are used for calculation in this work are from literatures [18, 19] and given in Table III. 

Table III. Values of the optical basicities of components of vanadium slag 
FeO V2O3 SiQ2 TiQ2 MnO MgO CaO Cr2Oi AhOi 
1.0 0.55 0.48 0.61 L0 0.78 1.0 0.55 0.60 

Experience indicates that the reduced molar heat of fusion ß lies between 1 and 10 for most 
substances [8]. The reduced crystal-liquid interfacial tension a has been measured directly only 
in a few instances and there is no rigorous theory for predicting it. What's more, fundamental 
thermodynamic data of vanadium is so deficient and hard to be calculated or measured. 
Therefore, values of a and ß are referenced from other reports [20, 21] which are already in 
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accordance with the experimental one, i.e., a = 1/3 and ß = 1. It is worth noting that although 
the three kinds of spinels which are taken into consideration are different materials and their 
properties related to the values of a and ß are different, yet wide applications of the above-
mentioned kinetic model have shown that for the crystallisation phases of similar type from 
metallurgical melts or slags, the values of a and ß are nearly the same. Thus, it is reasonable to 
regard the values of a and ß of the three kinds of spinels as the same when we have no 
rigorous theory for predicting them or effective method to measure them. 

Experimental Verification 
The sample from Pan-steel in China was applied to an experiment which was designed to 

give verification to the calculated results. 
A 12 kW box type electric resistance furnace was employed as the experimental apparatus 

with a proportional integral differential (PID) controller. The industrial vanadium slag samples 
were milled to particles less than 0.1mm. A slag mixture of 50 g which was charged into an MgO 
crucible (inner diameter: 50 mm, height: 75 mm) was heated and melted in the furnace at 1673 
K. After 30 minutes, the MgO crucible was quickly taken out from the furnace and cooled 
naturally in the air or cooled down to a predetermined temperature at a rate of 5 K min'1, and 
then held it up for 30 min before taken out from the furnace. After being cooled down to room 
temperature, slag samples were polished by silicon carbide. Morphology of the vanadium slag 
was studied by scanning electron microscopy (SEM). Mean diameter of spinel crystals was 
measured in 10 different fields of view by image analysis software. Herein, mean diameter is the 
average length of diameters measured at 2 degree intervals and passing through object's centroid. 

Results and Discussion 
V-containing spinel phases are wrapped up by silicate phases [2] just as Figure 2 shows and a 

relatively thicker silicate phase shell would slow down the oxidation reaction rate during the 
roasting process remarkably. In other words, large grain size of spinels could increase the 
exposure probability of spinels from being wrapped by silicate phases under the same level of 
grinding. Meanwhile, the mean diffusion path from 02 and sodium salt to spinel crystals will be 
shorter. Therefore, it is worthwhile to determine the crystallization ability, the precipitation order 
and the optimum temperature range which benefits the nucleation and growth of spinels in order 
to get a fairly larger size of spinel crystals. 

Figure 2. SEM image of spinel and silicate phases in vanadium slag 

Based on the kinetic model illustrated above, nucleation rate and growth rate of these three 
kinds of spinels are calculated and shown in Figures 3-5. It can be seen that a peak comes into 
being in both the nucleation rate and the growth rate. Actually, this is reasonable because both 
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the nucleation rate and the growth rate are greatly influenced by two contradictory factors, i.e. 
the degree of supercooling and the diffusive mass transfer in vanadium slag. Moreover, the three 
kinds of spinel crystals show differences in both values of nucleation rate and growth rate and 
suitable temperature range. Particularly, both the nucleation rate and growth rate of F c C r ^ 
spinels peak at a larger value and a higher temperature. F e V ^ spinels take the intermediate 
place and Fe2TiC>4 spinels show the least in values of both nucleation rate and growth rate, and 
the lowest in peak temperature. 

Furthermore, crystallization ability of the three kinds of spinels can be deduced from Figures 
3-5 as well. In detail, Wu and Chen [22] found that the ability of forming amorphous solid of a 
substance can be expressed by (Tv -T^/Tj on the basis of the crystallization theory reported by 
Turnbull [8] and Uhlmann [10]. Where T{ and Tv are the peak temperature of nucleation rate I 
and growth rate U , respectively. In the work of Wu and Chen [22], a larger value of 
(7^ -TJ)ITJ of a substance would indicate its better ability of forming amorphous solid. In other 
words, the spinel in vanadium slag with a smaller value of (Tv -Tl)ITl would precipitate more 
easily. Therefore, based on the calculated results which are shown in Figures 3-5, the 
crystallization abilities of the spinels in vanadium slag are achieved and given in Table IV, 

Table IV. Crystallization abilities of the three kinds of spinels in vanadium slag 
Spinel type 7^K 7^K ^Jv-Tl)ITi 

FeV204 1657 1209 0.3706 
FeCr204 1830 1336 0.3698 
Fe2Ti04 1403 1023 0.3715 

It can be clearly seen from Table IV that differences among the values of (Ta -T ) ) / / ) of 
three kinds of spinels exist and the crystallization abilities of spinels in vanadium slag keep to the 
following order: FeCr204 > FeV204 > Fe2Ti04. Moreover, to be compared with the calculated 
results of Wu and Chen [22], the values of (Tv -Tl}ITl of three kinds of spinels are at a low 
level. That's to say, the crystallization abilities of the spinel phases are all relatively good and the 
spinel phases are easily to precipitate. 

Figure 3. Nucleation rate and growth rate of FeV204 Figure 4. Nucleation rate and growth rate of FeCr204 
spinel crystals spinel crystals 
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Figure 5. Nucleation rate and growth rate of Fe2TiC>4 Figure 6. Crystallization rates of the three kinds of 
spinel crystals spinel crystals and the total 

However, it is still difficult to give an accurate optimum temperature range for the spinel 
crystals by now. Therefore, it is quite necessary to make a combination of the nucleation rate and 
growth rate. Johnson and Mehl [23] derived the volume fraction q> of new phase as a function of 
nucleation rate / , growth rate U and time /. Specifically, <p is given by 

<p = l-exV(~IUY) (8) 

Herein, the crystallization rate r is defined as r = \ I InIV3 and the curves of crystallization 
rate r versus temperature are given in Figure 6. The total crystallization rate rTaud is defined by a 
function of the crystallization rates of the three kinds of spinel crystals. It is noteworthy that 
there is an assumption of V, Cr and Ti only existing in the three kinds of spinel crystals which 
have been discussed. Thus, the total crystallization rate rTotal is given by 

3 

rToUÜ=HWiri ( 9 ) 

where wj and ri are the mass fraction and crystallization rate of the three kinds of spinel crystals 
respectively. The mass fraction of FeV2Û4 spinel is 0.313 while those of FeCr2Ü4 and Fe2Ti04 
are 0.086 and 0.601 respectively. 

It can be seen from Figure 6 that the total crystallization rate is dominated by FeCr204 spinel 
crystals. In other words, the suitable temperature range for the crystallization of spinel crystals in 
vanadium slag is enhanced by the chromium spinels and thus, a lower content of chromium is 
preferred in order to contribute to the vanadium extraction. 

More importantly, the precipitation sequence of the three kinds of spinels in vanadium slag 
can be deduced from Figure 6. Specifically, the precipitation of spinels in vanadium slag during 
cooling acts up to the sequence of FeCr2<D4 -» Y6V2Ü4 -*• Fe2Ti04. It is noteworthy that both 
the crystallization abilities and precipitation order of spinels which are from model calculation 
are sufficiently supported by a fact that the central part of spinels is mainly consisted of Cr203, 
V2O3 and MgO while the outer part of spinels is mostly made of Ti2C>3, AI2O3 and Fe2C>3 [24]. 

A suitable heat treatment condition on vanadium slag can be proposed in order to get a better 
phase formation and a larger size of V-containing spinels since the precipitation order of spinels 
has obtained. Figure 7 shows the suitable heat treatment conditions on vanadium slag. 0 
represents the cooling rate and 1533 K, 1385 K and 1171 K are the temperature where the 
crystallization rates of the three kinds of spinels peak at, respectively. In this figure, 0X to 06 are 
the controlling parameters of a cooling process. As a larger size of V-containing spinels is 
preferred, 03 should be set at a relatively small value in order to provide the V-containing spinels 
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with enough time of nucleation and growth. In contrast, the precipitation of other phases is in 
favor of being restricted, i.e. 0X~06 except 6l should be set at a large value, especially for 0S 
and 96. To be applied more simply in vanadium extraction industry, vanadium slag should be 
tapped from converter for several heats to give the spinels enough time to precipitate and grow. 
Furthermore, the vanadium slag can be water quenched at the temperature around 1100 *C (< 
1385 K appropriately) in order to restrict the growth of silicate phases after being tapped from 
converter. 

Figure 7. Suitable heat treatment ¥lJ^ 8' Reprcsentative SEM p ç c tallization rate and mean 
condition on vanadium slag pholoiiiiag^^ywiadium diametef Qf ̂  ciystals 

Representative SEM photograph of vanadium slag which is used for the measurement of 
mean diameter of spinel crystals are shown in Figure 8. Furthermore, a comparison between the 
calculated results and experimental one is given in Figure 9. Specifically, a larger value in 
crystallization rate would be beneficial for achieving a larger mean diameter of spinel crystals. 
Based on this point, the optimum temperature range for a larger value in calculated 
crystallization rate and that for a larger mean diameter of spinel crystals in experiment should be 
accordant. Obviously, Figure 9 just demonstrates this point. 

The peak temperature Tpttk of total crystallization rate rTotal is shown in Figure 9 as 1532 K 
and the optimum temperature range for the crystallization of spinels is defined as 7 ^ ±25K, 
i.e. 1507-1557 K. It is notable that this temperature range is beneficial for the crystallization of 
the total spinels instead of V-containing spinels only. Actually, the optimum temperature for the 
V-containing spinels is slightly lower from the view of the calculated results. 

Conclusions 
The following conclusions can be drawn from the present work: 

(1) Though the concentration of chromium in vanadium slag is relatively low, yet 
crystallization rate of the total spinels is greatly affected by the chromium spinels present. 

(2) The crystallization abilities of spinels in vanadium slag are quantified with the index of 
(Tv - Tj ) / Tj and keep to the following order: FeCr204 > FeV204 > Fe2Ti04. 
(3) The precipitation of spinels in vanadium slag during a cooling process acts up to the 

sequence of FeCr204 —► FeV204 —► Fe2Ti04 and a suitable heat treatment condition on vanadium 
slag is proposed. 

(4) The optimum temperature range which benefits the nucleation and growth of spinel crystals 
is obtained as 1507-1557 K by both theoretical calculation and experiment. 
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Abstract 

The current control method of grate-kiln iron ore oxide pellet production is lack of accuracy 
and normalization due to the limited detection conditions. Therefore, mathematical models of 
grate-kiln temperature field are presented. With calculation of gas-particle heat transfer as well 
as enthalpy changes of moisture evaporation and magnetite oxidation, the thermal history of 
pellets throughout grate-kiln process can be acquired and used for production status estimation. 
Taking the calculated results as well as detected data in production as inputs, process parameters 
such as running speed, fan opening and coal injection rate as adjusting objects, expert system for 
grate-kiln pellet production is outlined. And the preheating section dominated control strategy is 
explained. Results of production application show that the stability rate of gas temperature in gas 
hood of preheating section is increased from 91.0% to 94.2%, compressive strength and first 
grade rate of pellet are increased by 3.62% and 2.36%, respectively, while FeO content is 
18.18% lower. Control guidance of this expert system can solve production anomalies effectively, 
stabilize grate-kiln iron ore oxide pellet production and improve pellet quality. 

Introduction 

Steel industry in China has developed rapidly in recent years. China's crude steel 
production in 2010 is nearly 627 million, which is 44.2% of the world total production. Burden 
with higher quality is demanded by enlargement and modernization of blast furnaces. And oxide 
pellet production has become a growing concern. In 2010, the total production of pellet in China 
is 110 million, and about 60% is produced by grate-kiln process. 

However, after decades of practice, grate-kiln pellet production control in China is still 
semi-empirical & semi-instrumental, which is lack of accuracy and normalization. One of the 
reasons affecting the improvement of grate-kiln pellet production control is the dependence on 
empirical knowledge, while expert system is an effective solution for the problems caused by 
difference in experience level and operational habit, as well as device complexity. Another 
reason is the difficulty in detecting some crucial parameters, such as grate-kiln temperature field, 
due to the limited detection conditions. Mathematical model can make up the deficiencies of 
existing detection techniques and provide expert system for grate-kiln pellet production with 
easy access to a wealth of real time production information. 
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Mathematical models of grate-kiln pellet induration process have been put forward since 
1960s. Models for grate process are based on the basic principles of heat transfer, and 
distinguished by the physical-chemical reactions taken into account [1, 2]. For kiln, plenty of 
models have been established based on different assumptions and analytical methods, including 
one-dimensional axial model [3], corss-section model [4], quasi-three-dimensional model [5], 
flame zone model [6], etc. However, applications of these models are basically limited to 
parameter adjustment during pellet plant design and system evaluation after putting into use, due 
to hard captured input data, difficulties in early computer programming and unsatisfied solutions. 

This study is focused on control of grate-kiln pellet production. Mathematical models of 
grate-kiln temperature field are presented which lay the data foundation for the subsequently 
discussed expert system. Control strategy and search strategy of expert system for grate-kiln 
pellet production is outlined in succession. Control accuracy and normalization of grate-kiln 
pellet production are improved. 

Mathematical Models of Grate-Kiln Temperature Field 

Mathematical Model of Grate Temperature Field 

Gas is blown vertically through the pellet bed on grate. Various of physical-chemical 
reactions take place during grate process, including water evaporation, condensation, oxidation 
of magnetite, as well as carbonates decomposition, carbon combustion, etc. according to the 
specific process. Considering a heat transfer unit of pellet bed, under steady state, the energy 
balance equations of solid phase and gas phase are as follow: 

pJ(i-f)c^(^,o=M^(^o-^(^o]+e,(^o+Ö2(^o+^(^o-^(^o (i) 

MgCg -^-(*,0 = hA[Tp(x,t)-Tg(x,tW-a) + q2(x,0 (2) 

Mathematical model of kiln temperature field 

Inside of the rotary kiln, heat is released by fuel combustion and chemical reactions of 
pellets, transferred among pellets, gas flow and kiln wall by conduction, convection and 
radiation. Considering a radial slice of length dz at any position along the kiln axis, energy 
balance equations for pellets, gas flow and kiln wall are as follow: 

dT MkpCp-T = h
g-ePAg-eP(Tg -T^+h^A^T, -T^+h^A^iT» -T^+Q^^ (3) 
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Nomenclature 

y* pellet area for heat transfer, cm2/cm3 

A heat transfer area between kiln wall covered by pellets and pellets that covers the 
"''^ kiln wall, m2 

^ew-ep heat transfer area between exposed kiln wall and top surface of pellet bed, m2 

^g-ep heat transfer area between gas and top surface of pellet bed, m2 

^g-ew heat transfer area between gas and exposed kiln wall, m2 

Ash_a heat transfer area between kiln outer shell and ambient environment, m2 

Cg specific heat of air, J/g.K 

Cp specific heat of pellets, J/g.K 

h heat transfer coefficient between gas and pellets, J/K.s 

, heat transfer coefficient between kiln wall covered by pellets and pellets that 
cw~cp covers the kiln wall, J/(m2.K) 

. heat transfer coefficient between exposed kiln wall and top surface of pellet beds 
J/(m2.K) 

h
g-ep heat transfer coefficient between gas and top surface of pellet bed, J/(m2.K) 

^g^w heat transfer coefficient between gas and exposed kiln wall, J/(m2,K) 

, heat transfer coefficient between kiln outer shell and ambient environment, 
sh~a J/(m2.K) 

Mkg mass flow rate of gas in kiln, g/s 

Mg mass flow rate of gas through pellet bed on grate, g/cm2.s 

Mfy mass flow rate of pellets in kiln, g/s 
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Ô, heat release rates of oxidation of magnetite, J/s.cm 

ql heat release rates of water evaporation, J/s.cm 

heat release/absorb rates of possible reactions such as carbonates decomposition, 
Q2 sulfides decomposition and oxidation, according to the specific production 

process, J/s.cm 

q2 heat absorb rates of water condensation, J/s.cm 

Qreaction-gas reaction heat in gas, J/m 

Qreaction-peiiet reaction heat in pellet bed, J/m 

/ 

Ta 

T
g 

TP 

T,h 

Tw 

X 

z 

a 

€ 

time, s 

temperature of ambient environment, °C 

temperature of gas, °C 

temperature of pellets, °C 

temperature of kiln outer shell, °C 

temperature of kiln wall, °C 

bed depth, cm 

length of rotary kiln, m 

fraction of heat transfer which goes to evaporation 

porosity in pellet bed 

ps density of ore, g/cm3 

Expert System 

Grate-kiln pellet induration process has multiple links, and comprehensive analysis of 
dozens of variables is required for production control. Therefore, timely production adjustment 
with consideration of all the variables is hard to achieve. 

Production status of grate process can be considered essentially normal when temperatures 
of preheating section are controlled in suitable ranges, due to the existence of air circulation. 
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Therefore, a preheating section dominated control strategy was established, as shown in Figure 1. 
Where node A~H represent gas temperature in gas hood of preheating section, height of pellet 
bed, running speed of grate, inlet gas temperature of main exhaust fan, roasting temperature of 
pellet in kiln, gas temperature in wind box of preheating section, pellet bed temperature of 
preheating section and pellet bed temperature of tempered preheating section, respectively. 

Figure 1. Preheating section dominated control strategy 

Control guidance is taken out following the "production status estimation - cause analysis -
adjustment measure selection" proceeding. And the cause analysis is based on status estimation 
of parameter A~H: 

(1) fluctuation of pellet amount involved in heat transfer: 
( A is abnormal ) + ( B is abnormal and opposite to the abnormality of A ) + ( C is abnormal 

and opposite to the abnormality of B) -> running speed of grate is abnormal 
( A is abnormal ) + ( B is abnormal and opposite to the abnormality of B ) + ( C is normal or 

in line with the abnormality of B ) -> pellet amount is abnormal 
(2) unreasonable level of heat in the whole grate-kiln-cooler system: 
( A is abnormal ) + ( B is normal or in line with the abnormality of A ) + ( E is normal or in 

line with the abnormality of A ) -> coal injection rate is abnormal 
(3) unreasonable distribution of heat between grate and kiln: 
( A is abnormal ) + ( B is normal or in line with the abnormality of A ) + ( E is abnormal 

and opposite to the abnormality of A ) -> opening of main exhaust fan is abnormal 
(4) unreasonable distribution of heat among sections of grate: 
( A is abnormal ) + ( B is normal or in line with the abnormality of A ) + ( D is normal or 

opposite to the abnormality of A ) + ( F is abnormal and opposite to the abnormality of A) + ( 
abnormal level of G ) -> opening of regenerative fan is abnormal 

( A is abnormal ) + ( B is normal or in line with the abnormality of A ) + ( D is normal or 
opposite to the abnormality of A ) + ( F is normal or in line with the abnormality of A) + ( H is 
abnormal and opposite to the abnormality of A ) -> opening of regenerative fan is abnormal 

Based on the results of cause analysis, measures on adjusting objects, i.e. pellet amount, 
running speed of grate, kiln speed, coal injection rate, opening of main exhaust fan and opening 
of regenerative fan, were established as K1~K20 shown in Figure 1. 
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System Application 

Software of grate-kiln pellet production expert system was developed by Visual C++ 
programming. Functions such as data reading, model calculation and expert system control 
guidance were realized. 

This system was put into field practice in a certain pellet plant in China Production data at 
time 2010-07-01 11:08:02 were collected as shown in Table I. 

Table I. Production data 
Parameter Data 
Green pellet moisture 
Green pellet magnetite content 
Height pf pellet bed 
Running speed of grate 
Air flowrate of updraught drying section 
Inlet gas temperature of updraught drying section 
Air flowrate of downdraught drying section 
Inlet gas temperature of downdraught drying section 
Air flowrate of tempered preheating section 
Inlet gas temperature of tempered preheating section 
Air flowrate of preheating section 
Inlet gas temperature of preheating section 
Rotate speed of kiln 
Coal injection rate 
Flow rate of secondary air 

10.1% 
0.002618 mol/g-pellet 
197 mm 
2.72 m/min 
0.1353 g cm'2 s"1 

113°C 
0.1087 g cm"2 s"1 

307 °C 
0.1345 g cm"2 s"1 

763 °C 
0.1076 g cm"2 sl 

1079°C 
0.58 r/min 
1.04 kg/s 
76.42 kg/s 

Grate-kiln temperature field was calculated. The results are shown in Figure 2 and Figure 3. 

Figure 2. Two-dimensional visualization of pellet bed temperature field on grate 
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Figure 3. One-dimensional visualization of temperature field in kiln 

The results show that pellet bed temperature of tempered preheating section and preheating 
section are 489 °C and 915 °C respectively, and roasting temperature of pellet in kiln is 1302 °C. 

For this production status, "increase opening of regenerative fan" was displayed on the 
software interface as suggestion of adjustment measures, which was consistent with the 
conclusion drawn from personal expertise of operators in production site. According to the 
production records, the opening of regenerative fan was increased by operator, and 9 minutes 
later, production status was back to normal and stabilized. 

During months of production application, good results have been received, The comparison 
of gas temperature fluctuations in gas hood of preheating section and pellet quality indexes 
before and after system application are shown in Figure 4 and Table II. 

Figure 4. Gas temperature fluctuations in gas hood of preheating section before and after system 
application 
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Table II. Pellet quality indexes before and after system application 

Time 

2010 

2011 
(Jan~Aug) 

FeO 

/% 

0.33 

0.27 

Compressive 

strength 

/N-pellef1 

2649 

2745 

Abrasion 

resistance 

index 

/% 

5.74 

5.66 

Sieve index 

/% 

2.73 

1.68 

First grade 

rate 

/% 

92.64 

94.83 

Figure 4 and Table II indicate that expert system for grate-kiln pellet production can 
stabilize the thermal status of grate-kiln system, and increase pellet quality effectively. The 
stability rate of gas temperature in gas hood of preheating section was increased from 91.0% to 
94.2%; the compressive strength and first grade rate of pellet were increased by 3.62% and 
2.36%, respectively, while FeO content was 18.18% lower. 

Conclusions 

1) Mathematical models of grate-kiln temperature field were developed by analysis of heat 
transfer and physical-chemical reactions during pellet induration process. Critical production 
data such as pellet bed temperature of tempered preheating section, pellet bed temperature of 
preheating section and roasting temperature of pellet in kiln can be obtained. 

2) Expert system was built base on the combination of calculated results of temperature 
field models and detected data in production. And a preheating section dominated control 
strategy has been established. 

3) Software was programmed and applied in a pellet plant. The application effect was 
demonstrated through a case study and months of production results. It proves that this system 
can solve production anomalies effectively, stabilize grate-kiln pellet production and improve 
pellet quality. 

References 

1. R.W. Young, M. Cross, and R.D. Gibson, "Mathematical Model of Grate-Kiln-Cooler Process 
Used for Induration of Iron Ore Pellets", Ironmaking and Steelmaking, 6(1) (1979), 1-13. 

2. J.A. Thurlby, "A Dynamic Mathematical Model of the Complete Grate/Kiln Iron-Ore Pellet 
Induration Process", Metallurgical Transactions B, 19B (1) (1988), 103-112. 

3. Aichun Ma et al., "A One-Dimensional Thermal Model for the Alumina Clinker Kiln", Energy 
for Metallurgical Industry, 23 (1) (2004), 23-26. 

172 



4. P.V. Barr, J.K. Brimacombe, and A.P. Watkinson, "A Heat-Transfer Model for the Rotary 
Kiln: Part II. Development of the Cross-Section Model", Metallurgical transactions B, 20 (3) 
(1989), 403-419. 

5. A.A. Boateng, Rotary Kilns (Oxford, UK: Elsevier Inc., 2008), 216-224. 

6. J.P. Gorog, T.N. Adams, and J.K. Brimacombe, "Heat Transfer from Flames in a Rotary Kiln", 
Metallurgical transactions £, 14 (3) (1983), 411-424. 

173 



3rd International Symposium on High-Temperature Metallurgical Processing 
Edited by: Tao Jiang, Jiann-Yang Hwang, Patrick Masset, Onuralp Yucel, Rafael Padilla, and Guifeng Zhoi 

TMS (The Minerals, Metals & Materials Society), 20L 

THE INFLUENCE OF SODIUM OXIDE 
ON THE DISTRIBUTION BEHAVIOR OF SOME ELEMENTS 

AT THE S-FURNACE OF THE MITSUBISHI PROCESS 

Yusuke Kimura1, Ken-ichi Yamaguchi1 

Mitsubishi Materials Corp. Central Research Institute; 
15-2 Onahama-fukimatsu, Iwaki, Fukushima Pref, 971-8101, Japan 

Keywords: Mitsubishi Process, Copper Smelting, Recycling, Slag, Sodium Oxide 

Abstract 

Secondary materials have long been processed at the S-furnace of the Mitsubishi continuous 
copper smelting and converting process at Naoshima Smelter and Refinery. Intensive recycling 
in the recent years has formed concerns that impurities in the secondary materials may cause 
drastic changes in the chemical properties of the CL-slag, which is separated from matte in the 
smelting stage. Among various impurities included in secondary materials, the authors have 
studied the influences of sodium oxides in the CL-slag because the behavior of sodium oxide has 
scarcely been studied with respect to the copper smelting slag. The examinations have been 
applied experimentally on the distribution between slag and matte of arsenic whose acidic 
characteristics suggest strong affinity to sodium-oxide of basic characteristics in silicate melts. 
The results have been discussed by thermodynamic evaluations and the results of pyro-tests at 
the commercial furnace. 

Introduction 

At Naoshima Smelter and Refinery, the existing line of the Mitsubishi continuous copper 
smelting and converting process has been operated since 1991. The Mitsubishi Process consists 
of three furnaces namely the S-, CL- and C-furnace as shown in Figure 1. In the S-fiirnace, 
copper concentrate and powdery secondary materials (scraps, sludges, etc) are charged through 
the top lances with oxygen enriched air. The other secondary materials of lumpy shapes are 
charged through the chute installed on the furnace roof. Charged materials are smelted by the 
reaction heat in accordance with the oxidization of copper concentrate. The mixed melt of matte 
and slag overflows through the launder into the CL-furnace, where the melt is separated into slag 
and matte by the difference of their specific gravity. Matte is siphoned out and sent to the C-
furnace and converted to blister copper continuously. The CL-slag overflows continuously 
through the slag outlet to be water-granulated. Granulated slag is sold as a raw material used for 
the cement production and so on. Various secondary materials have been processed at the S-
furnace of Naoshima Smelter and Refinery. Intensive recycling in the recent years has formed 
concerns that the chemical properties of the CL-slag may change drastically due to impurities 
originating from secondary materials. Among various impurities included in secondary materials, 
the authors have studied the influence of sodium oxide in the CL-slag because the impact of 
sodium oxide has scarcely been studied with respect to the copper smelting slag. The 
examinations have been applied experimentally on the distribution between slag and matte of 
arsenic whose acidic characteristics suggest strong affinity to sodium-oxide of basic 
characteristics in silicate melts. 
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Figure 1. Schematic diagram of Mitsubishi Process at Naoshima Smelter and Refinery. 

Influence of Sodium Oxide on Copper Loss in Slag 

Relation between the Magnetite Content and Copper Loss in the CL-slag 

It is known that the formation of magnetite in the CL-furnace gives rise to an increase in slag 
viscosity and the formation of'false bottom' (muddy layer) between slag and matte, resulting in 
the increase in copper loss to the slag. The primary cause of copper loss at the CL-furnace has 
actually been ascribed not to the chemical dissolution but to the suspension of copper matte 
droplets caused by the magnetite precipitation [1]. Therefore the influence of sodium oxide on 
copper loss can indirectly be evaluated by the influence of sodium oxide on the magnetite 
activity in slag. The relation between the concentration of sodium oxide and magnetite activity 
in the CL-slag was calculated using the regular solution model [2-4]. 

Influence of Sodium Oxide on Magnetite Activity in CL-slag 

The effect of sodium oxide concentrations on the iso-activity line of the magnetite in the CL-slag 
is shown in Figure 2. The hatched areas illustrate the composition at which solid substances 
indicated in the areas precipitate from the slag. The area inside circle indicates the range of the 
composition of the CL-slag during the ordinary operation. It is notable that the magnetite 
activity increases slightly with the Na2Û concentration changing from 0.2mass% to 0.4mass%. 
However, such order of activity change is located within the area of slag composition change at 
the usual operation. Consequently, even if secondary materials with high sodium content are 
processed at the expected feeding rate (i.e. Na20 content in slag will double that of the present 
level), the change of copper loss is considered not to exceed the range of usual operation. 
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Figure 2. Influence of sodium oxide on the magnetite activity in the CL-slag. 

Laboratory Experiments 

Figure 3 is the oxygen-sulfur potential diagram which was calculated using published data [5,6]. 
This figure shows the stability fields of condensed phases for the Cu-Fe-S-O-SiOî system at 
1250°C. Oxygen and sulfur potentials (corresponding to logpo2 and logpsa) are taken as the 
vertical and horizontal axes, respectively. Within the gray-colored area slag and matte coexist, 
so the thermodynamic state at the S-furnace approximately corresponds to the black dot area 
where the iso-matte grade line of 68%Cu meet the previous measurement in the S-fumace of 
logpo2=-8. This laboratory experiments were conducted within the region framed by the ellipse 
including the equilibrium state of the S-furnace. Small amount of calcium arsenate was added to 
the system of Cu-Fe-S-Mg-Al-Ca-Si-O-S, which forms slag and matte under the controlled 
atmosphere. 

Figure 3. Phase stability diagram for the Cu-Fe-S-0-Si02 system at 1250°C. 
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Influence of Oxygen on the Behavior of Arsenic 

In this study the preliminary test below was conducted on the system in which sodium oxide is 
not included. Using Figure 3, along the iso-matte grade line (68%Cu), the S0 2 partial pressure 
was changed at 0,0.13,0.5, and 1 atm. The oxygen potential was thereby changed in accordance 
with the SO2 partial pressure along the 68%Cu line. After the experiment, the arsenic 
concentration in slag and matte was chemically analyzed. The distribution ratio of arsenic 
between slag and matte was expressed as LASS/M. 

Figure 4 shows the relation between arsenic concentration in matte and Z,AS
S/M at 1250°C. Note 

that LASS/M in this study is constant regardless of the arsenic concentration in matte and strongly 
depends on the pso2- These tendencies of LAS

S/M correspond well to those reported previous 
investigations [7, 8]. 
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Figure 4. Relation between the arsenic concentration in matte and the distribution ratio of arsenic 
between slag and matte at 1250°C. 

Figure 5 shows the relation between the oxygen potential and LAS in the logarithmic scale. 
From this figure it is clear that the distribution ratio of arsenic increases with increasing the 
oxygen potential. The regression line from the data has the slope of about 3/4 that well 
corresponds with the theoretical slope from the following redox reaction. 

(1) 
As© 3/402(g) As015(l) 

The increment of LAs against the oxygen potential agrees well with the values reported in 
previous literatures [9-11]. 
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Figure 5. Relation between oxygen potential and the distribution ratio between slag and matte. 

Influence of Sodium Oxide on the Behavior of Arsenic 

The experiment was conducted to investigate the influence of Na2Û concentration in slag on the 
distribution ratio of As between slag and matte. Reagent grade Na2C03 was added to slag to 
control the Na2Û concentration in the wide range from 0.5 to 5mass% in slag. The specimen 
were melted under pure argon (pso2=0) or the argon-S02 mixture (pso2~0.13atm). 

Figure 6 shows the relation between the Na2Û concentration in slag and £A»S/M. The value of 
£ASS/M was normalized to logpo2=-8 to exclude the influences of any factors except NaaO. The 
regression lines that obtained from each p$02 show no clear relation between the NazQ 
concentration in slag and the distribution ratio of As, LASS/M-
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Figure 6. Relation between the Na2Û concentration in slag and LAS 
Influence of Sodium Oxide on Oxygen Potential 

The experiments were conducted to investigate the influence of sodium oxide on the oxygen 
potential in slag. In these experiments, arsenic was not added to the specimen and temperature 
was controlled to 1300°C in addition to 1250°C under the stream of argon. Figure 7 shows the 
relation between the Na20 concentration and the oxygen potential in slag. It is noted that the 
oxygen potential tends to decrease slightly as the Na20 concentration in slag increases. The 
change in the oxygen potential is only about 0.1 atm even if Na20 dissolves into slag by about 
4mass% at 1250°C. Such change in the oxygen potential may affect the distribution ratio of 
arsenic (LASS/M) in accordance with Figure 5. 

8 10 3 4 5 6 7 
wt%Na20inslag 

Figure 7. Relation between the Na20 concentration and oxygen potential in slag. 

Examination at the S-Furnace 

It was deduced from the laboratory experiments that the distribution of arsenic less affected by 
Na20 in slag and, in contrast, much affected by the oxygen potential over the range encountered 
in the S-furnace. The authors have examined how the oxygen potential changes when following 
two events happens individually: 
1. With or without processing of secondary materials containing high sodium in the same bed of 
concentrates. 
2. Before and after changing the bed of concentrates at no processing of the secondary materials 
containing high sodium. 

Figure 8 shows the operating conditions and the measured oxygen potential during the 
examinations. Oxygen potential (log/?02) normalized to 1250°C was changed between -8.4 and -
7.6 during the examinations. When secondary materials with high sodium content were 
processed, the oxygen potential was stable at about -8.1 in the period of measurement. Without 
the processing of secondary materials containing high sodium, logp02 fluctuated widely. After 
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the change of the bed while stopping the charge of secondary materials containing rich sodium, 
the oxygen potential stayed between -7.7 and -7.8. Supposing that all measured values of 
oxygen potential in the S-furnace follow the normal distribution, the two-tailed test was applied 
on the results. The statistics indicates that the measured values have no significant,difference 
(more than 1%) regardless operating conditions. It is therefore deduced that the variation in the 
oxygen potential caused by the processing of secondary materials with high sodium content lies 
within the range of ordinary fluctuation happening in the normal operation. 

Figure 8. Operating conditions and measured oxygen potential during the examinations at the S-
furnace. (Oxygen potential is normalized to 1250°C.) 

Concluding Remarks 

The authors have demonstrated that sodium oxide has negligible influence on the copper loss and 
the distribution behavior of arsenic into the CL-slag. Accordingly, it is suggested that sodium 
included in secondary materials does not disturb the operations of the S-furnace of the Mitsubishi 
process even if the input of sodium is intensively increased. 

Recycling in copper smelter requires conscious mind because copper losses to slag may cancel 
out the recovery of valuable metals in secondary materials if the furnace operation becomes 
rough. Its importance has been demonstrated in the long operations at Naoshima smelter where 
the treatment of secondary materials has increased greatly while maintaining copper loss to slag 
at 0.7mass% or less. The successful results in the operations have been supported by consistent 
knowledge of metallurgical slags such as the present paper has provided concisely. 
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Abstract 

Thermodynamic calculation is applied to make an investigation on the equilibrium phase 
relations and liquids of CaO-Si02-Al203-FeOx system for different temperatures. The calculated 
results with FactSage6.1 show that the effect of temperature on the the equilibrium phase 
relations and liquidus of CaO-SiCh-AhOa-FeOx system and its sub-systems is appreciable. The 
liquid phase regions enlarge with increasing temperature from 1573K. to 1873K, while the 
primary phase fields reduce distinctly. 

Introduction 

The main oxide components of vitrified bottom ash slag are CaO, AI2O3, S1O2, FesOs, MgO, and 
Na2Ü, accounting for more than 90% of the bottom ash by weight[l]. During slag processing, the 
knowledge of thermodynamic properties and liquidus temperature in the related slag systems is 
highly required [2, 3], which is not yet available. Through literature survey [4-6], it is clear that 
the systematic information on the concerned complex slag system is scarce. So far the engineers 
in the field have to make assumptions of the thermodynamic properties of the simplified oxide 
system, without taking into consideration the interactions of the different oxide components, 
which hinders the development of the slag valorization and utilization. In order to provide 
thermodynamic properties for the application of the vitrified bottom ash, the six-component 
oxide system (CaO-MgO-Al203-Si02-FeOx-Na20) is highly required. A preliminary phase 
diagram of the CaO-MgO-Al203-Si02-FeOx-Na20 system can be obtained from extrapolation of 
the thermodynamic functions of constituent subsystems such as CaO-Si02~FeO*-MgO, CaO-
Si02-FeOx-Al203, CaO-Si02-Na20-MgO and CaO-Si02-Na20-Al203. In this work, the 
equilibrium phase relation and liquidus of CaO-SiCb-FeOx-AhCb system, one subsystem of the 
concerned complex slag system, are calculated and the effect of temperature is also discussed. 

Equilibrium Phase Relation and Liquidus of CaO-Si02-Ah03-FeOx System 

CaO-AbCh-FeOr System 

The equilibrium phase relations of CaO-Ah03-FeOx system for different temperatures are 
calculated by using FactSage program, as shown in Fig. 1. It can be noted, for the CaOAhCb-
FeOx system at 1673K, that there exists a relatively large liquid phase area adjacent to the region 
with less than 50 mass% AI2O3. Five two-phase coexisting regions, including liquid and CaO, 
liquid and 3CaOAl2C>3, liquid and CaOAl203, liquid and CaO-2Al203 as well as liquid and 
spinel solid solution are found in the CaO-Al203-FeOx system. Otherwise, three primary phase 
regions of 3CaOAl203, CaOAh03 and CaO-2Al203 appear along the boundary of CaO-Ah03 
system respectively. Figure 2 shows the effect of temperature on the liquidus of CaO-Al203-
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FeOx system. With the increase of temperature from 1673K to 1773K, the liquid phase area of 
CaO-Al203-FeOx system enlarges and extends to the high AI2O3 region, which resulting in the 
sharp reduction of the primary phase fields of CaOAhOs and CaO-2Al2C>3 respectively. With 
further temperature increasing to 1873K, the primary phase fields of Ca02Al203 and spinal 
solid solution reduce, and those ones of CaOAhCb and 3CaOAl2C>3 dispear. 

Fig. 1 Isothermal sections of the CaO-Al203-FeOx system at different temperatures 

Fig. 2 Effect of temperature on the liquidus of CaO-Al203-FeOx system 
em 
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The equilibrium phase relations of SiCh-AhCh-FeOx system for different temperatures are 
shown in Fig. 4. There exists a relatively small liquid phase region for SiOî-AhOs-FeOx system 
at 1573K and the equilibrium phase relation is simple. Three primary phase fields, including 
Si02, mullite and spinel solid solution, can be found. With the temperature increasing to 1673K. 
the liquid phase region enlarges. The primary phase field of spinel solid solution appears along 
the boundary of FeOx-Al2C>3 system, and the mullite solid solution exists in the S1O2-AI2O3 
binary system. At 1773K, the liquid phase area increases furtherly, and the primary phase field of 
AI2O3 begins to appear around the high AI2O3 zone. The primary phase field of spinel solid 
solution reduces slightly and that one of mullite enlarges. 

Fig. 3 Isothermal sections of the Si02-Al203-FeOx system at different temperatures 

Effects of temperature on the liquidus of Si02-Al203-FeOx system are shown in Fig. 4. With the 
increase of temperature from 1573K to 1773K, the liquid phase area of SiCh-AhOs-FeO* 
system expand, while the two-phase and three-phase coexisting regions reduce. In addition, 
crystal transformation from tridymite to cristobalite occurs, and the equilibrium phase relations 
in high A1203 region change with the emergence of two-phase region of liquid and AI2O3. 

CaO-SiOï-AbCh-FeO^ System 
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Figure 5 shows the equilibrium phase relations of CaO-Si02-Al203(8.3mass%)-FeOx system for 
different temperatures. The liquid phase region exists in the low FeOx area, and five primary 
phase fields such as SiC>2, CaSiC^, a'-Ca2Si04 solid solution, Ca2Fe2C>5 and spinel solid 
solution can be noted. At 1773K, the liquid phase zone extends to the high FeOx area. The 
primary phase field of CaSiC>3 disappears with the emergency of CaO. At 1873K, the liquid 
phase area enlarges furtherly, and the primary phase field of spinel solid solution disappears. 

Fig. 4 Effect of temperature on the liquidus of Si02-Al203-FeOx system 

Fig. 5 Isothermal sections for the CaOSi02-Al203(8.3%)-FeOx system 
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Figure 6 shows the effect of temperature on the liquidus of CaO-SiC^-AhOs (8.3%) -FeQx 

system. With the temperature increasing from 1673K to 1873K, the liquid phase area enlarges. 

Fig. 6 Effect of temperature on liquidus of CaO-Si02-Al203 (8.3%)-FeO* system 

Conclusions 

(1) For CaO-AhCb-FeOx system, a large liquid phase region exists adjacent to the zone with less 
than 50mass% AI2O3 at 1673K. The liquid phase region of CaO-AhCVFeOx system reduces 
and extends to the high FeOx region with the decreasing temperature. 
(2) A relatively small liquid phase region of Si02-Al2C>3-FeOx system exists at 1573K and the 
equilibrium phase relation is simple. The liquid phase region of SiCh-AhOa-FeO* system 
enlarges with the temperature increasing to 1773K. 
(3) The liquid phase region of CaO-Si02-Al203-FeOx system exists in the low FeOx area, and 
five primary phase fields can be noted. At 1773K, the liquid phase zone extends to the high FeOx 
area. The primary phase field of CaSi03 disappears with the emergency of CaO. At 1873K, the 
liquid phase area enlarges northerly, and the primary phase field of spinel solid solution 
disappears. 
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Abstract 

According to the reaction shaft operation characteristics during the flash smelting process, 15 
groups of slag samples containing high Fe304 were prepared by some chemical reagents, and 
then the slag viscosities were measured using a RTW-10 type synthetic test instrument for melt 
physical property by the rotating cylinder method. The effects of Fe/SiOî ratio (wPe//MSIOj )5 

Fe3Û4 content ( wFe3o4 ), Cu20 content ( wcu,o), MgO content ( wM«o ) and CaO content ( wc«o) on the 
slag viscosity were also studied. Results show that slag viscosity is decreased with the increase 
of temperature, wFe//wSi02, ^ o , wMgo and Wc*>, and with the decrease of "FCO« , under the range of 
slag contents: mjmmi 1.36-1.78, >%o4 17.83%~21.18%, WQ,,O 3.51%~8.34%, wMg0 2.21%-
6.57%, *><*> 6.22%~9.87% and temperature range of 1250 °C-1450 °C. Only >%o, and *<*> 
have great influence on the slag viscosity when temperatures as high as 1400 °C or so. To form a 
freeze slag with higher viscosity inside the reaction shaft, *Vo4 should be more than 20% and 
We*) should be less than 6%. 

Introduction 

Since its appearance in 1949, Outokumpu flash smelting technology has making continuous 
innovation and has become the most competitive intensified smelting technology [1], widely 
considered to be the standard clean smelting process [2]. At present, flash smelting technology is 
adopted to newly build or reconstruct most of the world's copper or nickel smelting enterprise [3]. 
Reaction shaft is the most important part of the flash smelting furnace. During the flash smelting 
process, reaction shaft must be able to withstand the following harsh conditions at the same time: 
1) high temperature varying from 1400 °C to 1500 °C. 2) strong oxidative atmosphere containing 
50% - 80% oxygen. 3) solid particles and melt with speed up to 100 m/s. 4) high acidic or basic 
slag with strong chemical corrosiveness. 5) smelting gas containing 50% - 80% SO2. 6) matte 
with strong dissolution. 
Especially now, as the Four High (High feed, High matte grade, High oxygen concentration, 
High volumetric heat capacity) technology [4] has being used to improve the single production 
ability of the flash smelting furnace, the furnace heat load has being increased correspondingly, 
and thus, the flash smelting furnace, especially the inner wall of reaction shaft, will be damaged 
more rapid [5]. Therefore, how to protect the reaction shaft is the main problem to be solved for 
intensified flash smelting process. 
Viscosity is one of the important physical properties of slag. The research of influence factors on 
the slag viscosity is significant to form a freeze slag inside reaction shaft, with compact structure, 
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good heat insulation, certain intensity, appropriate thickness and reasonable distribution, to 
extend furnace life, to reduce energy consumption, and to promote production safety. 
In recent years, several investigations have been conducted on slag viscosity. Sichen et al. 
studied experimentally of the viscosities in the CaO-FenO-Si02 slags [6], Shahbazian studied 
experimentally of the viscosities in CaO-FeO-Si02-CaF2 slags [7], Chengjun et al. studied 
viscosity and crystallization temperature of CaO-Si02-Na20-CaF2-Al203-MgO system [8], 
Chuanfu et al. measured the viscosity of high magnesium content slag of FeO-Si02-CaO-MgO 
system [9], Zhenan et al. studied the effects of AI2O3 on viscosity of Ni electro-furnace slag [10], 
and Wright et al. studied the viscosity of a CaO-MgO-Al203-Si02 melt containing spinal 
particles [11]. 
However, compared with general smelting slag, the freeze slag contains higher Fe3C>4 due to the 
slag fractional dissolution and oxidization inner the reaction shaft during flash smelting process 
[12], and the research on the viscosity of this kind of freeze slag has not been reported. 
In Ulis work, the viscosities of the freeze slag in reaction shaft of flash smelting furnace were 
measured experimentally by rotating cylinder method, and the relationship between the viscosity 
and the slag composition was also studied. The purpose of this research is to provide basic data 
for the mechanism research and industry application of the reaction shaft protection technology 
by freezing slag. 

Experiment 

Materials And Preparation Of Slag Samples 

The materials used in the present work include reagent grade MgO, AI2O3, SiC>2, CaO, CU2O, 
Fe304, Fe2Û3 and iron. While the Fe, Fe3C>4 and Fe203 powder were dried at 393 K overnight, 
the CaO, MgO and Si02 powder was calcined at 1273 K for 12 hours in a muffle furnace to 
decompose any carbonate or hydroxide before use. 
In order to prepare the slag, FeO was prepared by mixing stoichiometric Fe203 and pure iron 
powder and sintering in an iron crucible under Ar gas protection at 1573 K for about 8 hours. 
The preprocessed mixture was then mixed with other reagents and was packed in a corundum 
crucible. After the corundum crucible was placed in a resistance furnace, the reaction chamber 
was flushed by Ar gas for a couple of hours. Thereafter, a constant low flow of Ar (0.05 L/min) 
was maintained during the slag preparation. The slag sample was.heated up to a temperature of 
1550 °C and held at that temperature for more than 12 hours. After furnace cooling, the slag was 
taken out and accurately examined to ascertain that the sample had completely been melted. The 
slag was then broken into small pieces and was stored in bottle before being used in the viscosity 
measurement. 
According to the actual freeze slag composition characteristics during the flash smelting process 
[12], 15 groups of slag samples containing high Fe304 were prepared. The measured 
composition of the slag samples is listed in Table I. 
It can be seen from Table I that the test purpose of A groups from Al to A3, B groups from Bl 
to B3, C groups from Cl to C3, D groups from Dl to D3 and E groups from El to E3 is to 
investigate the influence on slag viscosity (*7) of the Fe/Si02 ratio (%./««>,)> Fe304 content 
(wFe,o4 ), Cu20 content (WQ,2O), MgO content ("W> ) and CaO content (*<*>), respectively. 
It should be noted that the effect of the AI2O3 content on the freeze slag viscosity was not 
considered, since the AI2O3 content in freeze slag is very low and changes very little during the 
copper flash smelting practice. 
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Apparatus And Procedure 

The rotating cylinder method was employed for viscosity measurements. Figure 1 shows the 
experimental equipment. 

Table I. The measured composition of the slag samples 
Group 
No. 
Al 
A2 
A3 
Bl 
B2 
B3 
Cl 
C2 
C3 
Dl 
D2 
D3 
El 
E2 
E3 

MgO 
(wt %) 

1.56 
1.55 
1.61 
1.63 
1.54 
1.48 
1.56 
1.63 
1.54 
2.21 
3.78 
6.57 
1.49 
1.46 
1.64 

A1203 

(wt %) 
1.11 
1.22 
1.15 
1.35 
1.18 
1.24 
1.25 
1.31 
1.39 
1.58 
1.03 
1.29 
1.15 
1.21 
1.23 

CaO 
(wt %) 
10.52 
11.17 
11.41 
12.61 
12.43 
11.94 
10.12 
12.31 
11.42 
12.01 
11.52 
11.08 
9.87 
7.98 
6.22 

Fe304 
(wt%) 
16.98 
17.71 
18.53 
17.53 
19.94 
21.18 
17.59 
16.35 
17.78 
16.39 
16.56 
18.26 
17.24 
16.78 
17.85 

Cu20 
(wt %) 
2.19 
2.32 
2.23 
2.57 
2.36 
2.65 
3.51 
5.63 
8.34 
2.64 
2.58 
2.43 
2.71 
2.65 
2.49 

FeO 
(yvt %) 
37.29 
38.58 
40.01 
40.01 
37.87 
36.82 
40.84 
39.16 
36.49 
40.53 
40.14 
36.85 
42.23 
43.71 
44.06 

Si02 

(wt%) 
30.35 
27.45 
25.06 
24.3 
24.68 
24.69 
25.13 
23,61 
23.04 
24.64 
24.39 
23.52 
25.31 
26.21 
26.51 

rtf„ / /ŵ .— 
'"F« ' "%Qt 

1.36 
1.56 
1.78 
1.80 
1.78 
1.78 
1.77 
1.79 
1.79 
1.76 
1.77 
1.78 
1.79 
1.76 
1.78 

Figure 1. RTW-10 type synthetic test instrument for physical property of the melt 

A MoSi2 heated furnace with the highest temperatures up to 1600 °C was used for the 
measurements, and the variation of the temperature in the uniform temperature zone of the 
furnace was less than 0.5 °C in the entire experimental temperature range. A Pt-10 pet Rh/Pt 
thermocouple in an alumina attemperator was placed in contact with the bottom of the crucible 
so that the slag temperature could be measured accurately during the experiment. A stream of 
argon gas was introduced through the gas inlet near the bottom of the furnace. The gas was led 
out through the gas outlet on the top of the furnace. After flushing the reaction chamber for 1 
hour, the flow rate of argon gas was reduced. Thereafter, a constant flow of Ar (about 0.2 L/min) 
was maintained during the entire course of the experiment. 
The slag sample weighed by the balance about 180 g for each set of measurement, which 
corresponds to a slag depth of about 4 cm for a crucible diameter of 4.5 cm. The molybdenum 
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crucible with the slag sample was then positioned in the even temperature zone of the furnace. 
The slag was heated to a desired temperature at a heating rate of 5 K/min and held at that 
temperature for 20 minutes to reach thermal equilibration. When the thermal equilibrium was 
obtained, viscosity measurements were carried out. The viscosity measurements were carried out 
during the cooling cycle at a rate of 1 K/min. 

Results and Discussion 

Effect Of The Fe/SiO? Ratio On Viscosity 

The effect of mvJm%\o2 on the slag viscosity (ÏÏ) was investigated by changing the 'wFe/msi02 but 
keeping the percentage of other components constant. The result is presented in Figure 2. 

Figure 2. Effect of ™Fe /^s»2 on the freeze slag viscosity 

It can be seen from Figure 2 that *7 is decreased with the increasing wFe 1™%^. That is because the 
Si02 content in the freeze slag is reduced when %e

/;Msio2 increases, and then the complex anion 
SixOy

z" is decreased accordingly, resulting in the decrease of the freeze slag viscosity. 
It also can be seen from Figure 2 that the effect degree of MR/"fa, on the freeze slag viscosity 
declines slowly as the temperature (T) increases, and the effect becomes not quite apparent 
when T is close or up to 1400 °C. The reason may be that, according to the ionic theory, the 
complex anion SixOy

z" will be gradually dissociated as the temperature increases, and thus, there 
are mainly simpler anions with smaller ion radius at that high temperature. 

Effect Of The F e ^ content On Viscosity 

The effect of >Vo4 on the slag viscosity (H) was investigated by changing the w
Fe3o4 but keeping 

the mFe /msi0j and the percentage of other components constant. The result is presented in Figure 3. 

Figure 3. Effect of w
Fe3o4 on the freeze slag viscosity 

192 



It can be seen from Figure 3 that V is increased with the increasing *%o4 f especially when 
WFC,O4 >20%, V is increased rapidly. That is because Fe3C>4 is a oxide with high melting point and 
big proportion. This feature is also an important reason for the freeze slag in reaction shaft of 
flash smelting furnace to resist the scour of high-speed melt flow and to protect the furnace wall 
The curve in Figure 3 also indicate that the effect degree of ^i0i on the freeze slag viscosity 
declines slowly as the temperature (T) increases. 
Therefore, only when wFejo4 is be more than 20 %, the viscosity of molten slag is so high (;7>2.0 
Pa.s ) to form a freeze slag inside the reaction shaft, due to the inner chamber temperature of 
reaction shaft is up to 1400 °C~1500 °C. 

Effect Of The Cu2Q content On Viscosity 

The effect of wo,2o on the slag viscosity (Jl) was investigated by changing the w^o but keeping 
the wFe //wSi02 and the percentage of other components constant. The result is presented in Figure 4. 

Figure 4. Effect of "^o on the freeze slag viscosity 

It can be seen from Figure 4 that *7 is decreased with the increasing wc«,o. That is because the 
O2" dissociated from Cu20 can make the complex anion SixOy

z* split into some ions with simpler 
structure, resulting in the decrease of the freeze slag viscosity. 
It also can be seen from Figure 4 that the effect degree of wCttJo on the freeze slag viscosity 
declines slowly as the temperature (T) increases. 

Effect Of The MgQ content On Viscosity 

The effect of w
Mgo on the slag viscosity (Jl) was investigated by changing the *Mg0 but keeping 

the mrJmSiQi and the percentage of other components constant. The result is presented in Figure 5. 

Figure 5. Effect of wMg0 on the freeze slag viscosity 
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It can be seen from Figure 5 that V is decreased with the increasing wMgo. That is because, 
similar to wo.2o, the O2" dissociated from MgO can make the complex anion SixOy

z" split into 
some ions with simpler structure, resulting in the decrease of the freeze slag viscosity. 
It should be noted that CU2O or MgO will dissolve out from liquid slag and form high melting 
point solids when WQ.,0 or "W> is out of the content range in slag: "t^o 3.51%~8.34%, "W> 
2.21%~6.57%, discussed in this work. And then, the freeze slag viscosity will be increased. 

Effect Of The CaO content On Viscosity 

The effect of wc*> on the slag viscosity (H) was investigated by changing the *><*> but keeping 
the F̂« //WSK>2 and the percentage of other components constant. The result is presented in Figure 6. 

Figure 6. Effect of H ^ on the freeze slag viscosity 

It can be seen from Figure 6 that V is decreased rapidly with the increasing Wc*>. That is because 
the alkaline oxide CaO can easy supply O2" to make the complex anion SixOy

z" split into some 
ions with simpler structure. But the effect trend will weaken as the temperature ( T ) increases. 
Therefore, in order to form a freeze slag with higher viscosity inside the reaction shaft, CaO flux 
should be reduce to decrease the amount of CaO content in freeze slag in flash smelting process. 

Conclusion 

In this work, the viscosities of the freeze slag in reaction shaft of flash smelting furnace were 
measured experimentally by rotating cylinder method, and the relationship between the viscosity 
and the slag composition was also studied. Results show that the slag viscosity is decreased with 
the increase of temperature and only "Ve,o4 and WQK> have great influence on the slag viscosity 
when temperatures is close or up to 1400 °C. The slag viscosity is decreased with the increase of 
m?Jmsio2, wcu2o, wMgo and Wco, but with the decrease of wF*,o,. 
In order to form a freeze slag with higher viscosity inside the reaction shaft, wFe,o4 should be 
more than 20% and Wc*o should be less than 6%, due to the inner chamber temperature of 
reaction shaft is up to 1400 °C~1500 °C. 
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Abstract 

Physic-chemical properties of slag at high temperature play an important role in the 
pyrometallurgical process of production of ferronickel alloy. It determines the operation 
efficiency, metal recovery ratio, energy consumption and the distribution of elements like S and 
P between the slag and metals. In the present work, the effect of MgO content in the slag on 
melting features and viscosity of the slag was investigated. The MgO content in the SiOi-CaO-
MgO-AhOa-FeO in the quinary slag system varied from 14.5% to 22.5%. The results shown that 
all slag samples begin to softening at the same temperature, the softening temperature, melting 
temperature, flowing temperature decrease with the increase of MgO content when the MgO 
content is in range of 14.5 and 20.5 pet mass, and when MgO content up to 22.5 percent, the 
temperatures increase sharply. Besides the inflection point temperature of viscosity-temperature 
curve increase with the increase of MgO when the MgO content is in range 16 and 22.5 pet mass, 

Introduction 

Nickel is very important to modern society, without it, we would not be able to share many 
things in our daily life, such as airplanes, computers and many stainless steel appliances in our 
homes and workplaces 1.. It is the essential element of the stainless steel making, and about 65% 
of the nickel consumed in the world is used to make stainless steel2., so with the increase of 
stainless steel, the nickel production and demand has continued to increase3.. 
Nickel is produced from two distinct ore types: nickel sulfide deposits and oxide nickel latente 
deposits. The great majority of world's known nickel resources are contained in latente 
deposits3.. The latérite ores are normal classified into two groups: the high-iron latérite ore and 
high-magnesia latérite orel.. Typical composition of high-magnesia latérite ore is in the range 1-
3%, and these ores are suitable for pyrometallurgical process to produce ferrbnickeR. 
Normally, latérite ores contain high silica and magnesium, especially for the high-magnesium 
latérite ore. So in the most widely used process: Rotary kiln - EAF route, there would form a 
great number of slag. The physic-chemical properties of the slag play an important role to affect 
the operation efficiency since the slag properties have a significant influence on nickel and iron 
recovery ration, energy consumption, sulfur and phosphorus distribution ratio between slag and 
metal etc5, 6.. So it is necessary to investigate the properties of the slag to increase the metal 
recovery ratio, save energy, increase sulfur and phosphorus capability of slag. The physic-
chemical of slag includes melting feature, viscosity, density etc. These properties are dependent 
on composition and structure of the slag. So, it is important to investigate the effect of 
composition on physical properties. Meanwhile, due to the content of MgO in high-magnesium 
latérite is in the range 15-25%, for this reason, the influences of MgO content in the slag on 
melting temperature and viscosity were mainly investigated in this study. 
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Experimental 

Materials and Preparation of the Slag 

The material used in the present work is shown in Table 1. The slag was come from a ferroalloy 
company. Reagent-grade Si02, CaO, MgO, A1203 were used to adjust the content of MgO in the 
slag being in the range of 15% and 23%, at the same time, the ratio of Si02, A1203 and CaO was 
constant, and no FeO was added. In order to make the composition be uniform, the mixture (raw 
slag and reagent) was re-melted at 1450°C in a MgO crucible at Ar atmosphere for 1 hour before 
the measurements of melting feature and viscosity. After homogenization, the slag melt was 
quenched and was then crushed for later experiments. The chemical composition of the rè-melted 
slag is shown in Table 2. The slag which was used to measure the melting feature was milled to 
make the particle size was less than 0.074mm, then the fines was pressed in a cylindrical sample 
mode to obtain the test samples with a size of 2 X 3mm. 

Table 1 Chemical Compositions of the Raw Slag 

Composition Si02 CaO A1203 MgO FeO Ni Cr203 

Content/% 42.16 18.84 5.99 20.8 7.72 0.04 1.5 

Table 2 Chemical Compositions of the Slag Studied in the Present Work 
Sample Si02 CaO A1203 MgO FeO (CaO+MgO+Al203+FeO)/Si02 

1# 49.65 20.7 6.21 14.59 5.42 0.945015 
2# 47.89 20.26 6.06 16.05 5.96 1.009188 

1.078691 
1.153257 
1.234217 
1.306444 

Experimental Apparatus and Procedure 

(1) Melting Features 
Melting features measurement system includes three parts: sample hold, heating system, image 
system. Measuring mechanism of this system is that the sample height change with the material 
melting as raising temperature. Sample was placed in the center of the heating furnace, and 
temperature raise at the speed at 15°C Per minute. According to the references7., the soften 
temperature, melting temperature, flow temperature are defined as the temperature at which the 
sample height decrease to 75%, 50%, 25% of the original height respectively. And the start 
soften temperature is considered as the temperature at which the sample height start to decrease. 

3# 
4# 
5# 
6# 

46.13 
44.37 
42.61 
41.28 

19.83 
19.39 
18.95 
18.45 

5.92 
5.77 
5.63 
5.47 

17.51 
18.97 
20.43 
22.45 

6.5 
7.04 
7.58 
7.56 
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Fig.l Melting features measurement system 
(2) Viscosity 
The rotating cylinder method was employed for viscosity measurements. The experimental 
apparatus, measurement principle and the calibration method had been explained in detail in 
earlier literatures 5,6, 8,9.. In each run, 120 grams slag powder was hold in a MgO crucible(cp45 
X 60mm), and it was placed in a graphite crucible. The graphite crucible was locked into the 
reaction chamber of MoSi2 furnace in an Ar atmosphere in the heating process. The temperature 
was controlled by a Pt-30mass%Rh/Pt-6mass%Rh thermocouple and a proportional integral 
differential (PID) controller. The temperature fluctuations was about ±2°C. In order to make the 
slag melt completely, the slag was molten for 2 hours when the temperature reached to 1470 *C 
which was based on the melting temperature. Then, the molybdenum spindle was immersed into 
the slag and was held in the middle of the melt. When the temperature was kept stable for about 
20 minutes, then the viscosity was continuously measured while the temperature fallen at the 
speed of 5°C per minute. When the viscosity up to 2 Pa-s, the measurement was stopped, then the 
temperature was reheated to 1450°C. After keeping the temperature unchanged for about 1 hour, 
the isothermal viscosity was measured. Finally, the spindle was taken out from the melt slag. 

Results and Discussion 

Melting Features 

Fig.2 shows the effect of MgO content on the melting features of SiOrCaO- MgO- AljOs-FeO 
slag. From Fig.2, it can be obtained that all the slag have the same begin to softening temperature 
which is about 1230 °C, that means there exists same low melting temperature materials in 
different slag. The softening temperature, melting temperature and flowing temperature decrease 
with the increase of MgO content when the MgO content is in the range of 14.5 and 20.5 pet 
mass, and as MgO content is up to 22.5 pet mass the temperatures increase sharply. The lowest 
melting temperature is lower than the highest melting temperature about 40 °C, that is important 
for energy saving in pyrometallurgical process of production of ferronickel alloy. The 
temperature interval between begin to softening temperature and softening temperature is bigger 
than 40 °C , but the temperature difference between softening temperature and melting 
temperature or between melting temperature and flowing temperature is smaller than 10°C. From 
the above, it can obtain that the main material phases of the samples have the similar tendency of 
the melting temperature with the content of MgO. 
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Fig.2 The effect of MgO content on the Melting Feature of slag 

Fig.3 shows the viscosity of the slag by varying MgO content as a function of temperature. In 
Fig.3, it can be observed that the viscosity curve doesn't have obvious inflection point 
temperature when MgO content is 14.5 pet mass, it means that in other slag which have more 
MgO(>15%), there is some solid phase formed during the cooling process. The inflection point 
temperature increases with the increase of MgO content when the MgO content is in the range of 
17.5 and 22.5 pet mass. The slag with 17.5 pet mass MgO content has the lowest inflection 
temperature and the widest solid-liquid coexisting region, however the slag with 16 pet mass 
MgO has the smallest viscosity when the temperature is in the range of 1370 C and 1470 C. 

Fig.3 Viscosity of different slag by varying MgO content as a function of temperature 

Conclusions 
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The effect of MgO content in the slag on melting features and viscosity of the slag was 

investigated in present study. The results shown that: 

(1) The softening temperature, melting temperature, flowing temperature decrease with the 

increase of MgO content when the MgO content varies from 14.5% to 20,5%, and when MgO 

content up to 22.5%, the temperatures increase sharply. 

(2) the inflection point temperature of viscosity-temperature curve increase with the increase of 

MgO when the MgO content is in range 16 and 22.5 pet mass. 

Reference 

1. Bergman, R.A., Nickel production from low-iron latérite ores: Process descriptions (vol 
96, pg 137, 2003). Cim Bulletin. 96(1073)(2003): 67-67. 

2. Kim, J., et al., Calcination of low-grade latérite for concentration.of Ni by magnetic 
separation. Minerals Engineering. 23(4)(2010): 282-288. 

3. Pan, C, et al., Gaseous Reduction of Pellets of Latérite Ore Containing Carbon. 
Metalurgia International. 16(1)(2011): 5-9. 

4. <the past and the future of nickel laterites.pdf>. 
5. Lee, Y.S., et al., Influence of basicity and FeO content on viscosity of blastfurnace type 

slags containing FeO. Isij International. 44(8)(2004): 1283-1290. 
6. Kim, J.R., et al., Influence of MgO andAl203 contents on viscosity of blastfurnace tvpe 

slags containing FeO. Isij International. 44(8)(2004): 1291-1297. 
7. Lv, X., et al., Behavior of liquid phase formation during iron ore sintering. ISIJ 

International. 51(5)(2011): 722-727. 
8. Shahbazian, F., et al., Experimental studies of viscosities of some Ca0-CaF2-Si02 slags. 

Ironmaking & Steelmaking. 26(3)(1999): 193-199. 
9. Ji, F.Z., S.C. Du, and S. Seetharaman, Experimental studies of the viscosities in the CaO-

FenO-Si02 slags. Metallurgical and Materials Transactions B-Process Metallurgy and 
Materials Processing Science. 28(5)(1997): 827-834. 

201 



3rd International Symposium on High-Temperature Metallurgical Processing 
Edited by: Tao Jiang, Jiann-Yang Hwang, Patrick Masset, Onuralp Yucel, Rafael Padilla, and Guifeng Zhou 

TMS (The Minerals, Metals & Materials Society), 2012 

INFLUENCE OF SILICON CONTENT IN HOT METAL ON 

MINERALOGICAL CHARACTERIZATION AND 

PHYSICO-CHEMICAL PROPERTIES OF VANADIUM SLAG 

Chongyang Zhao, Bing Xie, Qingyun Huang, Xiaopeng Zhen, Xie Zhang 

College of Materials Science and Engineering, Chongqing University, 
Chongqing 400044, P. R. China 

Keywords: Vanadium slag, Mineralogical characterization, Melting point, Viscosity 

Abstract 

Extracting vanadium from vanadium containing hot metal into vanadium slag by BOF is 
the main vanadium production process in China. In this paper, the influence of Si content in 
hot metal on the quality of vanadium slag is analyzed. Synthetic vanadium slag with different 
SiC>2 content were melted at 1673 K and then cooled to 303K at the cooling rate of 3°Gmin. 
Optical microscopy, SEM, EDS and XRD were used to analyze the mineralogical phases and 
crystallization behavior of vanadium slag. The results show that vanadium slag mainly 
contains spinel phase and silicate phase; V is enriched in the spinel phases while Si is 
concentrated in Fe2SiC>4 CaFeSi20ö and (Fe,Mn)2SiC>4 as silicate phase. The melting point of 
slag increases gradually with the addition of SiCh; whereas viscosity decreases with an 
addition of 15-19% Si02 and increases with an addition of 19-27% Si02. 

Introduction 

Vanadium is an important element which is used almost exclusively in ferrous and 
non-ferrous alloys. The major vanadium products include FeV, V2O5, V2O3, VN and Al-V-Ti 
alloy. Furthermore, vanadium slags are mostly produced by oxidizing the elements in 
V-containing hot metal during a duplex refining process. Therefore, the process of removing 
vanadium from hot metal has its significance on the subsequent process[l]. 

The extraction of vanadium is greatly affected by the mineralogical composition of 
vanadium slag[2], the distribution of the elements between the spinel and silicate phases and 
its physic-chemical properties. These characteristics of vanadium slag have been studied in 
some details. It has been reported that Si mainly exists mainly in the form of silicate which 
wraps the spinel crystals while small amount of Si stands as phosphorus quartz or diopside[2] 
Chen et al.[3, 4] points out, when SiC>2 content in vanadium slag increased every 1%, V2O5 
decreased 1.48%. Moreover, silicate phases would embarrass the oxidation of V-containing 
spinels through decreasing the exposing probability[5]. Meanwhile, melting point and 
viscosity of vanadium slag has been greatly influenced by the SiC>2 content. Therefore, this 
work attempts to analyze the above-mentioned questions systematically. 

Experimental 
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Experimental setup and sample 
It has been reported that SiC>2 plays a significant role in the formation and growth of 

spinel and affects the quality of slag directly. Representative vanadium slag sample is 
obtained from Pan-steel in China; its composition is analyzed and listed as S2 in Table I. The 
content of SiC>2 in vanadium slag is set around 15-27% according to the field data in 
Pan-steel. 

So the compositions of slag samples are listed in Table I. A mixture slag of 100g charged 
in an MgO crucible were heated and melted in furnace at 1673 K and then cooled to 303K at 
the cooling rate of 3°Omin. The quantitative phase composition of the slag is determined by 
optical microscope, scanning electron microscopy (SEM), energy disperse X-ray spectrum 
(EDS) and X-ray diffraction (XRD) analyses. The temperature when vanadium slag melted to 
the shape of hemisphere is defined as its melting point. The viscosity of slag was measured 
by flowing length method and it will be illustrated specifically later. 

Table I. Chemical compositions of experimental slags, wt-% 
1 Sample 

SI 
S2 
S3 

1 S4 

Si02 

15.00 
19.00 
23.00 
27.00 

CaO 

4.0 
4.0 
4.0 
4.0 

TiOz 

10 
10 
10 
10 

v2o3 

8.00 
8.00 
8.00 
8.00 

P 

0.3 
0.3 
0.3 
0.3 

MgO 

3.0 
3.0 
3.0 
3.0 

MnO 

10 
10 
10 
10 

FeO | 

37.00 1 
37.00 
37.00 
37.00 1 

Measurement of the viscosity of vanadium slag 
The viscosity of vanadium slag cannot be measured by the conventional method of 

cylinder rotation since its high content of FeO and high melting point. However, the flowing 
length method cannot be affected by these conditions. It thus is suitable for measuring the 
viscosity of vanadium slag. 

Figure. 1. Schematic diagram of measuring viscosity 

Measurement apparatus is schematically shown in Figure 1[6]. This method assumes that 
there is enough liquidity, so that the flow length of the molten slag has a relationship with the 
flow performance (viscosity, interfacial tension, wetting Angle), flow time etc. The relations 
can be expressed as equation (1): 

p 
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Where, Z- flow length, mm 
a- interfacial tension of slag, N/m 
0- wetting angle (°) 
tj- viscosity of slag, Pa • s 
t- time, s 

The apparatus was calibrated by the samples listed in Table II. These samples were made 
to the same shape and weight (0.5g). The temperature was set at HOOt?, and kept for two 
minutes. At the same time, the porcelain boat filled with slag sample was placed on the 
inclined plane (15* ) of a firebrick. The firebrick was then put into the furnace. The sample 
was melted at 1400°C for 10 min. After that, the samples were taken out to measure the 
length of the slag with vernier caliper when they have been cooled down in the air. At last, 
use the same method to measure the flow length of vanadium slags. 

Table II. Composition of reference slag, wt% 
| Sample 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

| 11 

CaO 
39.47 
36.88 
35.41 
33.81 
32.06 
30.13 
28.00 
22.99 
20.01 
18.71 
16.64 

Si02 

31.13 
33.72 
35.19 
36.79 
38.54 
40.47 
42.60 
47.61 
50.59 
52.29 
53.96 

A1203 

6 
6 
6 
6 
6 
6 
6 
6 
6 
6 

L 6 

Na2C03 

15.39 
15.39 
15.39 
15.39 
15.39 
15.39 
15.39 
15.39 
15.39 
15.39 
15.39 

CaF2 

14.4 
14.4 
14.4 
14.4 
14.4 
14.4 
14.4 
14.4 
14.4 
14.4 
14.4 

I 1 
106.39 
106.39 
106.39 
106.39 
106.39 
106.39 
106.39 
106.39 
106.39 
106.79 
106.39 

Table III. Flowing length of reference slag, mm 
NO. 

1 
2 

| 3 

1 

38.16 
48.96 
47.09 

2 

30.32 
30.01 

30 

3 

29.63 
29.63 
26.58 

4 

29.14 
28.99 
27.39 

5 

29.18 
26.35 
27.35 

6 

26.79 
28.07 
29.54 

7 

26.38 
26.22 

8 

26.58 
24.49 
24.43 

9 

24.33 
24.17 
24.2 

10 

24.97 
22.92 
23.38 

11 

19.45 
18.79 

The equation of viscosity can be deduced from these data by SPSS software: 

7 = 51374.269/jc3 (3.2) 

The correlation coefficient is 0.994, is high enough to be used for the follow-up 
measurement of slag viscosity. 

Results and discussion 

Mineraloeical chacterization of vanadium slag 
It is widely known that vanadium is multivalent element which has multiple oxidation 

states of VO, V2O3, V2O4 and V2O5 [7]. However, during the process of vanadium oxidation 
in converter, V is dominantly 3+ and forms stable spinel phases via react with iron oxides [8]. 
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As shown in Figure 2(a), vanadium slag mainly contains the spinel and silicate phase. The 
white one is V-containing spinel phase while Si mainly appears in silcate phase. Figure 2(b) 
(c) showed the tridimensional spinel. The spinel is wrapped by the silicate phase. 

Figure.2. Image (SEM) of vanadium slag 

Figure 3 gives the results of map scan, and Table IV illustrates the phase composition of 
sample 1 analyzed by EDS. From these photographs, it can be clearly seen that the 
distribution of the main elements. Almost the entire V is concentrated in the spinel phase, 
while Si and Ca are existed in the silicate phase. Fe, O, Ti are existed in both of the two 
phases. But different from the distribution of the O, most of the Fe and Ti appears in the 
spinel phase. The distribution ratio of Fe, O and Ti between the spinel and silicate phase is 
31/4,1/2, and 48/9. Still there is a little Mg in the middle part of the silicate phase. 

Figure.3. Map results of vanadium slag 

Table IV. EDS results of sample SI, wt% 

| phase 

Spinel 

1 Silicate 

0 

19.93 

40.26 

Si 

21.52 

Mg 

1.51 

Ca 

14.04 

Ti 

12.51 
2.56 

V 

11.55 

Fe 

47.17 
14.55 

total 1 

100 1 
100 | 

In order to study the phase composition of the vanadium slag, sample SI was analyzed by 
XRD and the result is given in Figure 4. The analyses of XRD pattern and EDS demonstrate 
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that Fe2V04, Fe2Ti04 and Fe2Si04 are the main phase in vanadium slag. Still, little 
CaFeSi206, (Fe,Mn)2Si04, MnV204, MgTi204, MgV204 and FeMn2C>4 are also found in the 
slag. 

Figure.4. X-ray diffraction pattern of slag SI 

Influence of Si content on the melting point of vanadium slag 
The results of the melting point of samples have been shown in Table V and Figure 5. 

Table V. The melting point of samples,°C 
1 Sample 

SI 
S2 
S3 

1 S4 

1 

1255 

1312 

1322 

1337 

2 

1269 

1302 

1322 

1358 

3 

1271 

1311 

1311 

1347 

average 

1265 

1308.3 

1321.7 

1347.3 

Figure.5. The relation between melting point and SiC>2 content 
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As can be seen from Figure 5, the melting point of vanadium slag would be higher when 
increasing the SiC>2 content in the slag. This is because the pyroxene (melting point: 
1390°C[9]) and fayalite (melting point: 1205°C) in vanadium slag are tend to saturated while 
the amount of quartz (melting point: 1670°C) increases with the increasing with the 
increasing of SiC>2 and this would result in a rise in the melting point of vanadium slag. 

Influence of the Si content on the viscosity of vanadium slag 
With the method illustrated in previous section, the viscosity of vanadium slag were achieved and 

given in Table VI and Figure 6. 

Table VI. Viscosity of samples 
| sample 

SI 
S2 
S3 
S4 

first/mm 
34.94 
67.23 
29.86 
31.26 

second/mm 
29.87 
51.39 
67.37 
36.41 

third/mm 
58.01 
38.94 
50.07 
42.39 

average/mm 
40.94 
52.52 
49.10 
36.69 

viscosity/Pa*s | 
0.749 
0.355 

• 0.434 
1.040 1 

Figure.6. The relation between viscosity and Si02 content 

The basicity (CaO/Si02> of vanadium slag in Pan-steel is between 0.15 and 0.27, and this 
is referred as acid slag..The melt viscosity depends mainly on the size of Si-0 composite 
anion in slag[10]. A decline of O2" can be seen in the molten slag when the content of SiC>2 
increased, and which would result in the formation complicated ion such as SÎ2076", SisO/" 
and Si40i26" with Si04

4". The steps are as follows[l 1]: 
S i 0 2 + 2 0 2 ~ = S i 0 4

4 ~ 
Si04

4 + S i 0 4
4 " = S i 2 0 7

6 " + 0 2 " 
S i 2 0 7

6 ~+Si0 4
4 ~=Si 3 0 9

6 " + 2 0 2 

S i 3 0 9
6 ~+Si0 4

4 "=Si 4 0 ,2 6 + 0 2 " 

The more complicated, the larger radius of the Si-0 complex compound ion will be and 
hence causes an increasing of the viscosity of the slag. Vanadium slag is an extremely 
complex slag system. It can be seen in Figure 6 that the viscosity of vanadium slag shows a 
tendency that reducing first and then increased with the increase of the content of SiC>2 at 
1400°C. The viscosity ranges from 0.1 to 1.0 Pa#s and a transition can be seen at the Si0 2 
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content of 19%. This can be interpreted that when the SiC>2 content is low, it would be easier 
for Si02 to react with FeO and MnO and engender low melting point silicate phase such as 
fayalite, and which would lead to a smaller viscosity [12], lower melting point, and better 
liquidity of the slag. When content of Si02 exceeds 19%, the amount of quartz would increase 
with the increase of the content of Si02, and which would result in a rise in viscosity of the 
slag. Furthermore, SiCh can form a series of complex anions, which can also cause an 
increase in the viscosity. The industry production of Pan-steel shows that S1O2 can be used in 
a certain range to dilute the slag, and improve the liquidity of vanadium slag. This is accord 
with the results of experiment. 

Conclusions 

According to the current situation of Pan-steel on extracting vanadium from hot metal, a 
series of experiments were designed to research on the influence of Si content in hot metal on 
the mineralogical characterization and physico-chemical properties of vanadium slag. The 
following conclusions can be drawn from the present work: 
(1) The main phases of vanadium slag are spinel and silicate phase. For the spinel phase, 
Fe2V04 is dominated and a small amount of other spinels such as Fe2V04, Fe2TiC>4, MTÏVZOA, 
MgTi204, MgV204 and FeMn204 are also existed. The silicate phase exists mainly in the 
form of fayalite. Besides, a small quantity of CaFeSi20ö and (Fe, Mn)2SiC>4 also exists in 
silicate phase. 
(2) The melting point of vanadium slag increases gradually with an addition of SiOî in the 
range of 15-27%. 
(3) The viscosity of vanadium slag shows a trend to be lower with addition of 15-19% S1O2 
and higher with addition of 19-27% Si02. 
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Abstract 

Brickless reaction shaft is the latest progress for flash smelting furnace. However, there are many 
factors influence the melting point of the freeze slag inside brickless reaction shaft, and their 
variational regularities are not obvious, thus, it is difficult for conventional methods to analyze 
accurately the complex data. In this research, the experiment data of slag melting point were 
processed based on optimal discrimination plane. For this method, two orthogonal vectors were 
firstly built up based on the Fisher's criterion, and then the experiment data were projected onto 
the two vectors, thus, two-dimensional feature vectors were extracted as criteria to determine the 
factors effect degree on the slag melting point. Results show that the CaO content is the greatest 
factor to the melting point of the freeze slag inside brickless reaction shaft, the content of Fe3C>4, 
SiC>2, CU2O and MgO is the second, and the FeO content is the last. 

Introduction 

Brickless reaction shaft is the latest progress of flash smelting furnace reaction shaft. To research 
the influence factors on the slag melting point inside the brickless reaction shaft is significant to 
form freeze slag with compact structure, good heat insulation, certain intensity, appropriate 
thickness and reasonable distribution, to extend furnace life, to reduce energy consumption, and 
to promote safe production. 
However, due to the complex components, there are many factors influence the melting points of 
the freeze slag inside brickless reaction shaft, and their variational regularities are not obvious. 
Therefore, it is difficult for conventional methods, such as variance analysis, data fitting, etc., to 
analyze accurately the complex experiment data. 
Pattern recognition can easily classify information, even if there are many influencing factors. 
For pattern recognition, there are some sub-disciplines such as discriminant analysis, feature 
extraction, error estimation, cluster analysis (together sometimes called statistical pattern 
recognition), grammatical inference, parsing and matching (sometimes called syntactical and 
structural pattern recognition) [1,2]. 
The theory of statistical pattern recognition has been largely developed since 1960s. And some 
major developments have been made, including the formulation of pattern recognition as a Bayes 
decision theory problem [3], nearest neighbor decision rules (NNDRs) and density estimation[4], 
use of Parzen density estimate in nonparametric pattern recognition [5], leave-one-out method of 
error estimate [6], use of statistical distance measures and error bounds in feature evaluation[7], 
Fisher linear discriminant and multicategory generalizations[8,9], supervised parameter 
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estimation and unsupervised learning by decomposition of mixture densities [10], K-mean 
algorithm [11,12,13], and similarity-based methods [14], etc. 
Optimal Discrimination Plane (ODP) approach was developed by Fisher's criterion method, 
which is a clustering method developed during 1930s, but till 1970s the second orthogonal vector 
with greatest deviation from the one-dimensional Fisher vector was proposed by Sammon. Thus 
when the train samples are projected onto the two orthogonal vectors, two-dimensional view 
come into being, named ODP [15,16]. 
In this paper, ODP was applied to analyze the influence factors on the melting point of the freeze 
slag inside brickless reaction shaft, to seek an effective way to process complex experiment data. 

ODP Data Analysis Principle 

ODP is a special case of multiple discriminant analysis, so its principle can be discussed from the 
multiple discriminant analysis process. 
It is assumed that there are C classes, and x,(i = 1,2,—,C) represents the c groups of samples, one 
of which can be expressed by x=[*„*2,—,*F]r (X e x,)9 where/? is the number of factors. 
The analysis aim is to find the transform T to make Y has the biggest distinguish, which is given 
by formula (1). 

[r,T] N 
i \X = \ : Y = TlX = \ : \X = \ : (1) 

where T is dxdmatrix, Y is a df-dimensional column vector. 
In order to deduce the transformation, the discrimination criteria R is defined as follow: 

R = ̂ - (2) 
PrWP v } 

where P = \pXipît...pPY is the discrimination vector need to ascertain, R is among-class matrix, 
W is the summation of within-class matrixes. They are given by following formulae. 

c 
B=Z Nt im> ~ mlm' ~mY (3) 

Wt= "ZlX-mJX-mJ (4) 

W = ±Wt (5) 

mt =[ma>mi2> '••miP\ ( 6 ) 

7w = [m1,/w2,--/w/,Jr (7) 

where N{ and m, are the number and the average vector of the class / samples, respectively, and 
m is the average vector of all samples. 
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In order to get the best values of P, the formula (8) is constructed as follow. 

/5/? r) PT RP J 

ÔP dP[ PTWP/ (PrWP/iy v } i KJ 

then the equation (10) can be deduced from formula (8) on the assumption of formula (9). 

, PTBP (9) 
PTWP 

(B-XW)P = 0 (10) 

To solve the formula (10) is equal to solve the follow characteristic equation: 

\B-XW\-0 (11) 

Following are the deduce process of solving the equation (11). 

B-kW = WW-x(B-kW) = W(W-xB-kl) (12> 

\W(W'XB-U)\ = \W\\(W-XB-M)\ (13) 

\(1V-lB-XI)\-0 (if \W\*0) (14) 

where w~x and B can be computed based on the samples. Thus, the root X of equation (14) can 
be calculated, which are the B eigenvalues relative to W. 
For each non-zero 4 , there is a Pt making the equation (15) valid. 

[Ä-Vrfc-o (15) 

Because B is the summation of C matrixes, the rank of each of which is not larger than 1, there 
are only C-l ranks for B and C-l non-zero eigenvalues for equation (11). Those eigenvalues are 
known as the discrimination values, and their corresponding eigenvectors are the discrimination 
vectors needed. Generally, two vectors of them are selected to form discrimination plane, which 
have the biggest discrimination values. Then the optimal mapping is expressed as follow. 

Y = TX-- (16) 

However, if there are only two classifications for the whole pattern samples, only one 
discrimination vector pl can be acquired by the above-mentioned method. Here ^ maximizes the 
among-class distinguish and minimizes the within-class distinguish, named Fisher criterion, and 
can be expressed as 

Px=aW-x\m^-m^\=aW-xA (17) 

where a is the normalized constant of Px, d = mx-m2. 
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Sammon proposed the method to construct the second vector p2 shown as the formula (18). 

_P*BP2 

PyWP. (18) 

If p2 orthogonalizes with the pl and maximizes the R, p2 is named Sammon criterion and can be 
gotten by formula (19), where ß is the normalized constant of p2. 

P2=ß[w-i -^y/fw-1)2^ (19) 

Because Fisher criterion and Sammon criterion both maximize the among-class distinguish and 
minimize the within-class distinguish, the projection values of K -m2\ or K-w3| onto the two 
orthogonal vectors can reflect the distinguish degree of two types of samples, and \mXj -m2J)dj\ 
(where dt is the component of discrimination vector) can reflect the contribution ratio of each 
factor to the classification. 
Therefore, if the classification of two types of samples is clear in the projection plane, the effect 
of each factor on classification can be identified by m, -m2 in combination with px and p2. 

Freeze Slag Melting Points Analysis 

Experiment Data 

According to the actual freeze slag composition characteristics during the flash smelting process, 
15 groups of slag samples containing high Fe304 were prepared by some chemical reagents, and 
then the slag melting points were measured using a ZDHR-200 type intelligent ash melting point 
test instrument. The experiment results are listed in Table I. 

No. 
~ 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

A 
1.56 
1.55 
1.61 
1.63 
1.54 
1.48 
1.56 
1.63 
1.54 
2.21 
3.78 
6.57 
1.64 
1.46 
1.49 

Table 
B 

10.52 
11.17 
11.41 
12.61 
12.43 
11.94 
10.12 
12.31 
11.42 
12.01 
11.52 
11.08 
6.22 
7.98 
9.87 

. Slag Melting 
C 1 

16.98 
17.71 
18.53 
17.53 
19.94 
21.18 
17.59 
16.35 
17.78 
16.39 
16.56 
18.26 
17.85 
16.78 
17.24 

D 
2.19 
2.32 
2.23 
2.57 
2.36 
2.65 
3.51 
5.63 
8.34 
2.64 
2.58 
2.43 
2.49 
2.65 
2.71 

Point Experiment Data 
E I 

37.29 
38.58 
40.01 
40.01 
37.87 
36.82 
40.84 
39.16 
36.49 
40.53 
40.14 
36.85 
44.06 
43.71 
42.23 

F 
30.35 
27.45 
25.06 
24.3 

24.68 
24.69 
25.13 
23.61 
23.04 
24.64 
24.39 
23.52 
26.51 
26.21 
25.31 

G 
1.11 
1.22 
1.15 
1.35 
1.18 
1.24 
1.25 
1.31 
1.39 
1.58 
1.03 
1.29 
1.23 
1.21 
1.15 

Y 
1390 
1370 
1355 
1360 
1375 
1425 
1337 
1326 
1297 
1355 
1350 
1345 
1430 
1410 
1361 

Class 1 
ï 
2 
2 
2 
1 
1 
2 
2 
2 
2 
2 
2 
1 
1 
2 
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It can be seen from Table I %that there are seven factors influence the freeze slag melting point 
(Y, °C), including MgO content (A, wt %), CaO content (B, wt %), Fe3Û4 content (C, wt %), 
Cu20 content (D, wt %), FeO content (E, wt %), Si02 content (F, wt %) and AI2O3 content (G, 
wt %) in the freeze slag inside brickless reaction shaft. 
It should be noted that the effect of the AI2O3 content ( G ) on the freeze slag melting point was 
not considered, since the AI2O3 content changes very little, and only 0.05 difference between its 
maximum and minimum value. 

Influence Factors ODP Analysis 

Classification. There are 15 groups of experiment data, each of which includes six factors and 
one index. The data can be classified into two classes, and the first class includes 5 data whose Y 
is no less than 1375 °C. 
Normalization And Vectors Calculation. To eliminate the dimension effect of the factors, the 
original data should be normalized to symmetrical distribution, and thus, the average of each 
factor values is 0 and the variance is 1. 
The average vector mx of class 1 samples and m2 of class 2 can be computed based on the 
normalized data as follow. 

^=(-0.3987,-0.5851,0.5803,- 0.4113,0.1290,0.6732)T (20) 

m2 = (0.1994,0.2925, - 0.2901,0.2057, - 0.0645, - 0.3366)T (21 ) 

Then, the difference vector between class 1 and class 2 can be calculated. 

m, -m2 = (-0.5981,-0.8776,0.8704,-0.6170,0.1935,1.0098)T (22) 

Projecting Onto The ODP. px and p2 can be calculated according to the formula (17) and formula 
(19), respectively. 

Pi=(-3.3679,-6.2270,1.5121,-3.1618,-4.8153,-0.5091)T (23) 

P2 =(0.1690,-0.6993,2.5159,0.7161,0.8771,2.1653)T (24) 

Then, the two-dimensional feature vectors yx and y2 were attained by projecting the normalized 
data onto the two orthogonal axes px and p2, and the ODP is shown in Figure 1. 

yx = (9.7033,8.2006,3.1324,6.6188,3.3453,3.1454, - 0.0528, - 4.8406, 

1.0590, -6.6957,-7.6444,-3.8754,0.5955,-9.0351,-3.6563) T 

y2 = (4.7391,4.0346,1.5643,3.3172,1.7346,1.5285,0.1054, - 2.4890, 
(26) 

0.6451,-3.7218,-3.4737,-2.0172,0.3035,-4.4251,-1.8456)T 

As can be seen from Figure 1 that the two class samples occupy different regions respectively, 
that means the classification is so good that it can be used to identify the effect of each factor. 
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Figure 1. Sample projection onto the optimal discrimination plane 

Factor Analysis. The absolute values of the product of the mx-m2 components and px 
components are (2.0142, 5.4647,1.3162,1.9508, 0.9315,0.5141). 
The absolute values of the product of the m1-m2 components and p2 components are (0.1011, 
0.6137,2.1899, 0.4418, 0.1697,2.1866). 
Then, the average absolute values of above two products are (1.0576, 3.0392, 1.7530, 1.1963, 
0.5506, 1.3504). 
It can be seen from those results that the effect sort of the factors on freeze slag melting points is 
BCFDAE, in other words, the CaO content is the greatest factor to the melting points of the 
freeze slag inside brickless reaction shaft, the content of Fe3C>4, SiC>2, CU2O and MgO is the 
second, and the FeO content is the last. 
The analysis results are in good agreement with the theory analysis data reported by Ref. [17]. 

Conclusion 

Although there are many factors influence the melting point of the freeze slag inside brickless 
reaction shaft, but the experiment data of the freeze slag melting point were processed effectively 
by ODP data analysis method. Results show that the CaO content is the greatest factor to the 
melting point of the freeze slag inside brickless reaction shaft, the content of Fe3Û4, Si02, CU2O 
and MgO is the second, and the FeO content is the last. 
The ODP data analysis method is based on the "Birds of a feather flock together" characteristic 
of pattern recognition and depends on the inherent law and classified information of experiment 
data. This method is effective to analyze complex data with multiple factors whose variational 
regularities are not obvious, and can be applied widely to many fields. 
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Abstract 
Ledeburitic tool steels are highly alloyed steels used for specific highly loaded applications 
but are characterized by low and variable hot workability. In this contribution the importance 
of selecting the right choice of some essential process parameters, i.e. casting temperature, 
solidification rate and soaking temperature, needed for improving the intrinsic hot 
deformability of ledeburitic tool steels, is studied. An inappropriate selection of casting 
temperature and cooling rate results in precipitation of unusual eutectic carbides that 
decreases the hot workability, whereas with the selection of appropriate soaking temperature 
the temperature range of safe hot working can be broadened. For each initial as-cast 
microstructure individually determined soaking temperature should be selected. 

Introduction 

The surface cracking during hot deformation of ledeburitic tool steels reduces mechanical 
properties and their industrial yield. These tool steels have high hardness, wear resistance and 
high tempering resistance on one hand, and high flow stresses and low hot deformability on 
the other. Decreased hot deformability of the tool steels is attributed to the type, size, shape, 
distribution, fraction of eutectic carbides and/or other phases, grain growth, etc. at upper limit 
while precipitation of secondary carbides and decreased recrystallization rate at lower limit of 
the safe hot deformation temperature range, [1-6]. 
The occurrence of cracks on most exposed areas of workpiece are related to the areas where 
similar conditions related to upper and/or lower limit of temperature working range prevail, 
i.e. areas with accelerated cooling, areas with higher value of accumulated strains where also 
decreased recrystallization rate with simultaneously presence of higher tensile stresses takes 
place, furthermore areas of workpiece which are due to combustion conditions in furnace 
heated to higher temperatures, etc. Thus the areas, where combination of previously 
mentioned conditions prevails, are more exposed to cracking. This additionally requires that 
hot deformability of ledeburitic tool steel should be considered as a complex problem. 
Publications in the literature with regards to hot deformability of tool steels are predominately 
of a partial nature thus all reasons for unexpected occurrence of cracks are not sufficiently 
explained in available literature so far. Furthermore modern practice proves that previous 
processing parameters significantly influence the hot deformability and thus this cannot be 
considered as a constant value. During heating, soaking and hot deformation various 
processes take place: decay (decomposition) of carbides, formation of new carbides, 
dissolution of carbides and of alloying elements, etc. Thus depending on variation of process 
parameters and chemical composition, that consequently influences the processes related to 
carbides, shifting of decreased deformability at both limits of temperature working range to 
higher and/or to lower temperatures can occur, [1-14]. 
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In this contribution the importance of proper selection of casting temperature, cooling rate and 
soaking temperature on hot workability of ledeburitic tool steels of AISI M42 - type is 
presented. 

Applied Materials and Experiments 

Applied Tool Steels 

The proposed approach will be illustrated with particular results obtained in thermo-
mechanical processing of ledeburitic tool steels, i.e. AISI M42 (super HSS) and W.Nr. 
1.2690. All these steels contain C and carbide-forming elements, i.e. Cr, W, Mo and V with 
the chemical compositions are given in Table 1. The microstructure of these steels consists of 
a martensitic matrix in which the ledeburitic and secondary carbides are present. In Fig. la 
typical microstructures of ledeburitic tool steels for as-cast initial state are presented. 
An optical microscope (OM, Carl Zeiss AXIO Imager.Alm) and a field-emission gun 
scanning electron microscope (FE SEM) in combination with an attached EDS (INCA x-
SIGHT LN2 with INCA ENERGY 450 software) and EBSD (INCA CRYSTAL 300) 
analytical tools were used to observe the microstructures and to determine the type of 
carbides. 

Table 1: Chemical composition of applied tool steels in (wt%): M42, D2 and W.Nr 1.2690. 

AISI M42 
W.Nr. 1.2690 

C 
1.09 
1.17 

Si 
0.26 
0.24 

Mn 
0.25 
0.26 

Cr 
3.81 
11.3 

Mo 
9.32 
1.35 

V 
1.09 
1.48 

W 
1.40 
2.24 

Co 
8.20 

-

Industrial and Laboratory Tests for Selection of Appropriate Process Parameters 

The influences of the selected casting temperature on hot workability, the influence of 
cooling rate on obtained microstructure and selecting of appropriate soaking temperature for 
selected microstructure were studied, combining laboratory and industrial experiments. The 
industrial investigation of the hot workability involved studies of the influence of the casting 
temperature, cooling rate and soaking temperature on the initial microstructure and 
occurrence of cracking during the hot forging and hot rolling of ingots and billets. Laboratory 
hot compression tests for selection of appropriate soaking temperatures were carried out on 
Gleeble 1500D thermo-mechanical simulator. Appropriate soaking temperature was 
determined individually for each of three different as-cast initial states (obtained at three 
different cooling rates) applying special procedure; the criterion for the assessment was the 
appearance of cracks on the compressed specimen's surface at appointed strain, strain rate 
and soaking time and the corresponding microstructure of the deformed cylindrical specimen 
with initial dimensions O =10 mm x 15 mm. The procedure was repeated from initial 1200 °C 
and with decreasing temperatures in 20 °C steps until the compressed sample exhibited a 
crack-free surface. A detailed description of this procedure for determining the appropriate 
soaking temperature is given elsewhere, [1]. The hot workability of selected tool steels was 
verified in industrial conditions using previously laboratory-determined soaking temperature 
and then compared with a too-high temperature. 

Casting at Various Temperatures and Testing of Hot Workability 
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Results of the influence of casting temperature on hot workability will be given at forging of 
W.Nr. 1.2690 tool steel. Hot forging of ingots with O = 143 mm, that were cast with a too-
high and at appropriate temperature, respectively, were carried out and appearance of internal 
cracks in the central region of the forged and rolled billets were investigated. 

Laboratory Determination of Appropriate Soaking Temperature for Various Initial As-cast 
Microstructures and Hot Workability 

Importance of selection of appropriate soaking temperature for initial as-cast microstructures 
obtained at various cooling rates; i.e. at cooling rate of 0.25K/s and 0.16 K/s, on hot 
workability will be presented for M42 tool steel. Namely cooling rate strongly influences the 
obtained microstructure, selection of appropriate soaking temperature and consequently also 
on hot workability. Applying of previously described procedure (section 2 and in [1]) for hot 
compression test on Gleeble 1500D appropriate soaking temperatures for each initial as-cast 
microstructure individually were assessed. After this hot rolling of ingots as well as 
continuously casted billets were carried out and hot workability was assessed. 

Results 

Influence of Casting Temperature on Obtained Microstructures and on hot Workability 

During the ultrasonic investigation of the soft-annealed billets O - 143 mm from the W.Nr. 
1.2690 tool steel, hot-forged from ingots that were cast at a too-high temperature, for some 
billets or parts of billets internal defects were detected in their central region. The temperature 
of heat at the end of the vacuum treatment was 1512 °C, which was recognized as being a 
too-high temperature. Figure la shows microstructure of carbide stringer perpendicular to the 
forging direction in the central region of a hot-forged and soft-annealed billet, which consist 
of spheroidised carbides, a larger quantity of ledeburitic carbides than is usual for this type of 
steel, microporosity and ferrite. Detail of carbide stringer is shown in Figures lb where 
beside carbides M7C3 and M23C6 which are usually present in these types of tool steels also 
MC and M6C carbides were found. All these carbides were confirmed by combined EBSD 
and EDS analyses. Inspection of microstructure also shows larger eutectic colonies with 
larger eutectic carbides, especially in the center part of the ingot, and consequently in 
stringers carbide regions in the microstructure after plastic deformation. This kind of 
morphology is a consequence of too-high casting temperature and results in more intensive 
segregations of vanadium and tungsten and the precipitation of their carbides. Despite 
enormous carbide segregations in the ingot core the deformed ingot did not crack during the 
radial hot forging. But during the subsequent hot rolling of the billets to a round profile of $ 
61 mm, where tensile stress states were present, the yield was approximately 15% lower in 
comparison to the charges that were cast at the optimum temperature. Here is worth 
mentioning that the microstructure which was taken from the center of the forged and rolled 
billet (ingot previously casted at optimum temperature), consists of ferrite, spheroidised 
M23C6-type carbides and smaller ledeburitic M7C3-type carbides while no MC and M6C-type 
carbides were found. 
A detailed investigation of the internal cracks from the central region of the billets with the 
optical microscope, FE SEM and the combined EDS and EBSD analyses of microstructure 
showed that cracks do not follow the stringers consisting of the usual M7C3 and M23C6 types 
of carbides but rather along the stringers that contain previously mentioned carbides, that are 
unusual for this type of tool steels and are not present if the casting temperature is optimum; 
i.e. small vanadium eutectic carbides and small complex eutectic carbides (see Figures lc-d). 
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The complex carbides are composed of small vanadium carbides of type VC surrounded by 
M7C3 in the central part and of precipitated M23C6 in the outer part. Thus in the regions where 
the carbide segregations of these vanadium and complex carbides are present, the tool steel 
cracks during hot deformation. 

Figure 1: The microstructure of a soft-annealed forged billet of 0=143 mm from W.Nr. 
1.2690 tool steel (perpendicular to the deformation direction): enormous carbide stringer in 

the center of the billet, OM (a); larger eutectic carbides and a new type of carbide in the base 
microstructure from spheroidised carbides and ferrite in the carbide stringer, OM (b), 

appearance of cracking in the central part of the soft-annealed rolled billet steel along unusual 
segregations of "yellow-colored" vanadium carbides, OM (c); segregation of vanadium and 

complex carbides near crack (d). 

Appropriate Soaking Temperature and Hot Workability for Various Initial As-cast 
Microstructures 

Influence of Soaking Temperature on Hot Workability for Microstructures in Casted Ingot 
In the casted ingot varieties of microstructure is usually obtained since each selected spot on 
ingot cross-section towards ingot centre underwent different cooling rate. Thus for M42 tool 
steel and cooling rate of 0.25 K/s a microstructure shown on Figure 2a was obtained; the fine 
lamellar as-cast microstructure with precipitated M2C type of carbides. On other hand at 
cooling rate of 0.16 K/s beside M2C type of carbides also for this tool steel unusual, i.e. lS/kC 
type of carbide precipitated (see Figure 2b). For cooling rate of 0.25 K/s and applying of 
inappropriate, i.e. too high soaking temperature (1180 °C), a microstructure with coarse 
grains and coarse eutectic carbides (Figure 2c) in final rolled piece was obtained. Further, it 
was found out that in the case of too high soaking temperature at upper limit of temperature 
working range, due to coarsening of carbides, the hot workability is decreased. Namely the 
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number of small carbides decreases and the size of big carbides increases although their 
fraction changes according to phase equilibrium (diagram). On the contrary in the case of an 
appropriate soaking temperature (1150 °C) the initial as-cast microstructure can be 
transformed into a fine grained microstructure with fine and equally (regularly) distributed 
eutectic carbides (Figure 2d); the number of big carbides is reduced and results in increased 
hot workability at upper and lower limits of temperature working range. Thus, the coarser 
carbides and/or carbide clusters, that have been formed during soaking, represent the spots for 
initiation of micro-cracks so during initial stage of hot deformation as well as during final 
stage of hot deformation; thus by applying of appropriate soaking temperature the process of 
coarsening of carbides should be (will be) avoided that lead to extending of temperature range 
of safe hot working. 
Furthermore these results show that the process of dissolution of fine carbides and 
coagulation as well as growth of coarser carbides during soaking before hot deformation is 
irreversible. In the case of applying of too high soaking temperature with subsequent hot 
rolling the coarser carbides that form during soaking cannot be broken down and 
consequently coarser eutectic carbides are present in the final microstructure which also 
influence on mechanical properties of final-product. Thus applying of soaking at too high 
temperature leads to decreased deformability so at upper as well as lower limits of 
temperature working range. This recognition play important role especially at hot 
deformation in several heats (cycles) in industrial conditions. 

Figure 2: Microstructure for AISIM42 tool steel obtained at solidification rate of 0.25 K/s (a) 
and at solidification rate of 0.16 K/s (b), obtained microstructure at hot rolling applying of 

inappropriate (too high) soaking temperature of 1180 °C for (c) and microstructure obtained 
in rolled piece at appropriate soaking temperature 1150 °C (d) for obtained microstructure at 

cooling rate of 0.25 K/s. 

225 



Too slow cooling rates (microstructure on Figure 2b), as in the case of casting at too-high 
temperature (for W.Nr. 1.2690 tool steel (Figure 1)), result in occurrence of a new type of 
carbides that leads to decreased hot deformability as it has been already presented in the case 
of casting at too high temperature. Thus too high casting temperature and too slow cooling 
rates at ledeburitic tool steels cannot be considered as mutual independent but as mutual 
dependent influential parameters. 

Influence of Soaking Temperature on Hot Workability for Microstructure in Continuously 
Cast Billet 
Influence of initial microstructure on selection of appropriate soaking temperature (M42 tool 
steel) will be illustrated on continuously cast billet square of 130 mm. Figure 3a shows as-
cast microstructure 25 mm under the surface of the billet. Regarding to described procedure 
in section 2 or in [1] temperature of 1140 °C was determined as appropriate soaking 
temperature. Figures 3b-c show the results of the influence of soaking on coarsening of 
carbides so at appropriate (1140 °C) as well as at to high (1170 °C) temperature and their 
influence on hot deformability. During soaking at 1170 °C coarse carbides were formed that 
lowers hot deformability; this results in cracking along previous dendrite grain boundaries, 
where they are concentrated (Figure 3b). At soaking temperature of 1140 °C the coagulation 
and coarsening of carbides was not remarkable and the deformed sample did not crack 
(Figures 3c). It means that also in the case of soaking at too high temperature and subsequent 
hot deformation on lower temperature (a.m. 1140 °C) the material would exhibit lower hot 
deformability due to presence of oversized carbides in matrix. Applying of soaking 
temperature of 1150 °C, which was appropriate soaking temperature for microstructure 
obtained at cooling rate of 0.25 K/s, at the microstructure shown on Figure 3a resulted in 
decreased hot deformability. Thus for each initial as-cast microstructure appropriate soaking 
temperature should be selected. 

Figure 3: Influence of soaking temperature on coarsening of carbides and on hot 
deformability for continuously cast M42 tool steel on upper limit of temperature range: initial 
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as-cast microstructure (a), soaking and deformation temperature 1170 °C (b); soaking and 
deformation at temperature of 1140 °C (c), 

Conclusions 

The results of the study of the influences of casting temperature, cooling rate and soaking 
temperature on the hot workability of ledeburitic tool steels can be summarized as follows: 

- Selecting the correct values for casting and soaking temperatures as well as for 
cooling rate improves the intrinsic hot workability of the investigated ledeburitic tool 
steels. 

- At a too-high casting temperature small unusual and/or small complex carbides 
additionally precipitate in the matrix during solidification. Cracking during hot 
deformation then predominately occurs along these carbides. 

- A too-low cooling rate results in the formation of a new type of carbides, which are 
usually not formed during solidification at higher cooling rate. Due to their different 
properties they deteriorate hot workability and influence the properties of the final 
products. 

- The soaking temperature influences the dissolution, the spheroidisation, the 
coagulation and the growth of carbides, the growth of austenitic grains. Selecting the 
appropriate soaking temperature extends the temperature range of safe hot working, so 
at the lower as well as at upper limits. A too-high soaking temperature for a particular 
soaking time results in coarser carbides that leads to decrease of the hot workability at 
both limits of the temperature working range. 
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Abstract: Single crystal nickel-base superalloy is prepared by using the various withdrawing 
rates. By measuring creep properties and microstructure observation, the influence of the element 
segregation on creep properties of the superalloys is investigated. Results show that the dendrite 
spacing and the segregation extent of the elements decrease with the enhancing withdrawing rate. 
The superalloy with smaller dendrite spacing has lower segregation of the elements and better 
creep resistance. The dislocations climbing over the rafted y' phase is thought to be the 
deformation mechanism of the alloy during steady state creep. In the later stage of creep, the fact 
that some dislocations shear into the rafted Y phase may twist the rafted y' phase. As the creep 
goes on, the initiation and propagation of the cracks occur up to occurring creep fracture, which 
is thought to be the fracture mechanism of the superalloy during creep. 

Keywords: Single crystal nickel-based superalloy, withdrawing rates, dendrite spacing, creep 
properties, microstructure, deformation mechanism 

1. Introduction 

Single crystal nickel-based superalloys consist of high volume fraction of y' strengthening 
phase and y matrix, and possess the excellent high-temperature mechanical and creep properties, 
therefore, they have become the main material to make the blades of the advanced 
aeroengines[l-3]. Some literatures report that the temperature-bearing and creep-resistance 
properties of the single crystal nickel-based superalloys can be remarkably improved as the 
increases content of the refractory elements, such as W and Re[4~6]. 

During single crystal preparing, the solidification temperature and withdrawing rates have 
the important effect on the mechanical and creep properties of single crystal superalloys|7.8]. 
Although single crystal superalloys are produced in a vacuum directional solidification furnace 
under the condition of a high temperature gradient, the composition segregation occurs still in the 
regions between the dendrite and interdendrite, but the influence of withdrawing rates on the 
dendrite spacing, elements segregation and creep properties is not still clear. 

In the paper, by means of different withdrawing rates, the bars of the single crystal 
nickel-based superalloy with different dendrite spaces were prepared for investigating the effect 
of the withdrawing rates on dendrite spacing, element segregation and creep properties with the 
aid of creep property measurements and microstructure observation. 

2. Experimental procedure 

The single crystal nickel-based superalloys with [001] orientation have been prepared by 
means of selecting crystal method in a vacuum directional solidification furnace under the 
condition of a high temperature gradient. All samples were within 7° deviating from the [001] 
orientation. The nominal chemical composition of the superalloy is Ni-5Cr-6Co-4Mo-5 Al-8Ta-
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9W (wt. %). The heat treatment regimes of the single crystal nickel-based superalloys are given 
as follows: 1280°C x 2 h + 1310 °C x 4h, A.C + 1080°C x 4h, A.C + 870°C x 24 h, A.C. 

After fully heat treated and the crystal orientation determined, the bars of the single crystal 
superalloys were machined into the plate-like tensile creep specimen along the direction parallel 
to the [001] orientation, the sizes of the cross-section in the sample are 4.5 mm><2.5 mm and the 
gauge length being 15 mm. The wide surface of the specimens are (100) plane. After the 
specimens surface being mechanically grinded and polished, uni-axial constant load tensile tests 
were performed in a creep testing machine (GWT504 model) under the conditions of different 
temperatures and stresses, for measuring the creep curves. The microstructures of the superalloys 
after heat treated and crept for different time were observed under the scanning electron 
microscope (SEM) and transmission electron microscopy (TEM). In addition, the apparent creep 
active energies and stress exponents of the superalloys were calculated according to the creep 
curves and the strain rates during steady creep stages of the alloys under different conditions. 

3. Experimental results and analysis 

3.1 Dendrite spacing and compostion segregation 

The bars of the single crystal superalloys with different dendrite spacing were prepared 
using different withdrawing rates of 0.07 and 0.08 mm/s, which were denoted as alloys 1 and 2, 
respectively. The dendrite morphologies on the (001) crystal planes of the as-cast superalloys are 
shown in Fig 1. The dendrites on the single crystal superalloys prepared at different withdrawing 
rates are regularly arranged along the [100] and [010] directions, and exhibit the feature of the 
"+" shape on (001) crystal planes. And the alloy 1 prepared at the low withdrawing rate has 
relatively larger dendrite spacing, as shown in Fig 1(a). Compared to alloy 1, the alloy 2 prepared 
at the higher withdrawing rate has smaller dendrite spacing, as shown in Fig 1(b). It can be 
measured according to Fig 1(a) and (b) that the primary dendrite spacing of the alloys 1 and 2 are 
166-186 and 144-164 um, and the secondary dendrite spacing being 100-120 and 89-109 um, 
respectively. 

Figl. Dendrite morphologies of as-cast alloys 1 and 2. (a) Alloy 1; (b) alloy 2. 

Although the the dendrite of as-cast superalloys prepared at different withdrawing rates may 
be regularly grown, the composition segregation in the dendrite and interdendrite regions occurs 
obviously due to the refractory elements with high-content, such as Ta, Mo and W. The element 
distributions in the dendrite and interdendrite regions of the alloys 1 and 2 are shown in Table 1. 
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The formula of the calculated segregation coefficients is given as following : 

/f = Cintg~CdenxlOO% (1) 

where K is the segregation coefficient, C ^ i s the content of the element in the interdendrite 
region, and Cden is the content of the elements in the dendrite region. 

Table 1.Distribution and segregation coefficients of the elements in the interdendrite / 
dendrite regions of the as-cast alloys 

Regions 
Dendrite 

Interdendrite 
K 

Dendrite 
Interdendrite 

K 

Al 
3.56 
4.4 

23.6 
4.19 
4.68 
11.69 

Ta 
8.74 
13.03 
49.08 
9.07 
12.36 
36.27 

Cr 
5.58 
4.62 
-17.2 
5.57 
5.06 
-9.16 

W 
9.73 
6.92 

-28.88 
9.42 
7.03 

-25.39 

Co 
4.46 
5.29 
18.61 
4.42 
4.83 
9.28 

Mo 
5.98 
4.18 
-30.1 
5.75 
4.21 

-26.78 

It can be concluded according to Table 1 that two superalloys prepared at different 
withdrawing rates have the bigger composition segregation. This indicates that the elements Cr, 
W and Mo are richly distributed in the dendrite region, while the elements Al, Co and Ta are 
richly distributed in the interdendrite region. Thereinto, the element Ta is the strongest normal 
segregation one, and the segregation coefficients in the alloys 1 and 2 are calculated to be 49.08% 
and 36.27%, respectively. The element Mo is the strongest negative segregation one, and the 
segregation coefficients in the alloys 1 and 2 are calculated to be -30.1% and -26.78%, 
respectively. The segregation coefficient of the element W in ther alloy 1 and 2 are calculatede to 
be -28.88% and -25.39%, respectively. And the segregation coefficients of the elements in alloy 1 
are bigger than the ones of the elements in the alloy 2. When the more refractory elements are 
un-homogeneously distributed in the alloys, it is easy for the refractory elements to accumulate in 
local regions, which may accelerate the formation of the TCP phase. And the creep resistance of 
superalloys shall be decreased to the great extent once the TCP phase is formed to deplete the 
refractory elements in the neighboring regions[9,10]. 

Table 2.Distribution and segregation coefficients of the elements in the interdendrite / 
dendrite regions of the alloys after fully heat treated 

Alloy Regions Al Ta Cr W Co Mo 

Dendrite 4~ÔÏ 9.38 
I Interdendrite 4.52 11.12 

K 12.72 18.55 
Dendrite 4.29 9.88 

II Interdendrite 4.56 10.91 
K 6.29 10.43 

5.87 9.03 
5.31 7.52 
-9.54 -16.72 
5.73 8.86 
5.46 7.72 
-4.71 -12.87 

4.89 5.64 
5.3 4.62 

8.38 -18.08 
4.97 5.63 
5.23 4.87 
5.23 -13.5 
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After fully heat treated, the distribution and segregation coefficients of the elements in 
between the interdendrite / dendrite regions of the alloys 1 and 2 are shown in Table 2. It can be 
seen the uniformity extent of the elements between the interdendrite / dendrite regions is 
obviously improved for both alloys. Thereinto, the segregation coefficient of the element Ta in 
the alloy 1 has decreased from 49.08% to 18.55%, the ones of the element Mo decrease from 
-30.1% to -18.08%. And the segregation coefficient of the element Ta in the alloy 2 has decreased 
from 36.27% to 10.43%, the ones of the element Mo decrease from -26.78% to -13.50%. This 
suggests that solution treatment at high-temperature may decrease the segregation extent of 
elements in the interdendrite / dendrite regions of the superalloys, but the varous decreasing 
extents are displayed in the alloys with different dendrite spacings. 

3.2 Creep properties of the superallovs 

After the alloy 1 which has the bigger dendrite spacing is fully heat treated, the creep curves 
of the alloy at different conditions are measured as shown in Fig2. The creep curves of the alloy 
under the applied different stresses at 1040 °C are shown in Fig2(a), this indicates that the creep 
feature of the alloy 1 under the applied stress of 137 MPa at 1040 °C displays a shorter initial 
creep stage and longer steady creep stage, the strain rate of the alloy during steady state creep is 
measured to be 0.07266%/h, the creep lifetime is measured to be 65 h. As the applied stress 
increases to 150 MPa, the strain rate during steady state creep is measured to be 0.04589 %/h, 
the creep life of the alloy decreases from 65 h to 46 h. The creep curves of the alloy 1 under 
the applied stress of 137 MPa at 1030 °C and 1040 °C are shown in Fig2(b), it can be calculated 
according to the curves that the strain rates of the alloy during steady state creep are measured to 
be 0.0359%/h and 0.04589%/h, and the creep lifetimes of the alloy are measured to be 97 h 
and 65 h, respectively. 

Fig2. Creep curves of the alloy 1 under different conditions 
(a) Applied different stresses at 1040 °C, (b) applied stress of 137 MPa at different temperatures 

After fully heat treated, the creep curves of the alloy 2 with smaller dendrite spacing 
are measured as shown in Fig3. Figure 3(a) shows the creep curves of the alloy 2 under the 
applied different stresses at 1040 °C, which is similar to the creep features of the alloy 1. 
Thereinto, under the applied stress of 137 MPa at 1040 °C, the strain rate of the alloy during 
steady state creep is measured to be 0.0331%/h, and the creep lifetime is measured to be 106 
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h. When the applied stress increases to 150 MPa, the strain rate of the alloy during steady 
state creep increases to be 0.05182%/h, and creep life decreases to 81 h. But the strain rate 
of the alloy during steady state creep increases to 0:07041%/h when the applied stress 
increases to 160 MPa, and creep life decreases to 58 h. 

Fig3. Creep curves of the alloy 2 at different conditions, (a) Applied different stress at 1040 °C, 
(b) applied stress of 137 MPa at different temperatures. 

Under the applied stress of 137 MPa at different temperatures, the creep curves of the 
alloy 2 are measured as shown in Fig3(b). The strain rates of the alloy during steady state 
creep at 1030°C, 1040°C and 1050°C are measured to be 0.02564%/h, 0.0331%/h and 
0.04152%/h, respectively, and the creep lifetimes of the alloy 2 are measured, in turn, to be 145 
h, 106 h and 65 h. This indicates that, in the ranges of the applied temperatures and stresses, the 
strain rate of the alloy 2 during steady state creep increases with the applied temperatures and 
stresses, and the creep lifetimes of the alloy,2 display an obvious sensitivity to the applied 
temperatures and stresses. 

1 - Bigger dendrite spacing 
2 -- Smaller dendrite spacing 
T - 1 0 4 0 ° C 
c-137 MPa 

20 40 60 80 100 120 
Time.(h) 

Fig4. Creep curves of the alloys with different dendrite spacing at 137MPa/1040 °C 

Under the conditions of the applied stress of 137MPa at 1040 °C, the creep curves of the 
alloys 1 and 2 with different dendrite spacing are measured as shown in Fig. 4. It may be 
understood from Fig. 4 that, compared to the alloy 1, the alloy 2 displays a lower strain rate 
during steady state creep and longer creep lifetime. The creep lifetimes of the alloys 1 and 2 are 
measured to be 65 and 106 h, respectively, compared to the alloy 1, the creep lifetime of the alloy 
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2 under the applied stress of 137MPa at 1040 °C increases about 63%, and the alloy 2 with 
smaller dendrite spacing possesses a better creep resistance and longer creep lifetime. 

3.3 Constitutive equation and creep parameters 

The transient strain of the single crystal nickel-based superalloy occurs at the moment of the 
applying stress at high temperatures. As the creep goes on, the density of dislocations increases, 
which results in the strain hardening of the alloy, and increases the resistance of the dislocation 
movement to decrease the strain rate of the alloy. At the same time, the slipping and climbing of 
dislocations in the alloy are accelerated by means of the thermal activation, which results in the 
recovery softening of the alloy to relax the stress concentration. When the equilibrium of the 
strain hardening and the recovery softening is obtained, the strain rate of the alloy keeps constant 
for entering the steady state stage of creep. Therefore, the strain rate of the alloy can be expressed 
by the Dorn law: 

èss^Aoï&pi^) (2) 

In the equation, èM is the strain rate during steady state creep, A is the constant related to 
material structure, aA is the applied stress, A? is the apparent stress exponent, R is the gas constant, 
T is thermodynamics temperature, and Q is the apparent creep activation energy. 

Fig5 .Relationships between the strain rates and applied temperatures, stresses during the steady 
state creep, (a) Strain rate vs. temperatures, (b) strain rate vs. applied stresses 

According to the strain rates of the alloy during steady state creep in Fig. 2 and Fig. 3, the 
dependence of the strain rates on the applied temperatures and stresses are shown in Fig. 5(a) and 
(b), respectively. It can be calculated according to Fig. 5 that, in the ranges of the applied 
temperatures and stresses, the apparent creep activation energies and stress exponents of the 
alloys 1 and 2 are calculated to be Qi = 349.2 kJ/mol and Q2= 363.3 kJ/mol, respectively. And 
the stress exponents of the alloys 1 and 2 are calculated to be ni = 5.1 and ni= 4.9, respectively. 
This indicates that, compared to the alloy 1, the alloy 2 has a better creep resistance. And it can 
be deduced by analysis according to the stress exponents that, in the ranges of the experimental 
temperatures and stresses, the deformed mechanism of the alloys during steady state creep is the 
dislocation climbing over the y' phase. 
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3.4 Microstructure evolution and deformation features 

Microstructure of the alloy 2 after fully heat treated 
is shown in Fig. 6, which is similar to the one of the alloy 
1. This indicates that that the microstructure of the alloy 
consists of the cubical y' phase embedded coherently in 
the y matrix. The volume fraction of the y' phase is 65%, 
and the edge size of the cubical y' phase is about 0.4 urn, 
the size of the y matrix channel is about 50 nm in width, 
and the cubical y' phase is regularly aligned along <100> 
orientations. 

After crept for 106 h up to fracture under the applied „. , m , , „ , „ A „ „ 
*- r m w n , 1rt/lftoP *u < ^ • 4u Fig6. Morphology of the alloy after fully stress of l37MPa at 1040°C, the microstructure in the , , heat treated different regions of the alloy 2 is shown in Fig. 7. The 

morphology in the region far from the fracture is shown in Fig7(a) in which the direction of the 
applied stress is marked by arrow, which indicates that the cubical y' phase in the alloy had been 
transformed into the rafted structure along the direction vertical to the stress axis. The rafted y' 
phase in the alloy had been twisted, the size of the rafted y' phase in thickness is about 0.6 um, 
and there are some dislocations shearing into the rafted y' phase as marked by arrow. The 
morphology in the region near the fracture is shown in Fig7 (b), the bigger strain in the alloy 
occurs in the region due to the constriction of the sample neck, which results in the twisted and 
broken of the rafted y' phase as marked by letter A. The fact that significant amount of 
dislocations shear into the rafted Y phase indicates that the alloy has lost the creep resistance, 

Fig. 7 Morphology after alloy 2 crept for 106 h up to fracture 
(a) Twisted of the rafted Y phase, (b) dislocation shearing into the rafted y' phase 

The alternative slipping of dislocations during later stage of creep occurs, which twists the 
rafted y' phase in the alloy, as shown in Fig7(b), and the cavities and micro-cracks are easily 
formed in the interfaces of the rafted y'/y phases due to the twisted of the rafted y' phase. As the 
creep goes on, the quantities of the dislocations shearing into the Y phase increase to bring the 
stress concentration, which promotes the propagation of the microcracks up to occuring 
fracture[l l ] . This is thought to be the fracture mechanism of the alloy during creep. 
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4. Conclusions 

(1) The different dendrite spacing in the single crystal nickel based superalloy may be 
prepared, by using the various withdrawing rates, to obtain the various segregation degree of the 
elements in the dendrite / interdendrite regions, and the segregation degree of the elements in 
alloy diminishes with the dendrite spacing. 

(2) The alloy with small dendrite spacing displays a better creep resistance. In the 
experimental temperature and stress ranges, the creep active energies of the alloy during steady 
state creep is measured to be Q = 363.3 kJ/mol. 

(3) The alternative slipping of dislocations during later stage of creep may twist the rafted y' 
phase to result in the initiation of the micro-cracks, and the quantities of the dislocations shearing 
into the y' phase increase, as the creep goes on, to promote the propagation of the microcracks up 
to occuring fracture. This is thought to be the fracture mechanism of the alloy during creep. 
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Abstract: Rutile, ilmenite and Al-Ca complex reducer were used to prepare high titanium ferrous alloy by 
enhanced reduction-SHS method. The effects of the complex reducer compositions and slag types on the enhanced 
reduction-SHS process were investigated. The high titanium ferrous alloys were characterized by XRD and SEM. 
The results indicate that the high titanium ferrous alloys consist mainly of TiFe^, AlTi3 and AI2O3. The oxide 
inclusions exist resulting in directly the high oxygen content and micro-structural defects in the alloys, The 
titanium and oxygen contents decrease, but the aluminum content in the alloy increases while the mass ratio of 
calcium in the Al-Ca complex reducers increases. When the mass ratio of Al/Ca in the Al-Ca complex reducer is 
6:1, titanium, oxygen and aluminum contents are 63.75%, 3.01% and 10.72% respectively. When the mass ratio of 
Al/Ca is 5:1 titanium content is 55.00% nearly and aluminum content is higher than 14.00%, but oxygen content 
is lower than 2.0%. 

1. Introduction 
The high titanium ferroalloys with 65%~75% titanium have the advantages of low melting point and high 

titanium content. They are widely used in special steel refining, while they are also a kind of very important 
quality orientation alloys in the rage of aviation and aerospace. At present, the methods of preparing high titanium 
ferroalloy include vacuum remelting and thermit reduction. The alloys prepared by the vacuum remelting method 
have good qualities and low oxygen content, so it is widely used in Russia, Western Europe and other developed 
countries. In China, there are abundant rutile resources, but waste titanium is lack, therefore, the preparation 
method is the thermit reduction. But there are many quality defects in the high ferrotitanium alloy, including high 
oxygen content, unstable quality and so on. In order to improve the qualities of the high titanium ferroalloy, 
especially to reduce oxygen content, the domestic and overseas have done a lot of further researches. For example, 
Sichuan E-mei ferroalloy plant and Beijing Nonferrous Metal Research Institute have prepared high titanium 
ferrous with 73.77% titanium with natural rutile, but the oxygen content is high. Through controlling the quality 
of raw material, they obtained the better qualities, but the oxygen content is still very high. South Africa Mintek 
company have prepared high titanium ferrous alloy with low nitrate by plasma heating under the isolation air 
conditions, but they couldn't also remove effectively oxygen in the alloy. The oxygen exists in the form of AljOj 
and titanium protoxide. So it can be speculated that except TO2 not being fully reduced, the no-sufficient 
alloy-slag separation is the direct reason resulting in high oxygen and poor microstructure. In view of 
present technical difficulties during preparing high titanium ferroalloy by thermit reduction, this paper proposed a 
new method of preparing high titanium ferrous with low oxygen by enhanced reduction-SHS with Al-Ca complex 
reducer. Ca in Al-Ca complex reducer has stronger reductive ability, it can effectively strengthen the reductive 
degree of Ti02. The slagging agent CaO CaF2 and MgO can effectively reduce the viscosity of AI2O3 slag to 
improve its liquidities to strengthen alloy-slag separation effects so that to remove inclusions and oxygen. In this 
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paper, effects of slagging agent type on the reduction and the qualities of high-titanium ferroalloy were studied. 

2 Experiments 
2.1 Experimental materials 

The reactants include rutile (chemical compositions of Ti02 89.2%, Si02 is 5.4%, A1203 is 2.4%), ilmenite 
(chemical compositions of Ti02 is 50.6%, TFe is 32.3%, Si02 is 4.1%), CaO (>98%), KCIO3 (>98%) .reducer 

Al (>99%) andCa (>99%) . 
2.2Experimental Process 

Tabl Analysis results of micro-region in alloy samples/mass% 

No 

(a) 

(b) 

(c) 

(d) 

(e) 

(0 

Al/Ca 

12:1 

6:1 

5:1 

5:1 

7:3 

7:3 

slag compositions 

10%CaO-90%Al2O3 

20%CaO-80%Al2O3 

25%CaO-75%Al203 

3.6%CaF2-24. l%CaO-72.3%Al203 

36.6%CaO-63.4%Al203 

6.4%MgO-30.2%CaO-63.4% M2(h 

Rutile, ilmenite, CaO and KCIO3 were dried at 400*C for 12h, and then weighed to be mixed with complex 
reducer. The reductant compositions and smelting slag compositions are shown in table 1. For tests (a)~(f)> m a s s 

ratio of rutile and ilmenite is 3:1, tmass fraction of KCIO3 is mass 30% of rutile. For tests (b)~(d), mass rati° of 
rutile and ilmenite is 2:1, mass fraction of KCIO3 is mass 20% of rutile. 

The reactant mixtures are put into graphite reactor enclosed magnesia lining, and magnesium powders was put 
to the reactant surface, and then magnesium was ignited to induce the SHS reaction. The high temperature melt 
was gotten and then casted into the mold to be cooled to room temperature,. At last, we pull out the ingot and 
collect slag samples. 
2.3 Analytical methods 

The alloy microstructures were analyzed by scanning electron microscope(SEM,,S300, Cambridge UK). 
Preparing process of alloy samples follows as: firstly polishing—►corroding for 10~20s—»washing—► scrubbing by 
alcohol—►drying.. The corrosive liquid is mix acid of HF:HN03:H20=l~3ml:2~6ml:91~ 97ml.. The phase 
compositions of alloys and slags were analyzed by X'Pert Pro MPD (type PW3040/60, scanning speed of 
2°/min).The oxygen content in alloy was measured by the oxygen and nitrogen analyzeKtype G8.Germany Bruker 
Ltd). 

3. Results and discussions 
3.1 XRP analysis 

Fig.l is XRD patterns of the samples (a)~(f). It can be seen from Fig.l that the alloys consist mainly of TiFe2, 
AlTi3, A1203 and so on. Al2Ch exists in all samples which illustrates that metal-slag separation effect is not 
thorough. When mass ratio Al/Ca is 12:1 in the complex reducer, there exists still Ti02 phase in sample (a); but 
when mass ratio of Al/Ca is 6:1, Ti02 phase diffraction peak weakens significantly in sample (b), and it will 
transform into TiO, Ti60 and so on. While mass ratios of Al/Ca are 5:1 and 7:3, there don't exist Ti02 phase in the 
sample(cMf)- However the existence of basic oxides, especially CaO, is beneficial for the reduction of Ti02. With 
mass fraction of basic oxide slag in samples (a) ~(f) (CaO, MgO and CaF2) increasing gradually, the 
thermodynamics reduction reaction of Ti02 becomes more enough. Seen from Fig. 1(a), mass fraction of CaO in 
slag is 10%, there exists unreduced TiCb phase in alloy; when CaO mass fraction is 20%, titanium exists in the 
form of suboxide TiO, Ti60 and so on. With the mass of CaO increasing, it can combine with A1203 to generate 
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calcium aluminate which reduces the chance of Ti02 combining with AI2O3, and then it can reduce the viscosity of 
A1203 slag and improve its liquidities to strengthen the alloy-slag separation effects. 

With the mass fraction of calcium in the complex reducer increasing, as soon the reductive degree of ÜO2 was 
significantly strengthened, as the elementary substance Fe appeared in samples (c) ~ (f). Because of the mass 
fraction of calcium in the complex reducer increasing, the reductive abilities were remarkably enhanced, and more 
reaction heats were released to make adiabatic temperature higher. Since adding KCIO3 made fatherly the SHS 
reaction temperature increase significantly resulting in the metal titanium evaporating dramatically, Fe content in 
the alloy increased significantly and elementary substance Fe appeared. When adding CaF2(in samples (c) -(d)) 
or MgO (in samples (eHO) to reactants, they improved slag liquidities which was benefit for removing inclusions 
in aïioys anà improving "its microstructures. 

Fig. 1 XRD patterns of the alloy samples 

3.2 SEM Analysis 
Fig. 2 shows SEM photos of the samples (a) ~ (f). It can be seen from Fig.2 that there are three obvious 

different regions (region A, region B and region C) in all the alloys. Region A is high oxygen, high aluminum area. 
Region B, C are both the coexisting area of titanium, ferrum, aluminium, silicon and so on. Aluminum and ferrum 
contents in region B are higher than those in region C, but its titanium content is lower than one in region C, 
Tablel shows the relative micro-region analysis results of samples (aMO-

We can see from Fig.2 that region A with high oxygen, and high aluminum is the main existing area of 
inclusions, whose presence is the one of direct reasons to cause high oxygen content in alloys. When the reductive 
effect of TiÜ2 is not complete, except A1203 inclusion exists, there will exist a litte ferrotitanium sosoloid with low 
oxygen(shown in Fig2(a) and Fig2(b)). As the mass fraction of calcium in the complex reducer increasing, 
reductive effect would be enhanced significantly, and the areas of region A would also shrink gradually (shown in 
the samples(cHf))- So the existence of AI2O3 is the main reason to cause high oxygen content in alloys. When the 
mass ratio of Al/Ca is 5:1, there has no oxygen existence in the regions B and C, which indicates that TiOj has 
been completely reduced. As shown in samples (a), (b), (c) and (e) in Fig.2, the inclusions were effectively 
removed, the defects, porosity and crack disappeared gradually (such as red arrow in sample a), and the alloy 
micro-structures became more uniform because the slag liquidities were improved significantly to strengthen he 
metal-slag separation effects with CaO mass fraction increasing. It could be seen Fig.2(f) that the metal-slag 
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séparation effects are better and alloy micro-structures are denser when MgO was added to the reactants. Because 
the slag of 6.4%MgO-30.2%CaO-63.4%Al2O3 has lower melting point, lower viscosity and better liquidity, 
metal-slag separation effects were more sufficient and inclusions were removed more thoroughly. When adding 
CaF2 to reactants, there are certain porosity in the alloys(shown in Fig2(d)). Because CaF2 has strong volatility, 
and combines with other slag element to generate chloride and then volatilize violently at high temperature, which 
led to porosity existence in alloys. 

(a) 

(b) 

(c) 

(d) 

(e) 

(0 

Fig. 2 SEM photos of the alloy samples 

Tab2 Analysis results of micro-region in samples/% 
No Region 

69.87 

45.04 

57.82 

7106 

52.52 

55.46 

31.69 

68.43 

46.25 

66.29 

46.54 

75.68 

47.11 

76.67 

7.90 

26.91 

22.07 

7.43 

20.75 

22.65 

36.41 

2.43 

28.68 

2.62 

34.72 

3.15 

34.85 

3.65 

7.83 

24.65 

15.97 

7.28 

21.13 

14.00 

44.54 

28.61 

4.11 

46.08 

22.60 

5.23 

46.11 

18.72 

3.67 

49.46 

17.01 

5.62 

4.93 

1.46 

1.26 

3.94 

2.60 

2.54 

2.14 

18.87 

0.88 

18.73 

17.50 

1.03 

14.06 

9.43 

1.95 

2.89 

10.28 

3.01 

5.35 

55.46 

1.15 

6.17 

53.92 

1.58 

7.14 

53.89 

50.54 
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As Known from reference^], with the mass fraction of calcium in the complex reducer increasing, the actual 
reaction heat effects per weight increased, and the actual reaction temperature increased too which would make 
more enough thermodynamics conditions for the reduction of Ti02. With the reaction temperature increasing, slag 
liquidities were improved significantly, so metal-slag separation effects were enhanced and inclusions were 
removed significantly. 
3.3 Chemical Composition Analysis 

Table3 shows chemical compositions of all the high-titanium ferrous alloy samples. 
Table 3 Chemical Compositions of alloy samples/mass% 

NO Ti Fe Al Si 0 

(a) 
(b) 
(c) 
(d) 
(e) 
(f) 

60.02 
63.75 
55.62 
55.30 
48.70 
50.05 

18.33 
18.80 
24.46 
20.65 
23.10 
24.30 

12.47 
10.72 
14.35 
18.48 
22.01 
19.50 

3.65 
3.04 
3.88 
2.62 
4.01 
3.36 

5.19 
3.01 
1.12 
1.94 
1.08 
0.95 

It can be found from table3 that with mass fraction of calcium in the complex reducer increasing, the oxygen 
content in alloys decreases rapidly. When mass ratio of Al/Ca is 12:1, the oxygen content is 5.19%, the mass ratio 
of Al/Ca is 6:1, the oxygen content is 3.01% and when mass ratio of Al/Ca is 5:1, the oxygen content reduces 
lower than 2.0% which is lower than the oxygen level in high titanium ferrous alloys prepared by the vacuum 
remelting. With mass fraction of calcium increasing, the titanium content decreases and aluminum content 
increases. When mass ratio of Al/Ca is 6:1, the titanium content is 63.75% and the aluminum content is 10.72%; 
When mass ratio of Al/Ca is 5:1, the titanium content is about 55.00% and the aluminum content is higher than 
14.00%. Since Ca has stronger reductive abilities than Al, Ca would react firstly with Ti02 to generate Ti and 
CaO. And then Al will react with unreduced Ti02 to generate Ti and A1203. Because Al has strong combinability 
abilities with Ti, Al will react with Ti to generate Ti-Al compounds which causes aluminum residues increasing. 
The more Ca in the complex reducer is, the more Ti-Al compounds form, which results in the higher content of 
aluminum residues. 

With the calcium mass fraction increasing, the reaction heat effects increase, the actual reaction temperature 
increases which leads to volatile loss of Ti increasing at high temperature. In order to prepare the excellent high 
titanium ferrous alloy, we must further optimize designs of reductant component, slag component and reaction 
conditions. 

4. Conclusions 
(l)The alloys consist mainly of TiFe2, AlTi3 and A1203. A1203 existence indicates that metal-slag separation 

effects is insufficient, and it directly results in the higher oxygen contents. 
(2)There are three obviously different regions (region A, B and C) in the alloys. Region A consists of 

Al203inclusion; Regions B and C coexists of Ti, Fe, Al and Si. Region B has higher content of Al and Fe than 
region C, but has lower content of Ti. 

(3)With the mass fraction of calcium in the complex reducer increasing, the content of O and Ti in alloys 
decreases jaDJdLY ândihe content of Al increases. 
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Abstract 

Al-Sc Alloys have showed many advanced properties for a wide range of industrial application, 
which is usually produced using thermal reduction process. This work is aimed to develop an 
electrochemical process to make Al-Sc alloy using industrial Hall aluminum reduction cells. 
The experiments have been carried out in a lab cell where NaF/AlFs-AhOs-LiF as electrolyte, 
SC2O3 as raw material, and liquid aluminum as cathode were used at operating temperature of 
950 °C. The resulting Al contained 0.2 - 0.5 wt.% Sc that is the common range in its content for 
advanced applications. However, a small fraction of Sc was found from thermal reduction at Al 
melts interface. SEM-EDS and ICP-AES analysis showed a uniformed distribution of Sc at 
varying locations of the Al-Sc alloy sample. In addition, a higher Sc content in Al-Sc alloy can 
be obtained with introducing ultrasound through the cathode than that without it. 

Introduction 

In recent years, scandium has been investigated as an alloying element for aluminum alloys. 
With addition of a small amount of Sc, Al alloys can improve the strength, weld ability, 
resistance to re-crystallization and corrosion resistance [1-3]. Due to their advanced properties 
and potential applications, the demand for Al-Sc alloys will increase in the future. However, the 
difficulties in reduction technologies and the high costs in production process may limit their 
expansion in application areas. 

The current major method of producing Al-Sc alloys is to mix Sc into Al by melting Al-Sc 
master alloy. This alloying process has several technical problems, such as easy segregating and 
heavy burning loss, etc. The price of Sc metal or starting material is also high, so the mixing 
process is an expensive alloying method. Molten salt electrolysis is alternative method to prepare 
RE metal and RE alloys [4, 5]. It also can reduce the segregation of alloying elements. SC2O3 is 
an ideal material as raw material with low price and decomposition voltage. Some work has 
proved that Al-Sc alloys can be obtained by electrolysis SC2O3 directly in cryolite [6-8], or 
CaCl2 molten salt [9]. 

Ultrasonic has been applied in many areas of metallurgical processes, in which one of important 
applications is for refinement of alloy microstructures [10]. And ultrasound has been also 
revealed to have effects on electrolysis process for making aluminum [11]. However, the 
ultrasonic effect on the cathode during electrolysis preparing Al-RE Alloys has not been reported. 
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In this work, preparing Al-Sc alloys in cryolite molten salt electrolysis has been investigated. A 
series of experiments on cathode current density have been carried out in laboratory cell, and the 
ultrasonic effects on aluminum electrolysis and Al-Sc alloying process have been also studies. 

Experimental Procedures 

Chemicals and Materials 

Table I lists the chemicals used in this study. Cryolitic melt of 2.2NaF/AlF3-5 wt.% LiF was 
used as electrolyte, 3 wt.% AI2O3 and SC2O3 as raw materials, and liquid Al as a collecting metal. 

Table I. Chemicals and Materials Used in Experiments 
Materials 
Na3AlF6 

AIF3 
LiF 

AI2O3 
Sc203 

Al 

Purity (%) 
> 99.0 
>98.0 
>98.5 
> 99.0 
99.99 
99.999 

Electrolysis Experiments 

Figure 1. Experimental apparatus for molten salt electrolysis(l-Anode guide bar; 2-Gas outlet; 3-
Cooling water tube; 4-Resistance furnace; 5-Furaace tube; 6-Graphite crucible; 7-Corundum 
tube; 8-Graphite stock; 9-Cooling water tube; 10-Gas inlet; 11-Cathode guide bar; 12-Liquid 

aluminum; 13-Electrolyte and SC2O3; 14-Graphite anode; 15-Thermocouple). 
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In Figure 1, the schematic illustration of experimental apparatus for making Al-Sc alloy is 
presented. The electrolyte was contained in a graphite crucible with an alumina lining of à>50 
mm in inner diameter, and the aluminum metal was in a <D25 mm hole at the bottom. The 
crucible was placed in a vertical tube furnace. The carbon anode was 025 mm in diameter and 
50 mm in length. 

The electrolyte was melted at 950 °C and the electrolysis was performed under an argon 
atmosphere. The cathode current density was varied from 0 to 1 A/cm2. In addition, ultrasound 
was introduced through a stainless steel rod into the cathode - electrolysis interface. The total 
power of ultrasound was 360 W with a constant frequency of 20 kHz, and the ultrasound was 
loaded into the system every 2 s and stopped for 2 s, alternatively. The metal after experiment 
was cooled down to room temperature for measurement. 

Analysis of Sc Content in Alloys 

The metal sample after electrolysis was cut to two pieces in form of semi-spheres, as illustrated 
in Figure 2. The sections of both semi-spheres were divided into five areas for SEM-EDS 
(scanning electron microscopy-Energy dispersive X-ray spectroscopy) analysis. Drilled Al scraps 
from the five areas in another semi-sphere were also analyzed by ICP-AES (inductively coupled 
plasma-atomic emission spectrometry) technique. 

Figure 2. The illustration of sampling location on the metals (1 - Middle; 2 - Up-Right; 3 - Up-
Left; 4 - Down-Left; 5 - Down-Right). 

Results and Discussion 

Change of Metals Mass 

Figure 3 is a typical photograph showing Al-Sc alloy obtained after the electrolysis experiment 
in cryolitic melts. The electrolysis in 2.2NaF/AlF3-LiF melt were carried out with A2O3 and 
SC2O3 addition, where Al and Sc were reduced together electrochemically into liquid aluminum 
metal pad on the cathode. 
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Figure 3. Photograph showing Al-Sc alloy obtained after the electrolysis in cryolitic melts with 
liquid aluminum cathode (T=950 °C, time = 2 h, current density=l A/cm2). 

The electrochemical reactions with the metal production can be described as: 
At the cathode: 

Al3 ++3e-Al( l ) (1) 

Sc3 ++3e-Sc(s) (2) 
At the anode: 

C(s) + x0 2 - -CO x (g) + 2xc- (3) 

Table II. Mass of Aluminum Metals before and after Electrolysis (ICP-AES Analysis) 
I Cathode 
Current Density 

(A/cm2) 

0 
0.5 
1.0 

Mass before 
Electrolysis 

(g) 
16.03 
16.06 
15.93 

Mass after 
Electrolysis 

(g) 
15.35 
17.60 
17.91 

Average Sc 
Content 
*(wt.%) 

0.14 
0.25 
0.41 

Mass Increase (g) 

Total 

-0.68 
1.54 
1.98 

Sc 

0.021 
0.044 
0.073 

Al 

-0.701 
1.496 
1.907 

* Average value from 5 locations at the metal sample 

Table II lists the mass of metals before and after electrolysis. In general, the metal mass 
increased after electrolysis at the current density from 0.5 to 1.0 A/cm2, and the increase in mass 
became larger with increased current. Although thermal reduction from thermodynamic 
calculation is difficult, the increase in metal mass as well as a 0.14 % Sc content in the alloy was 
appeared when the current was set to none. This result demonstrates that Sc can be produced by 
Al thermal reduction in cryolitic melt at the testing temperature. The thermal reduction can be 
expressed as below: 

Sc203 + [F containing salt] - ScOFx
n* (4) 

ScOFx
n+Al - Sc + A10Fx

n- (5) 

Sc + Al-(Al-Sc) (6) 
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Sc 2 0 3 dissolved in cryolitic melt changes into the fluorine containing complex, thus reducing the 
difficulty of aluminum thermal reduction reaction. 

Sc Content with Electrolysis Time 

As shown in Figure 4, Sc content in aluminum metals increases with electrolysis time from 0.5 to 
2.0 hours at cathode current density of 1 A/cm2, and the curve trend become flattened as the 
electrolysis time is longer than 1.5 h. Further increasing time can make the electrolyte volatilized 
seriously. 

Figure 4. Curve of Sc content in aluminum metal vs. electrolysis time (T-950 °C, current 
density=l A/cm2). 

Table III. Mass of Aluminum Metals before and after Electrolysis (ICP-AES Analysis, T=*950 
°C, current density=l A/cm2) 

Electrolysis 
Time (h) 

0.5 
1.0 
1.5 
2.0 

Mass before 
Electrolysis (g) 

15.88 
16.06 
15.92 
15.93 

Mass after 
Electrolysis (g) 

16.47 
17.60 
17.53 
17.91 

Average Sc 
*(wt%) 

0.23 
0.26 
0.37 
0.41 

Mass Increase (g) 1 

Total 

0.59 
1.54 

1.61 
1.98 

Sc 
0.038 
0.042 
0.065 
0.073 

Al 
0.552 
1.498 
1.545 
1.907 

* Average value from 5 locations at the metal sample 

Distribution of Sc in Alloys 

Table III shows the analysis result of SEM-EDS and ICP-AES techniques. The concentrations of 
Sc from different areas in the metal sample varied from 0.17 wt.% to 0.59 wt.% with SEM-EDS 
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analysis. Because of the concern on Sc distribution problem, ICP-AES method was applied to 
analyze the same 5 locations on the same samples, in which the data showed relative small 
variation in Sc concentration, from 0.19 wt.% to 0.27 wt.% with ICP-AES method. 

Table IV. Sc Content in Aluminum Metals after Electrolysis at 0.5 A/cm2 

Sampling Area 

1 
2 
3 
4 
5 

Location 

At middle 
At up-right 
At up-left 
At down-left 
At down-right 

Sc Content in Metal (wt.%) 1 

EDS 

0.17 
0.32 
0.27 
0.59 
0.47 

ICP-AES 

0.19 
0.26 
0.27 
0.26 
023 

Although part of the data is different between the two methods, the variation in Sc concentration 
from different areas may not as large as that in the metal produced from electrolysis in CaCl2 
molten salt [9]. Later experiment in this investigation also shows the Sc distribution in the alloy 
can be somewhat uniform. However, this may strongly depend on the experimental conditions 
and operating technique. 

Effect of Current Density and Ultrasound 

Table V. Sc Content in Aluminum Metals after Electrolysis (ICP-AES Analysis) 

Analysis 
Area 

1 
2 
3 
4 
5 

Location 

At middle 
At up-right 
At up-left 
At down-left 
At down-right 

Sc (wt.%) 

0.5 A/cm2 

0.19 
0.26 
0.27 
0.26 
0.23 

lA/cm2 

-
0.43 

-
0.39 

-

1 A/cm2 (with 
Ultrasound) 

0.45 
0.48 
0.51 
0.47 
0.48 

Table V presents Sc concentrations in the metal samples from different experiment conditions 
analyzed by ICP-AES. The results demonstrate that the concentrations of Sc in the samples can 
increase with increased current density. This Sc level in the alloy can increase a little further with 
ultrasound, compared with those under the same current density and other conditions as well. 

Use of ultrasound to the cathode in electrolysis may increase Sc content and improve its 
distribution in the metal. This phenomenon hasn't been reported in literature before. When 
applying ultrasound to cathode during electrolysis process, the ultrasound can cause a shaking 
action at the interface of liquid Al and electrolyte, improving the transporting conditions of 
reaction. The mechanism of ultrasonic needs further study in the future. 
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Conclusions 

1. Al-Sc alloys with 0.2 - 0.5 wt.% Sc was obtained by cryolite melt electrolysis process, with 
Sc203 and A1203 as raw materials. The results demonstrate that Al and Sc in cryolite melt can 
be co-deposited. Preparing Al-Sc alloys in Hall aluminum reduction cells is possible, while 
thermal reduction process may also proceeded to make a small fraction of Sc into Al alloys, 

2. SEM-EDS and ICP-AES analysis indicate that Sc in the resulting Al-Sc alloys is uniformly 
distributed, and this can be a contributing factor to enhance the properties of Al-Sc alloys. 

3. The concentration of Sc in the samples is found being related to the cathode current density 
that can be optimized to improve Sc distribution in Al-Sc alloys. 

4. Ultrasound on cathode process can be beneficial to increase the concentration of Sc in Al-Sc 
alloys. The ultrasound might cause shaking at the interface of liquid Al and electrolyte, thus 
promoting the reaction rate. The mechanism of ultrasonic effect needs further study. 
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Abstract 

Na2NbA105 was synthesized using Nb2Os and NaA102 as raw materials in molten NaCl-CaCh 
by a solid reaction. With an addition of sodium into the melts, NaîNbAlOs was subsequently 
reduced to form NbAh intermetallic compound with a particle size of 50-300nm. 

Introduction 

The intermetallic compounds of niobium aluminides have been a subject of research interests as 
high temperature materials because of their properties such as high melting temperature, large 
specific strength at elevated temperature, good resistance to high temperature oxidation, low 
density and large ductility [1,2]. They are applicable for turbine blades in aircraft engines and 
stationary gas turbines [3,4]. 
In recent years, the methods of powder synthesis have been widely discussed. There are many 
methods to synthesis intermetallic compounds such as conventional melting and solidification 
[5], powder metallurgy [6,7], reaction sintering [8] and reaction sintering with prior mechanical 
activation [9,10]. There is a prominent weakness, in such methods that they use metal to produce 
intermetallic compounds by the means of diffusion reaction. Although the metal can diffusion 
sufficiently, it is still hard to avoid maldistribution of the constituents which impairs the 
properties of the materials. 
Armstrong method is a representative technique of producing an alloy or ceramic by the 
exothermic subsurface reduction of a mixed halide vapor of the alloy or ceramic constituents 
with liquid alkali or alkaline earth reductant metal or mixtures. For example, Ti-Al-V was 
produced by Armstrong method using TiCU, AlCb and VCI3 through sodium reduction. The 
solids of T1CI4, AICI3 and VCI3 were mixed and boiled until an equilibrium with the vapor was 
attained, and thereafter introducing the equilibrium vapor into the liquid reductant Na to form 
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alloy powders of the equilibrium vapor constituents in the preselected atomic ratio. 
One critical advantage of Armstrong method is that starting materials were mixed in the form of 
gases forming a homogeneous system which could be reduced by sodium in situ [11]. 
In our previous work, fine intermetallic compounds powders have been synthesized from a 
homogeneous system in which raw materials of chlorides were mixed uniformly in the 
preselected atomic ratio. Nb-Sn and Nb-Ta intermetallic powders were prepared by hydrogen 
reduction of NbCls-SnCb and NbCls-TaCls vapors which were mixed easily [12] and Nb-Al 
powders were produced by sodium reduction of NDCI5-AICI3 dissolved in the eutectic molten 
salts [13]. 
Armstrong method and our previous studies demonstrated that a homogeneous system would be 
favorable for fine intermetallic powders synthesis. However, the high vapour pressure of 
chlorides makes the difficulty in operation of controlling such reactions. It is important to find an 
approach using oxides as raw materials to directly prepare intermetallic compounds. 
Conventionally, molten salt has been used as medium to synthesize the single phase multinary 
through solid reaction. The purpose of this paper is going for synthesizing the multiplex oxide of 
Na2NbA105 in a NaCl-CaCh melt using M^Os and NaA102. Subsequently, the sodium will be 
added into the melt to reduce the as-prepared multinary oxide for forming NbAb intermetallic 
compound. 

Experimental Procedures 

In order to prepare the multinary oxides of Na-Nb-Al-O, ND2O5 and NaA102 were mixed using 
an agate mortar with a molar ratio of 1:6, and then put into a corundum crucible with 
NaCl-52mol%CaCl2 salt. These raw materials were subsequently heated up to 700°C in the 
resistance furnace under an argon atmosphere. After keeping the temperature at 700°C for 
various times, the reactor was cooled down to ambient temperature and white powders were 
obtained after washing, filtering and drying. 
To synthesize intermetallic powders, sodium was incised to pellets in the glove box and then 
carried into the reactor by the nitrogen gas at 700°C. After the sufficient time for reaction, the 
reactor was cooled down to ambient temperature. The products were obtained by washing, 
filtering and drying. X-ray diffraction (XRD) and scanning electron microscopy (SEM) were 
used to determine the product phase, shape and particle size. 

Results and Discussion 

Fig. 1 shows the dependency of reaction time for Na2NbA10s synthesis from ND2O5 and 
NaA102. Pattern (a) and (b) show the products heated at 700°C for lh and 2h. The major phase is 
Na2NbA105 coexisted with a small amount of Na2Nb40n. It was thought that 1 h or 2 h was not 
the sufficient reaction time preparing pure Na2NbAJOs. In the reaction, majority of the oxides 
reacted and formed Na2NbA10s, while a small quantity of ND2O5 reacted with molten salt 
forming Na2Nb40n and residual NaAK^was washed off by distilled water after the reaction. 
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However, by lengthening the reaction to 4 h, the single phase of Na2NbA105 was obtained by 
complete reaction as shown in Fig. 1 (c). 

Fig. 1. XRD pattern of the products using the starting material of Nb2Os - NaAlCh (1:6 molar 
ratio) in the molten salts for (a) 1 h, (b) 2 h, (c) 4 h. 

Sodium was added into the melts to reduce the oxides, the interesting results show that the 
feasibility of synthesizing pure NbAl3 comes from those melt with only Na2NbA10s phase 
prepared at 700°C for 4h (Fig. 2). In comparison, with the use of the melts prepared at 700°C for 
lh, the products are NbAl3 coexisted with Nb and Al metals (Fig. 3), The result is readily seen 
that, when a mixture of ND2O5 and NaAlC>2 was heated at 700°C for a period of time, only a 
portion of oxides forming Na2NbA10s could be reduced to NbAl3 and residual Nb2Û5 and 
NaA102 was reduced to Nb and Al respectively. Relatively, NbAl3 powders could be produced 
from pure Na2NbA10s when oxides mixture was heated at 700°C for sufficient time. 
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Fig. 2. XRD pattern of the products by sodium reduction using the starting material of Nb2Û5 -
NaAlC>2 (1:6 molar ratio) keeping in the molten salts for 4 h at 700°C. 

Fig. 3. XRD pattern of the products by sodium reduction using the starting material of ND2O5 -
NaAlC>2 (1:6 molar ratio) keeping in the molten salts for 1 h at 700°C. 

The SEM in Fig. 4 reveals the morphology of the reduced NbAb powders. Fine black powders 
remained after the removal of molten salts by leaching and the particle sizes of the powders were 
appropriately in the range of 50-300nm. 
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Fig. 4. SEM image of the NbAU powders 

Conclusions 

NbAl3 intermetallic powders could be produced from the starting materials of NbaOs and 
NaA102 by sodium reduction in molten salts. The Na2NbA10s synthesized by solid reaaion in 
molten salt was considered necessary for co-reduction to produce NbAl? powders. The particle 
size of NbAl3 was appropriately in the range of 50-300nm. 
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Abstract 

The mechanical behavior of Co-20Cr-15W-10Ni alloy is studied by compression tests at high 
temperature. Microstructures after deformation are evaluated using SEM-EBSD. Significant 
grain refinement occurs by dynamic recrystallization for high temperature and low strain rate 
(T>1100°C, £<0.1s_1), and at high strain rate («-10s"1). Dynamic recrystallization is 
discontinuous and occurs by grain boundaries nucleation, leading to a necklace structure, The 
nucleation mechanism is most likely to be bulging of grain boundaries. However, 
recrystallization occurs also by rotation of annealing twins which can bulge as well The 
modeling of mechanical behavior gives a fair quantification of flow softening due to dynamic 
recrystallization, indicating the progress of dynamic recrystallization with deformation. 

Introduction 

Cobalt-chromium alloys are used in biomédical applications for the elaboration of implants 
due to their outstanding mechanical properties and their high resistance to corrosion. For stent 
application a large ductile behavior is required in addition to the high mechanical strength. 

Indeed stents have to undergo a deformation 
until 3s40% during their expansion [1]. 
Conventional Co-Cr-Mo (CCM) alloys exhibit 
limited ductility (maximal deformation about 
e*30%) [2]. Co-Cr-W-Ni (L-605) alloy is a 
better candidate for stent elaboration since its 
fracture strain can exceed 40% (comparable to 
nickel superalloy s (Figure 1), while it keeps 
high mechanical strength. In spite of the 
presence of nickel element in this alloy, 
biocompatibility is sufficient for vascular 
implants, therefore L-605 alloy is extensively 
used for heart valves and stent elaboration [3]. 

Figure 1. Ashby map of the ultimate tensile _ , . . ,.-. ^^u^:^\ 6 , , . / ^ r- In order to get optimal in life mechanical stress and ultimate deformation for steels and ° r 

superalloys (data Aubert&Duval 2011) res , s tance> ** e v o l u t l o n o f « " * > * * * " 
during the elaboration process must be studied. 
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In the case of L-605 alloy, the main microstructural feature which will tailor the mechanical 
behavior is the grain size [4]. This grain size can be customized by choosing the right process 
parameters during the high temperature extrusion process of tubes to produce stents. 
Therefore the high-temperature deformation conditions must be smartly selected to obtain the 
best microstructure design leading to both significant ductility and maximal strength of the 
material. The aim of this study is thus to evaluate microstructure after high-temperature 
deformation for a large scale of temperature and strain rate conditions. The mechanical 
performances of the different microstructures obtained will be investigated in an upcoming 
publication. 

Experimental procedure 

High-temperature behavior is studied by high temperature deformation of 25 cylinder-shaped 
samples at different temperatures and strain rates. Samples have Rastegaev geometry 
(diameter 8mm x height 12mm), with 0,2mm depth grooves carved on the two edges to keep 
the lubricant. Compression tests are carried out under vacuum on a hot-deformation simulator 
(Thermec-master Z device, Fuji Electronic Industrial Co. Ltd., Japan). Quick heating rate of 
5°C/s is reached thanks to high-frequency induction heating. A solution treatment of lOmin at 
1200°C is applied in-situ in the Thermec-master device in order to homogenize microstructure 
and to dissolve potential precipitates. Then compression tests are carried out at a temperature 
range of 1000°C to 1200°C with a strain varying from 0.001s"1 to 10s"1. Compression is 
uniaxial with a maximum engineering strain of 60%, corresponding to a maximal true strain 
of 0.92. Samples are finally gas-quenched by a mixture of He and N2 just after compression in 
order to preserve high-temperature microstructure. 

After hot compression, samples are sliced parallel to the compression axis and polished for 
metallographic observations. Microstructure is observed by optical microscopy and SEM-
EBSD. As the effective strain is non-homogeneous in the sample, microstructure is always 
considered at the same position, at 1/3 of the width of the sample. At this location finite 
element simulations [5] have shown that the strain experienced is about 0.65 for a 
macroscopic strain of 0.92. 

Experimental results 

Compression curves 

The Figure 2 shows compression curves after subtraction of the elastic regime. All the curves 
exhibit a peak stress followed by flow softening. Peak stress occurs later for higher strain rate 
and lower temperatures. For high temperatures and low strain rate flow softening occur 
relatively early in the deformation process, giving a very broad and smooth peak stress. 
Finally it can be seen that L-605 alloy exhibits a usual viscoplastic behavior, with a decrease 
of stress values when temperature increases. Moreover flow stress increases with the strain 
rate due to the positive strain rate sensitivity as usual on most metals [6]. 
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Strain 
Figure 2. Compression curves of L-605 alloy at 1050°C (•) and 1150°C (A) for strain rates 
of 0.001s'1 (foil line), 0.1s"1 (dashed line) and 10s-1 (dotted line) 

The flow softening occurring after the peak stress leads to a steady-state regime for strain e<l5 

suggesting that the dynamic recrystallization operating is following a discontinuous 
mechanism [7, 8]. During the steady-state, hardening due to the creation of defects by plastic 
deformation is balanced by the elimination of defects due to dynamic recovery and to 
discontinuous dynamic recrystallization [9]. The peak stress can be finally interpreted 
physically as the transition from a mechanical behavior controlled mainly by hardening before 
the peak stress, to a behavior controlled also by dynamic recovery and discontinuous dynamic 
recrystallization operating jointly at steady-state. Further discussion on compression curves 
require to separate the contribution of the three effects of hardening, recovery and 
recrystallization to obtain a quantitative analysis of each metallurgical phenomenon taking 
place during high temperature deformation process. 

Microstructure after deformation 

High temperature deformation generate significant recrystallization for high temperature 
(T>1100°C, Figure 3b and 3c) and for low or high strain rate (SR=0.001s_1 Figure 4a; and 
SR=10s"1 Figure 4c). Recrystallization is nearly complete and leads to a homogeneous 
equiaxial microstructure with a single mode grain size. Grain refinement is noticeable, and the 
grain size drops from the initial grain size of lOOum to an average size about 10urn. 

For intermediate strain rate (Figure 4b) and low temperature (Figure 3a), recrystallization is 
partial and leads to a very heterogeneous microstructure. Recrystallized grains are very small 
(lower than lum) and recrystallized fraction is low. Grain refinement is localized at the initial 
grain boundaries only, leading to abimodal distribution of grain size. 
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It can be concluded from microstructure examination that maximal grain refinement is 
obtained for a minimal recrystallized fraction, and reciprocally. In other words, a compromise 
must be made to get the maximal grain refinement both in term of grain size and volume 
fraction. 

Figure 3. Microstructure after compression at e*=0.65: grain boundary map from EBSD for 
the following deformation conditions: 0.1s"1 at (a) 1000°C, (b) 1100°C and (c) 1200°C 

Figure 4. Microstructure after compression at £*=0.65: grain boundary map from EBSD for 
the following deformation conditions: 1100°C at (a) 0.001s"1, (b) 0.1s'1 and (c) 10s"1 

Discussions 

Dynamic recrystallization mechanisms 

Observation of the microstructure at different strain levels gives further information on the 
mechanism of dynamic recrystallization. On the Figure 5, microstructure for engineering 
strain levels e=10%, 30% and 50% (true strains £=0.10, e=0.36 and 8=0.69) are shown. 

The condition T=1000°C and strain rate Is"1 leads to the creation of many low angle 
boundaries with deformation (Figure 3a). The high concentration of defects in initial grains is 
due to the lack of dynamic recovery at low temperature. Recrystallization is visible at grain 
boundaries by the formation of very small grains (<lum), corresponding to a final 
recrystallization fraction of 10% of the area. It can be concluded that for this deformation 
condition, the creation of defects is enough to generate nucleation of new grains by bulging of 
initial grain boundaries, but the low temperature is not favorable to the growth of new grains. 
Therefore the size of new grains is small, and recrystallized area is very low. The final 
microstructure is comparable to the ones obtained on Figures 3a (1000°C 0,1s"1) and 4b 
(1100°C 0,1s"1). These observations point up that for process conditions between 0,1s"1 and 
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Is'1 and for temperatures lower than 1100°C the recrystallization is proceeding mainly by 
nucleation from grain boundaries, with a limited grain growth of new grains, 

Figure 5: Observation of grain boundaries by EBSD after deformation at strain of eÄ10%} 

30% and 50% for the deformation conditions: (a) 1000°C Is"1, (b) 1100°C 0.001s'1, (c) 
1200°C 10s1 

The condition 1100°C 0.001s"1 leads to significant dynamic recrystallization, with a final 
recrystallization fraction of 90% of the area after compression at e5s50%. Recrystallization 
occurs at grain boundaries, and significant grain growth allow to the new grains to develop 
properly and to spread in the initial grains (Figure 5b). The final grain size is the size of 
recrystallized grains, and initial microstructure is totally erased. As both dynamic recovery 
and dynamic recrystallization are very active due to high temperature and low strain rate, few 
low angle grain boundaries are visible in the microstructure during compression. Therefore 
substructure is hardly visible for this condition as it is eliminated by recovery and 
recrystallization. 

The condition 1200°C 10s"1 gives very similar results as for 1100°C 0.001s*1 (Figure 5c). 
Recrystallization proceeds from grain boundaries, and lead to a high recrystallization fraction 
of 70% of the area for 8=50%. Due to high temperature and in spite of the high strain rate, few 
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defects are visible due to the activity of recovery and recrystallization. For this condition 
annealing twins rotate from their initial angle of 60° to become high angle grain boundaries 
with an angle about 55°. After rotation, nucleus bulge from the annealing twins (Figure 5c). 
This mechanism leads to the formation of recrystallized bands on annealing twins. On the 
Figure 5c for a deformation level of £=50%, the non-recrystallized grains observed have the 
same crystalline orientation, and thus belong to a same initial grain that was fragmented by 
recrystallization in bands. The disposition and spacing of these bands is similar to the one of 
annealing twins, and suggest that twins were initially present on this place. The evolution of 
annealing twins into grain boundaries and its bulging can be observed for the condition 
1100°C 0.001s"1 as well (Figure 5b). However for 1100°C 0.001s'1 this mechanism is not 
frequent, while for 1200°C 10s"1 it seems very usual. The fraction of annealing twins (E3 
grain boundaries) was evaluated from EBSD data after compression at e*=0.65 and is detailed 
in the Table I. The high twin fraction at 1200°C 10s"1 explain the high frequency of 
nucleation mechanism by bulging from twins, while this mechanism is rarer for 1100°C 
0.001s"1 and not observed for 1000°C Is"1 due to the lack of twins available for nucleation. 

Table I: Flow stress and annealing twin fraction after compression at e*=0.65 
Deformation condition 

1000°C Is"' 

1100°C 0.001s1 

1200°C 10s"1 

HAG fraction (15-180°) 

0.89 

0.72 

0.58 

S3 twin fraction (60°) 

0.11 

0.28 

0.42 

Grain refinement and elimination of crystalline misorientations 

Microstructure is analyzed by EBSD after deformation at e*=0.65. The EBSD cartography is 
partitioned to separate recrystallized and non-recrystallized material. The average size of 
dynamic recrystallized grains is represented versus temperature and log (strain rate) on Figure 
6a. The surface fraction of recrystallized material is represented on Figure 6b. For temperature 
higher than 1100°C and strain rate lower than 0.01s'1, recrystallized grain size can reach until 
lOum, and the recrystallized fraction is about 100%. Similar behavior occurs for temperature 
higher than 1100°C and strain rate above Is1 , with a recrystallized grain size attained around 
5 urn. The deformation regime at low temperature (<1100°C) and strain rate in the range 
O.Ols'Ms"1 exhibit limited recrystallization with a recrystallized fraction between 10 and 30%. 
Recrystallized microstructure is very fine for this conditions range, with an average grain size 
about lum. 

The two maps on Figures 6a and 6b highlight a strong correlation between dynamically 
recrystallized grain size and recrystallized fraction: large grain size correspond to large 
fraction, and reciprocally. Grain size is larger for higher temperature and for lower strain rate 
because grain growth is very active in this case. The growth of recrystallized grains induces 
an increase of recrystallized fraction. 
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Average crystalline misorientation inside grains was evaluated by EBSD cartography after 
compression at e*=0.65. Crystalline misorientation can be quantified by the Kernel Average 
Misorientation parameter (KAM): for a given point on the EBSD map, this parameter 
corresponds to the average misorientation with neighbor points. The global average 
misorientation was then evaluated by taking the average over the whole scanned area 
(273x92um). This mean KAM parameter is represented versus deformation parameters on 
Figure 6c. It can be seen on this map that misorientation parameter follows inverse evolution 
with grain size and recrystallized fraction: when misorientation parameter is high, 
recrystallized fraction is low and grain size is low. This correlation is due to the erasing of 
misorientations by the growth of new recrystallized grains [10] leading to the elimination of 
misorientation. During the development of a new grain, the moving grain boundaries sweep 
the material and erase the dislocations structure, leading to a decrease of KAM parameter. 
Therefore, KAM misorientation parameter is directly an indicator of the operation of 
recrystallization process, in the same way as recrystallized fraction. 

Figure 6. Maps versus temperature and logfstrain rate') of: (a) Dynamic recrvstaHize4 grain 
size (urn), (b) Recrystallized fraction area (%). (c) Average KAM misorientation parameter 

Conclusion 

L-605 follows a usual viscoplastic deformation behavior at high temperature: stress increases 
with strain rate and decreases with temperature. Compression curves exhibit a peak stress 
followed by flow softening, and stabilizes to a steady-state stress value. 

Microstructure observations revealed the operation of dynamic recrystallization for all 
deformation conditions. For temperature higher than 1100°C and strain rate lower than 0.1s"1 

or higher than Is"1, dynamic recrystallization leads to an homogeneous equiaxial 
microstructure with a grain size about 10 urn. Deformation at temperature lower than 1100°C 
and strain rate in the range 0.1-Is"1 result into an heterogeneous microstructure with grain 
size lower than 1 urn. While recrystallization usually occur from grain boundaries, a second 
nucleation mechanism involving annealing twins was highlighted at temperature higher than 
1100°C. In a first step, £3 annealing twins rotate from 60° to 55°, and then in a second step 
bulging can operate. The recrystallized fraction was shown to evolve inversely with dynamic 
recrystallized grain size and misorientation parameter. 
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Abstract: CuCr alloy can be extensively used as contact materials in integrated circuit, electrodes, electric contact 
and high strength conductor. We proposed thermit reduction-electroslag remelting method of preparing the large 
scale CuCr alloy. But there are pores and oxide inclusions in CuCr alloy prepared by thermit reduction process. 
This paper studied mainly the effects of ratio of reactant and additive on the inclusion type and their occurrences 
in CuCr alloy. The slags and CuCr alloy were characterized respectively by XRD and SEM. The results show that 
when the additive is Na3AlF6, the slag consist of A1203 and Cr. When the additive is CaF2, the slag consist of 
A^C^Cr, CaF2and CaAUO?. The inclusions in CuCr alloy are mainly AI2O3 and pores which disperse in Cu-rich 
zone and Cu-Cr phase interface. When 5% CaF2 and 5% KCIO3 are added, there are fewer pores and inclusions, 
and the more better microstructure. 

1 Intrpduce 
CuCr alloy is the contact terminal material with an eximious properties11,21, which gradually replaces CuBi 

alloy becoming the first choice for contact terminal material in the medium and high power vacuum switch after 
the 1970s. The traditional preparation methods of CuCr alloy mainly contain powder metallurgy, infiltration 
process and vacuum electric arc melting methods. But the above methods exist some shortcomings, such as poor 
product quality, high cost of production, processes complex ect[3"9] CuCr alloy is made by the thermit reduction 
self-propagating method, which uses CuO, Cr2C>3 and Al as raw material to get the high-temperature melt, and 
then casts to manufacture CuCr alloy ingot, which response equation follows as: 

CuO+Cr203+4Al=3Cu+2Cr+2Al203 ( 1 ) 
Therefore, it must be existing oxide inclusions like A1203 in CuCr alloy. And then metal slag's separation 

degree has great influences on purity and microstructure of CuCr alloy. Improving the slag liquidity is the 
effective way of strengthening the metal slag's separation effect in order to remove the impurities and improve its 
microstructure. Combining with the phase diagrams of A203-Na3AlF6 and Al203-CaF2, we can know that adding 
Na3AlF6 and CaF2 to slag would reduce the melting point of A1203 slag effectively and improve its liquidity. So 
metal slag's separation degree was strengthened and the impurity content in alloy reduced and its microstructures 
were improved. This paper mainly researched the effects of the additive type and its adding amount on metal 
slag's separation effects. 
2 Experiment 
2.1 Experiment procedure 

Ratio of reactants follows as: 
the amount of CuO in actual ingredients are more excess of 5 %than the theoretical amount, Al powder are 

more excess of 10% than the theoretical amount, additive CaF2 or Na3AlF6 ingredient quantity is accounted for 
5% or 10% of the total mass of the reactants, and heating agent KCIO3 ingredient quantity is accounted for 5% of 
the total mass of the reactants. Specific ingredients are listed in table 1. 

CuO,Cr203 and Al powder were mixed and put into the SHS reactor. A little magnesium powder was 
put to the reactants surface to ignite SHS reaction. Electromagnetic stirrer started working as soon as 
SHS reaction took place. The high-temperature molten formed while thermit eaction generating. The 
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molten metals separated from slag. The molten metals was cooled rapidly through water cooling and cast 
into the graphite mold while electromagnetic field stirred the molten metals for 7mins. The cooling water 
was stopped when temperature descended to room temperature. We took out the alloy ingot from the mold 
and collected the slag. 

Table 1 Reactant ratio for the different experiments /mass% 

additive/% 
No KCIO3 /% 

Na3AlF6 CaF2 

1# 
2# 
3# 
4# 
5# 
6# 
7# 

10 
/ 
/ 
/ 
/ 
5 
5 
10 

/ 
/ 
5 

/ 
/ 
5 

/ 
2.2 Testing 

Different CuCr specimens were made into different specifications sheets, and then the sheets were grinded 
and polished and corroded by corrosive liquid for 5- 10s. The compositions of corrosive liquid 
were85%H3P04:65% HN03:36%CH3COOH:36%HCl (volume ratio) of 3:5:2:2. The corroded sample were 
characterized by microscope and scanning electron microscopy(SEM) to study the microscopic structure and 
inclusion distribution. The slag was grinded to 200 mesh for X-ray diffraction analysis to determine their phase 
composition^ ray diffraction analyzer for PW3040/60 XPert Pro MPD, 40KV, 40mV, copper target and the 
scanning speed 10° / min). 
3 Results and Discussions 
3.1 Analyses of Experiment phenomena 

It was found that the thermit reaction completed quickly as soon as the reaction was ignited. Especially when 
there was heating agent KCIO3 in reactants, the thermit reaction was ignited more easily, it took place fiercely and 
seriously could explore. The reaction emitted the massive heat to make the reaction system high temperature, 
which ensured the metal separation from slag quickly. Figures 1-2 are CuCr alloy macroscopic pictures when 
adding different amounts of Na3AlF6, CaF2 and more excess of 5% of CuO respectively. It could be seen from the 
surface and the planning surface of CuCr alloy that there were the massive blowholes and the inclusions in CuCr 
alloys. Especially 4* and 5" samples, it's difficult to be cutted by line cutting. Because there were many 
non-metallic inclusions and the blowhole flaws in CuCr alloy, its electrical conductivity is very bad. It could be 
inferred that the metal-slag separation effect is very bad 

1-recruitment of Na3AlF6 is 5%; 2-recruitment of Na3AlF6 is 10%; 3-recruitment of Na3AlF6 is 5% and KC103 is 5%; 4-no additive 

Fig. 1 Macro-photograph of CuCr alloys when adding Na3AlF6 to reactants 

In addition, there generated some flaws, shrink holes and the neck shrinks and so on in alloys during the casting 
process. While adding Na^lFô or CaF2 to reactants, the microscopic structures of alloy were improved distinctly, 
its compact degree increased and the blowholes in alloys reduced( seen in sample 1* ). Compared the samples 
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1-2* with the samples 5~6#, it was found that additive NasAlFö there were more obvious influences than CaF2 on 
the microstructures of the alloy. When add the amount of Na3AlF6 is 10% of the total reactants, the compact 
degree of CuCr alloy became bad, and the blowholes increased. While adding the 5% CaF2 and 5% KClOs, CuCr 
alloy was the most compact, and the blowhole flaws in alloys reduced significantly. 

5-recruitment of CaF2 is 5%; 6-recruitment of CaF2 is 5% and KC103 is 5%; 7-recruitment of CaF2 is 10%; 8-no additive 

Fig.2 Macro-photograph of CuCr alloys when adding CaF2 to reactants 

We known from the above results that adding Na3AlF6 and CaF2 could reduce the slag melting point and 
improve its fluidity to strengthen the metal-slag separation effect. And then the alloy microstructures were 
improved. We also known that the additive Na3AlF6 had more obvious effects than CaF2. While adding 5% CaF2 

and 5% KCIO3 simultaneously, the comprehensive effects were best. Because the reaction temperature would 
increase significantly while adding heating agent to the reactants, the metal separated from slag more completely. 
But Na3AlF6 and CaF2have the very strong volatility, so the adding amount of Na3AlFô and CaF2 cannot be too 
much. There would have better reaction effects when the heating agent KCIO3 and the additive CaF2 were used 
simultaneously. 
fr^TO analysis pfstogs 

Fig.3 is the XRD patterns of slag when CuO was more excesses 5% and different amounts of Na3AlF6, CaF2 

were added. It could be seen from Fig. 1 that when adding Na3AlF6to reactants, the slags consisted of Al2Q3,Cr2Q3 
and a small amount of Cr. When adding CaF2 to reactants, the slags consisted of Al203, CaF2 and a little Cr, at the 
same time a little CaAU07 phase appeared. A little Cr phase in slags indicated that the metal-slag separation effect 
was not ideal, which was also the direct reason resulting in the existence of microscopic defects and inclusions in 
alloy. The Cr203 phase included the no-reduced Cr203 and the secondary oxidation of reduced Cr. In addition, 
there existed the weak diffraction peak of CaAl407 phase in slag, because CaF2 reacted with A12Û3 to generate 

l-recruitment of Na3AlF6 is 5%; 2-recruitment of Na3AlF6 is 10%; 3-recruitment of Na3AlF6 is 5% and KCIO3 is 5%; 4- no additive; 

5-recruitment of CaF2 is 5%; 6- recruitment of CaF2 is 5% and KCIO3 is 5%;7-recruitment of CaF2 is 10% 

Fig 3 XRD patterns of slag when adding Na3AlF6 and CaF2 to reactants 
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A1F3 (gasification point is 1549K) and CaO, and then A1F3 volatilized, but CaO reacted with A1203 to generate 
CaAUOy phase at the high temperature. We could find from half quantitative analysis results of the XRD patterns 
of 1-7* slag samples, the diffraction peaks of metal Cr phase in the samples of 1-3* were relatively weak. Because 
additive Na3AlF6 and heating agent KC103 were added in sample 3*, there was a higher reaction temperature, 
which improved the slag liquidities. So the metal-slag separation effect was better, and the microscopic defects 
and inclusions in alloys reduced. As for samples 1~2#, 5% and 10% Na3AlF6 were added to the reactants 
respectively, the slag liquidities was improved, but the adding Na3AlF6 would lead to reaction temperature 
reducing. At lower temperature, the metal-slag separation effect would became worse, which led to Cr content 
increasing. As for the samples 5-7*, the Cr content in samples 6-7* was higher than that in sample 5*. The relative 
intensity of Cr phase diffraction peak in the sample 4* was also weaker, but there were many microscopic 
structure flaws. Because slag A1203 fluidity was very bad, the metal-slag separation effect was also worse 
resulting in massive A1203 inclusions in alloys. The above results were consistent with the results in Fig.land 
Fig.2. 
3.3 SEM Analysis 

Fig.4 and Fig.5 showed the SEM photos of CuCr alloys when CuO was more excesses 5% and different 
amounts of Na3AlFô and CaF2 were added. And the microanalysis results in the different CuCr alloys were listed 
in Tab.2 and Tab.2. It could be seen from Fig.4 and Fig.5 that there were Cr rich area(area a), Cu rich area(area b) 
and inclusion phase area(area c), and the phase of Cu and Cr distributed evenly, dendrite colud also be seen 
indistinctly, and most of the dendrites were globular crystal like. 

[-recruitment of Na3AlF6 is 5%; 2-recruitment of Na3AlF6 is 10%; 3-recruitment of Na3AlF6 is 5% and KC103 is 5%; 4- no additive 

Fig 4 SEM Photos of CuCr Alloy when adding Na3AlF6 to reactants 

4- no additive; 5-recruitment of CaF2 is 5%; 6- recruitment of CaF2 is 5% and KCIO3 is 5%;7-recruitment of CaF2 is 10% 

Fig 5 SEM Photos of CuCr Alloy when adding CaF2 to reactants 

Tab.2 Energy spectrum analysis results for samples l~4#/mass% 

No Cu Cr O Al Si Fe 
0.37 2.11 

0.30 1.97 

4.26 
96.61 
22.44 
2.57 

97.30 
9.221 
3.125 
93.73 
53.01 
6.61 
94.46 
8.74 

93.26 

95.16 

93.61 
3.71 

90.75 
1.86 
1.34 

30.05 

37.36 

30.04 

3.68 
36.92 

3.386 
47.52 

2.697 
53.28 

2.57 
11.27 

53.01 

5.07 

0.14 
3.26 

2.64 
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Comparing the samples 1-7* in Fig.4 and Fig.5, we could find that the inclusions and pore flaws in the 
1-3* samples and the 5-7* samples were significantly less than that of the 4* sample. The SEM photos of 1-3* 
samples indicated that there are dendrite in Cr rich area a; area b is Cu rich phase; and area c consists of inclusions 
and pores, which distributes in the whole alloy band most of which distribute in Cu rich area b. 

Tab.3 Energy spectrum analysis results for samples 5~7# for samples 5-7* 

No Cu Cr Q Al Si Fe 
a 89.99 10.01 
b 
c 
a 
b 
c 
a 
b 
c 

98.69 
9.71 
3.23 

100.00 
9.627 
3.53 

96.25 
25.64 

14.97 
87.31 

90.41 
1.81 
6.68 

33.06 
9.47 

33.91 
6.07 

28.90 

1.31 
42.27 

56.47 

1.95 
0.99 

The microstructures of samples 5~f are similar with samples 1-3*. The grain sizes and phase distribution 
uniformities in samples 6* and 7* are better, but the microstructure defects of inclusions and pores in sample 5 is 
very obvious and the segregation is very severe. Because the freezing point of Cr is much higher than that of Cu, 
Cr precipitates before Cu during the solidification process. As the casting temperature goes down, Cu with a low 
melting temperature begins to precipitate. At the same time, the slag fluidities will become worse, so the slag 
precipitates with Cu forming the microstructures and distribution state in Fig.4 and Fig.5. In other words, most of 
the inclusions distribute in Cu rich area. 

From Tab2 and Tab.3, we know that the Cr contents in Cr rich area in the samples 1-4* are higher than 90%, 
the others include a little Cu and iron(the impurity Fe from the raw materials); the Cu contents in Cu rich area are 
higher than 93%, and there are a little Cr and Al residues. Expect for the pores in the inclusion area c, the main 
phases include A1203 and Cu. Especially in the sample 4*, there exists a little CrjOî which indicates that the 
metal-slag separation effects are not ideal. The results are consistent with the XRD results of the slags. The Cr 
contents in Cr rich area in the samples 5*~7* are lower, and there is lots of oxygen residue, which indicates that 
the Cr203 were not reduced completely. Cu contents in Cu rich area are higher than 96%, but there are a little Cr 
and Al residues. Expect for the pores in the inclusion area c, the main phases include AljOj and Cu and Cr. 

The above results indicate that Na3AlF6 has more effects of strengthening the metal-slag separation than 
CaF2. Adding heating agent KC103 to the reactants will increase the reaction temperature significantly which 
provide favorable conditions for the metal-slag separation to remove the inclusions in the alloy and to improve 
its microstructures. 

4 Conclusions 
(l).When adding Na3AlF6 and CaF2 to reactants, the metal-slag separation effects were strengthened and the 

alloy microstructures were improved. 
(2). When adding Na3AlF6to reactants, the slags consisted of Al203,Cr203 and a small amount of Cr. When 

adding CaF2 to reactants, the slags consisted of A1203, CaF2 and a little Cr, at the same time a little CaAl407 phase 
appeared. 

(3).There were Cr rich area(area a), Cu rich area(area b) and inclusion phase area(area c), and the phase of 
Cu and Cr distributed evenly, dendrite colud also be seen indistinctly, and most of the dendrites were globular 
crystal like. 
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Abstract 

Increasing demand for Solar Grade Silicon (SoG-Si) due to rising interest in renewable energy 
has lead to increased SoG-Si Top - cut scraps generated from the multi-crystalline silicon 
making process. Due to the high cost of SoG-Si and the potential to use the top-cut scraps as 
feedstock material, there has been increased effort to develop cost effective and efficient 
technologies. As a result, several methods to recycle the top-cut scraps are currently been 
applied, and researched. These include settling under gravitation field, which is a slow process to 
be industrially applicable. Natural settling of inclusions by gravitational force is a slow process 
and not attractive to the industry. Recent experiments on Top-cut SoG-Si scrap under high 
frequency, high voltage, electromagnetic field showed that SiC inclusions settled within a short 
time to the bottom of the crucible and the characteristic rod-like morphologies of Si3N4 
inclusions in SoG-Si were not detected. This study investigates the enhanced settling of SiC 
inclusions and the behavior of Si3N4 particles under the influence of high frequency, high 
voltage, electromagnetic field in Top-cut SoG-Si. 

Introduction 

The photovoltaic industry depends on silicon based PV materials either as single-crystalline 
silicon, or multi-crystalline Si (MC-Si), or amorphous Si [1] for over 90 % of its market share. 
[2] MC-Si produced by directional solidification of solar grade silicon melt dominates the silicon 
PV market. During the directional solidification process, SiC and Si3N4 particles within the melt 
are pushed by the solidification front to the top of the ingot which is the last to solidify. 
Therefore the top of the ingot is cut generating what is known as top-cut solar silicon scraps. The 
Si3N4 particles are mainly from the coating material at the inside surface of the silica crucible 
and from air absorption during the solidification process. The SiC particles mainly stem from the 
carbon reduction process of the primary production of silicon [3]. Due to the growth of the PV 
industry as a result of global demand for clean, reliable, and affordable energy [4], there is the 
need to develop new methods to compliment exiting ones to recycle SoG-Si waste (e.g. top-cut) 
for sustainability. 
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Settling of inclusions in silicon has been investigated as one of the methods to purify silicon. [5] 
However, settling of particles based on natural densities could take too long to accomplish and 
therefore not industrially attractive. It is well known that particles settle in highly convective 
fluids though there are limits to the level of convection [6] due to the likelihood of turbulent 
diffusion of particles which may hamper effective settling of particles. The application of an AC 
electromagnetic field to the molten metal system may induce fluid flow, enhancing the 
convection with the ability to improve the settling rates of particles. Hori [7] concluded in his 
study that by the application of electromagnetic field to a mixed phase fluid even particles of 
density less than the fluid can be settled and particles of density greater than the fluid could float 
or rise to the top. Tanimoto and Kakuda have utilized the magnetization force resulting from 
electromagnetic field gradient and based on the magnetic susceptibility difference between 
suspended particles and the fluid to settle red blood cells in a solution [8]. These indicate the 
potential existing for the use of electromagnetic field to settle inclusions in molten metal. 
In this study the feasibility of using high frequency AC electromagnetic field to settle suspended 
inclusions in top-cut silicon is investigated. 

Experimental Procedure 

Top-cut solar grade silicon materials containing mainly SiC and Si3N4 inclusions were used in 
this study. Figure 1 shows a schematic of the experimental set-up employed in this study. The 
EM apparatus was composed of a high frequency power supply (50-200 kHz, and 100 kW), an 
induction coil, and a graphite crucible system. The graphite crucible acted as a shield to the EM 
Archimedes force on the suspended particles, whiles also acting as a susceptor for heating and 
melting of the silicon scraps. The melted silicon was allowed to stay under the EM field for 2 
minutes after melting at a temperature of 1500 °C. Then the sample was allowed to cool down to 
room temperature. Table I gives information about the experimental schemes utilized for the EM 
settling process. Samples were prepared and studied with the optical and scanning electron 
microscopes. 

Figure 1. Schematic of the experimental set-up used for the electromagnetic settling experiments 

Results and Discussion 

Inclusions in Top-cut SoG Si 
Top-cut solar grade silicon contains mainly SiC and SÏ3N4 inclusions with respective 
characteristic lumpy and rod-like morphologies as shown in Figure 2. The Si3N4 inclusions on 
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the topmost surface appeared with hexagonal cross-sections and are needlelike, several mm long 
and approximately 20 urn in diameter. The SiC particles were lumpy and as big as several 
hundred micrometers. These particles were pushed tipward to the top surface by the solidification 
front during the directional solidification process. Inside the silicon, SÎ3N4 inclusions were 
usually shorter than 500um and with average diameter of ~20um, and SiC inclusions were 
smaller than 200um. The quantity, size and morphology of inclusions changed with depth 
beneath the top surface. Inclusion clusters with complex morphologies were observed, and these 
clusters contained both SiC and SisN4 particles deeper beneath the top-surface. 

Table I Experimental scheme used for the EM sedimentation experiments 
Exp.# Coil Current, Irms (A) Frequency (kHz) Temperature (°C) 

Si-SD-1 
Si-SD-2 

180 
180 

76 
64 

1500 
1500 

Figure 2. Optical micrographs of inclusions in a top-cut SoG-Si scrap on the surface (left) and at 
a depth of 1mm beneath the top surface showing lumpy SiC and rod-like S13N4 particles. 

Settling of Particles in Top-cut SoG Silicon 

To investigate the distribution of particles in the top-cut silicon scraps under natural settling, 50 g 
of top-cut scrap was prepared and heated in an A1203 in a high temperature furnace without 
electromagnetic field. The sample was heated at a rate of 4 °C/min to 1600 °C and held for two 
hours at this temperature and then cool at 4 °C/min to room temperature. The samples from this 
experiment were sectioned through the center vertically and the surface prepared and observed 
under the optical microscope. Figure 3 shows the distribution of inclusions after the experiment. 
It can be clearly seen that after the over 3 hr settling time almost all the inclusions stayed close to 
the top of the sample, an indication of how slow the settling process could be. This makes 
settling under gravity an industrially unattractive process. 

When an electromagnetic field was imposed the distribution of inclusions had a diffèrent pattern. 
Figure 4 shows the distribution of inclusions close to the bottom of the sample from experiment 
Si-SD-1. As can been seen the particles in this case went to the bottom of the sample. Similar 
result was obtained in the case of experiment Si-SD-2, indicating reproducibility. The 
mechanism for settling is still under study. The distributions of particles along the direction of 
gravity from the top of the particles to the bottom are showed for the two experiments in Figure 
5. As clearly demonstrated, the particles moved to the bottom of the sample under the 
electromagnetic field. A continuous phase of SiC particles were also observed at the walls of the 
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crucible and at the bottom as a result of interaction between the graphite crucible material and 
the molten silicon as showed in Figure 6. On the top of the samples, a continuous phase of SiÛ2 
was observed indicating silicon oxygen interaction leading to slag formation. 

Figure 6 shows a very serious interaction between the graphite crucible and the molten silicon to 
generate SiC particles. In Figure 7 further details about inclusions distribution in the samples 
from experiment Si-SD-2 showing part of the top surface and the bottom are provided. As can 
be observed in all the inclusions distribution micrographs of the samples, the characteristic Si3N4 
rod-like morphologies were not observe. This will be briefly discussed in a later section. 

Figure 3. Collection of optical micrographs showing the distribution of inclusions in a top-cut 
SoG-Si scrap melted at 1600 °C at a heating rate of 4 °C/min. and held for two hours before 
cooling at 4 °C/min to room temperature in a high temperature furnace without EM field. Almost 
all the particles stayed at the top part of the sample. The arrow shows the direction of gravity 

Figure 4. Optical micrographs of the bottom of the sample after the EM settling experiment Si-
SD-1 showing that inclusions settled to the bottom of the crucible and were well distributed 
along the diameter. The characteristic rod-like Si3N4 morphologies were not observed after the 
experiment. 
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Figure 5. Optical micrographs from top to bottom of the samples after the EM settling 
experiments Si-SD-1 and Si-SD-2 showing a cleaner inner silicon matrix and settled particles to 
the bottom of the samples. A study of the apparent particle at the top of the sample in Si-SD-2 
shows a continuous layer Si02 layer indicating top slag layer. 

Figure 6. Optical micrographs showing a continuous SiC phases generated as a result of the 
interaction between graphite crucible and the molten silicon at the walls of the crucible. This 
photos show serious interactions between Si and carbon to generate inclusions. 

Settling Mechanism 

The mechanism responsible for the settling of inclusions to the bottom of the sample is still not 
clearly understood. However, two possible mechanisms could contribute individually or together 
for the settling process. 

Electromagnetic stirring: under the electromagnetic field the molten metal experiences an 
induced fluid flow which stirs it up, increasing the Reynolds number thereby increasing the 
settling rate. The settling velocity of particles could be described by Eq.(l). 
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Magnetization force due to magnetic field gradients: the magnetization force [9] could be used to 
separate phases based on magnetic susceptibility difference under a gradient magnetic field. [8] 
Due to the presence of different materials within the experimental domain, this could have 
resulted in different EM field intensities leading to a gradient magnetic field that could enhance 
the settling rates of particles. The steady-state settling velocity of particles under the 
electromagnetic field may be derived as: 

^ [ ^ - ^ ) g + (^-^)iB (2) 

Equation (2) provides a lot of possibilities to electromagnetic particle removal. Currently, due to 
the availability of superconductive magnetic materials high magnetic field gradients could be 
used to float or settle the particles as desired. Since the drag coefficient CD is inversely 
proportional to the Reynolds number Re higher EM field leading to high EM stirring implies 
smaller CD and hence high particle settling velocity. However, there is a limit to how much 
stirring is necessary for effective settling due because of the effect of turbulent diffusion, which 
may cause the settle particles to re-entrain into the molten metal stream at higher fluid 
convention rates. 

Figure 7. Part of the top and bottom views of the sample from experiment Si-SD-2 showing 
settled particles to the bottom, a continuous slag layer on top and a continuous SiC layer at the 
bottom as a result of graphite - molten silicon interaction. 

Further confirmatory experiment using a silicon 8 wt% aluminum containing dispersed 
inclusions of 10 pm average size (see microstructure in Figure 8) melted in SiC>2 and EM field 
applied at a frequency of 64 kHz and coil current of 350 A for 10 s was carried out. The result of 
this experiment is shown in Figure 9. Figure 9 shows the accumulated of the small particles at 
the bottom of the crucible and also at the wall. Since SiC>2 crucible was used, the electromagnetic 
Archimedes force was effective close to, and acts toward the wall of the crucible. Therefore as 
the induced fluid flow by the EM field carried particles close to the vicinity of the crucible wall 
where this force was effective the particles were trapped to the wall. The high fluid flow also 
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acted to bring the small particles together thereby improving their settling rate to the bottom of 
the crucible. This resulted in the accumulation of more particles at the bottom of the crucible as 
showed in Figure 9. This result holds significant potential to the future design of industrial 
electromagnetic inclusions separation process. 

Figure 8. Microstructure of Si - 8 wt% Al alloy showing white Al phase and dispersed particles 
in silicon matrix. 

Figure 9. Microstructure of part of the vertical cross-section of EM separated sample of Si - 8 wt% 
Al alloy showing the accumulation of the originally dispersed particles after 10 seconds of the 
application of EM field at Irms = 350 A and/= 64 kHz to the bottom and to the wall of the Si02 
crucible used. The matrix of the material away from the wall and bottom were generally free of 
the dispersed particles after the EM application. 

Status of SijHt Particles in top-cut scraps after EM experiments 

The characteristic rod-like morphologies of Si3N4 particles as seen in Figs. 2 and 3 were not 
detectable in the sample after the EM settling experiments as shown in Figs. 4 - 7. Optical 
micrographs and SEM/EDX analysis on the samples have both proven unsuccessful in detecting 
the Si3N4 particles in the samples. Several possibilities could explain this observation: 

- Decomposition of Si3N4 due to contact with air or water molecules to gaseous Si-O-H species 
and N2 or NOx gas species. 

- Thermal decomposition of Si3N4 resulting from local heating under such a high voltage field 
(the coil voltage was 300 - 500 V). 
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- Reaction of Si3N4 oxygen to form silicon oxynitride glassy phases in a top slag layer. No 
1EM or SEM study has been conducted on the top layer yet. Considering this possibility, 
why would SiC prefer to go to the bottom while S13N4 particles go to the top? 

- Recrystallization of Si3N4 in the melt. The solubility of nitrogen in the melt is appreciably 
low to allow for Si3N4 to recrystallize. 

These likelihoods require further investigation to establish the actual reason responsible to the 
non-detection of Si3N4 particles in the samples after the EM settling experiments. 

Summary 

The feasibility of using high frequency AC electromagnetic field to settle suspended inclusions 
in the top-cut silicon was investigated. It was found in all the experiments mat, SiC particles 
settled to the bottom of the sample within a short experimental time of 2 minutes under the 
electromagnetic field. This is contrary to the result of settling by gravity in a high temperature 
furnace without electromagnetic field for over three hours in which almost all the particles stayed 
in the top-half of the sample. The possible mechanisms responsible for the improved settling 
under electromagnetic field are electromagnetic stirring and the effect of the magnetization 
forces due to the difference in magnetic susceptibility for Silicon and SiC under a gradient 
electromagnetic field. Si3N4 inclusions were not detected after the experiments and this is 
attributed to a number of factors which includes thermal decomposition due to local heating. 
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Abstract 

The composition, properties and structure of taphole clay with high strength and friendly 
surrounding used in a new blast furnace with 3800 M3 volume was studied. The developed 
taphole clay had been applied in the blast furnace for four months, pouring times were 11-13 
every day, flowing rate of hot iron was 7.5 t/min and the consumption of taphole clay was 
0.49Kg per ton iron, which can make the new blast furnace attach the designed production 
quickly and decrease the cost of hot iron. The taphole clay is easy to be opened in the channel of 
hot iron which can be remained in stable shape under the corrosion of slag or hot iron, and it 
dose not produce poisonous smoke in yellow or dark color in the use process. The development 
of new taphole clay is useful to improve the work surrounding of the blast furnace. 
Keywords: Blast furnace, taphole clay, surrounding-friendly, high strength 

Introduction 

In the iron-making process, the taphole clay's function is filling up the taphole and protecting the 
formation as well as the growth of the clay in the blast furnace, maintaining the enough taphole 
depth; simultaneously it is easily to open a hole and knock out the clay. The taphole clay has a 
good performance of molten slag and hot iron resistance. The traditional taphole clay uses coal 
tar or carbolineum as a binder, and the performance of taphole clay is good, but it has the black 
and yellow poisonous smoke, which is harmful for work condition. Through the investigation on 
the binder's composition and poisonous performance of taphole clay, the environmental taphole 
clay is developed by some foreign companies, which is named the third generation product with 
benzene is less than 300ppm, and it has been used in European steel companies. This application 
of the taphole clay with high strength and environment-friendly using in 3800m3 blast furnace is 
introduced and the performance is discussed and analyzed in this paper. 
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Taphole Clay Experiments 

The research of the taphole clay with high strength and environment-friendly was mainly related 
with the formula and the operation performance adjustment. Through the optimized formula 
composition, the suitable performance was obtained. The clay's primary materials were 
corundum aggregate and its fine powders, other raw materials such as coke, silicon carbide, 
bonding clay and nitride were used selectively. To reduce the cost, some factories use the bauxite 
as main material. Finally using the environment-friendly binder and the resolver to mix and roll 
for the product. 

Take the taphole clay H-D formula as the foundation. H-D is a kind of taphole clay containing 
environment-friendly liquid binder. Replace bauxite with coke powder and the content was 
10wt%, 13wt%, 16wt%, 19wt% and 22wt%. The binder was adjusted according to the kind and 
weight. The clay is fired up to 1400°C. The compressive strength and apparent porosity of the 
fired clay sample at 1400 "C were examined and the results were shown in Figure 1 to 2. 

Addition of coke powder (%) 

Figure 1 The relationship between strength and different addition content of coke powder 
containing clay 

The strength change of clay was shown in Figure 1. It can be seen that more coke addition leads 
to lower strength. The influence factor and the trend were similar to the traditional clay. For the 
clay, coke was the main factor affecting the break and the addition amount must be controlled in 
a proper range. For the clay with new structure does not need to consider that but needs to 
consider the porosity and the size quantity of the clay to control the break performance. 
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Figure 2 The relationship between apparent porosity and different addition content of coke 
powder containing clay 

Figures 2 shows the relationship between apparent porosity and different addition content of 
coke powder containing clay. It is found that the apparent porosity of the traditional clay or the 
clay with coke as the main material can be controlled by the addition of coke, and the break 
performance can also be controlled. More addition of coke was harmful for the strength of the 
clay, so the clay with high coke composition has low burned strength, low molten iron and slag 
corrosion resistance, resulting in un-stability and high consumption of the taphole clay. 

The plasticity regarding to the operation of blast furnace taphole clay is very important. The clay 
gun's pressure is insufficient and the break of hole is quite difficult. The large-scale blast 
furnaces use the anthracite oil combined taphoe clay, and an important reason is that taphole clay 
is quite soft and easy to break. However, its fatal weakness is the high-temperature strength is 
low and poor anti-corrosion performance and polluting environment. The anthracite oil, the 
asphalt includes the massive carcinogen-benzene, therefore it is harmful for the blast furnace 
staffs health and polluting environment. 

Generally, room temperature plasticity of the anhydrous taphole clay is 0.65 MPa. The 
excessively high plasticity can cause the break clay difficult or the clay cannot sneak in the tap 
hole, but the softened performance of environment-friendly taphole clay is best at 150°C, the 
plastic value is lowest at about 0.8 MPa. For clay gun under normal operation, the barrel 
temperature is enough to guarantee the temperature. For the cold barrel of first use, it may use 
the external heating method to control the barrel temperature. Meanwhile the clay gun's system 
parameters of breaking the clay should make the adjustment, the fluctuation of pressure is 2MPa, 
and the pressure is steady, the clay quantity is stable, which may guarantee the stability of the 
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depth of the taphole. 

For example, the environment-friendly taphole clay without traditional asphalt binder, the 
composition of taphole clay is according to H-D series, the binder addition by the matched type 
and quantity. The plastic value of taphole clay in the time which the clay had been produced was 
examined. The data are shown in Figure 3. 
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0 50 100 150 200 250 

the time which the clay had been produced (h)) 

Figure 3 The relationship between the plastic value and time which the clay had been produced 

For the traditional taphole clay, the adjustment of anthracite oil or the coal-tar oil can change 
compressive strength at room temperature considerably. The main reason is the carbon content of 
the tar or the anthracite oil is low and the strength of taphole clay is also low. Increasing the oil 
amount, the taphole clay can change soften, but plastic strength reduces. For the 
environment-friendly taphole clay, the quantity of binder influences plastic strength greatly. The 
binder quantity increases, taphole clay's Maxia value reduces. Therefore, it needs to control 
taphole clay Maxia value in proper scope. 

The environment-friendly taphole clay using the improved binder has little benzene and the 
surplus benzene is mainly produced by the solid binder. When the taphole clay is extruded into 
blast furnace, it will be burnt down at high temperatures. Therefore the application of 
environment-friendly binder is useful for the work surrounding and worker's health. The 
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structure and the composition analysis of the burned clay are shown in Figure 4 to 5. 

Figure 4 shows that the structure of burned clay is porous and has some ashes, The EDS result of 
one ash in Figure 5(b) is (wt%):Na20 1.16, A1203 43.04, Si02 53.27, K20 2.26, CaO 0,27. 

(a) (b) 
Figure 4 The secondary electron images of high strength taphole clay with 
enviromental-friendly fired at 1400°C ><3h black is carbon-bond phase 

(a) (b) 
Figure 5 The secondary electron images of basis for high strength taphole clay with 

enviromental-friendly fired at 1400°C><3h 
The morphologies of the combination between aggregate and fine powders are indicated in 
Figure 5. The fixed carbon is as the main bonding phase in the fired clay. The EDS analysis of 
the marked point in matrix is (wt%): Na20 0.93, A1203 39.36, Si02 56.91, K20 1.74, CaO 1.07 
(Figure 5a). The EDS analysis of the marked point in another matrix is (wt%): Na20 0.92, AI2O3 
47.28, Si02 48.83, K20 0.99, CaO 1.98 (Figure 5b). Viewing on the two point compositions, the 
indigents change less and they mainly form the dense silicate phases. 
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Application of Taphole Clay 

The composition of high strength environment-friendly taphole clay is shown in table I. Its 
Environment-friendly performance is good, and benzene(w,%) in the taphole clay is less than 
0.005wt%, and it is high intensity, good slag resistance, without the yellow or black poisonous 
smog, which is used to have a trial in the 3200m3 blast furnace, and the performance is good. The 
environment-friendly clay squeezes out the length more than 1 meter unceasingly, but the 
anthracite oil union taphole clay is broken at merely 0.2-0.5 meter. Firstly, five raids were tested, 
which chose one taphole , the depth of tap hole is maintained at three meters, the taphole clay 
consumption achieves 0.5Kg/t iron while that of anthracite oil is about 0.89Kg/t iron. In order to 
reduce the disperse spurts of the newly open blast furnace, the iron-plant decided to use the high 
strength environment-friendly taphole clay. Among four months long-term usage, the taphole 
clay consumption has achieved 0.49Kg/t iron, the molten iron speed 7.5 tons/minutes, the 
tapping number may achieve 7-8 times at least. Because the difficulty of the molten iron supply, 
we control the tapping 11—13 times. The 3800M3 blast furnace reached production in four days, 
and the utilization sufficient achieves 2.3, the wind temperature achieves 1097°C, the molten iron 
temperature achieves 1488 °C and the top pressure achieves 0.199MPa. The disperse spurts 
problem was solved. However, the dispersed spurts time of former newly built blast furnace 
often achieves above three months. 

Table I Composition and properties of taphole clay with environment-friendly 

Chemical composition /wt% 

A1203 

>22 

SiC+C 

>25 

Si3N4 

>2.0 

Properties, 1400°C for 3h 

Apparent 
porosity 
/vol.% 

>36 

Bulk 
density 
/g.cm"3 

>2.0 

High-temperature 
Compressive 

strength 
(1400°C)/MPa 

>8.0 

low-temperature 
Compressive 

strength 
(250°C)/MPa 

>4.0 

Lineal 
change 
/vol.% 

±1.0 

284 



Figure 6 The trial photo of the developed high strength taphole clay with environment-friendly 

Looked from the iron plant experience in the past, tap hole of newly open blast furnace in 
WISCO disperses spurts seriously, the new clay balls forms difficult, and the tap hole is unstable, 
which leads to maintain difficult, great work capacity, and it is unfavorable for the safety in 
production. Generally speaking, the tap hole of the blast furnace should undergo several grouting 
processing, after 6-12 months, the disperse spurt will be controlled permanently, but some blast 
furnaces running for years still have the tap hole disperse spurts. The developed taphole clay 
mainly aims at the characteristics such as iron-smelting furnace fast strengthening, disperses 
spurts, and high slag ratio. The taphole clay should have good aperture performance, the 
performance of anti-disperse spurts, slag resistance and the good environment-friendly 
performance. The chosen of taphole clay is depending on the ramming material and the 
performance of the bricking-up material of the tap hole. The good bonding quality and the 
replacement performance are emphasized. Using the improved environment-friendly taphole clay 
binder, the replacement between taphole clay and the taphole balling is easily to carry out. Each 
target of the taphole clay meets the blast furnace production need. 

Discussion 

When a blast furnace volume is small, the internal pressure is not high, and the molten iron 
flow speed and capacity are small, so the requirement and technique of the taphole clay is low. 
By the end of 20 century, the amount of large-scale blast furnaces has increased and the volume 
is becoming larger and larger. Taking WISCO for example, the blast furnaces below 2000M3 

eliminated completely, and four blast furnaces are all above 3200M3, requiring high temperature 
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of blowing wind, high top pressure, high oxygen enrichment and smelting intensity, the 
environmental condition of the tap hole replaces the radical change, causing the role of blast 
furnace taphole clay changes from "the filling material" to the closely related stabilization 
function. The taphole clay is not only has an effect in filling the tap hole of the large-scale blast 
furnace, but also in controlling the flow speed and capacity of molten iron , the tap hole depth 
and the balling shape. The taphole clay's work process can decide a blast furnace's steady 
operation and influence tap hole and hearth service life. 

The study of environment-friendly taphole clay is closely related to that of European country on 
poisonous materials. In Europe's product marking, the harmful product for human health 
including the carcinogen, the material of induced mutation that change inherit structural of 
humanity, the reproduction toxicity material, which possibly has the heredity consequence for the 
descendant. These study results caused ones should pay attention to the poisonous materials used 
in refractory field. In the refractory products, the widely used poisonous material is tar, which is 
the by-product of coke and it often used as the binder of taphole clay. The main constituent of tar 
is multi-hydrocarbons, and some of those are the poly-nuclear aromatic hydrocarbons (PAH). 
Some poly-nuclear aromatic hydrocarbons, such as the well-known benzene is the carcinogen. 
What needs to explain: In the several hundred kinds of PAH, there are only very few of them are 
poisonous products. 

People pay more and more attention on the toxicity of tar, and thus some people propose a 
solution that using resin substitutes tar. At first, this plan was considered as an environmental 
choice. However, the late study found that the hot- solid resin ingredient including the phenol-
formaldehyde polymer, whose characteristic of expediting setting has entrusted the taphole clay a 
new characteristic, but the two chemistry monomers have been classified to toxic products (CMR) 
since 2005. In addition, the formaldehyde may be classified as top-kind carcinogen. Viewing on 
the reports from the correlation data: in the binders of clay, benzene > 0.01wt%, cause 
carcinogen, induce mutation and reproduction toxicity; phenol > lwt%, cause induced mutation; 
Formaldehyde > 0.2wt%, cause carcinogen. The all products above not only have the toxicity, 
usually has corrosiveness and the risk to the environment. Served as the phenolic resolver, the 
diglycol is also the hazardous material. Therefore the thought of using the traditional tar, 
anthracite oil, phenolic resin as the taphole clay binder has already confirmed to be the health 
harmful technology. To develop safe binder containing taphole clay is the work that the 
refractory researchers must carry out. 

Less study on the aspect can be found in home. Some reports of environment-friendly taphole 
clay are the binder of phenolic resins. In study of the environment-friendly taphole clay, the use 
of pitch as a binder is avoided due to the fact that the benzene is also existed in pitch. Thus, the 
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environment-friendly taphole clay in the true sense is the improvement of low poisonous ones, 
either is new structure taphole clay which makes the improvement after the structural design. 
From the research process of high strength environment-friendly taphole clay we find that using 
the structural design method to achieve coordinate between the taphole clay environmental 
friendliness and the operational performance in the true sense. 

Conclusions 

1) The developed high strength environment-friendly taphole clay's burned strength is higher 
than 8 MPa, the content of benzene (wt,%) is less than 0.005wt%, and it is continuously applied 
on the new 3800M3 blast furnace for four months. The taphole clay consumption achieves the 
0.49Kg/t iron, the flow speed of molten iron achieves 7.5 ton/minute, the tapping time is 
generally controlled 11-13 times, and the effect is remarkable. 

2) The high strength environment-friendly clay-strip is squeezes out longer, break effect is good, 
and has patching function for the slit of tap hole channel. The new blast furnace using 
environment-friendly taphole clay produces in 4 days. The normal work rate of tap hole achieves 
100 percent, and numbers of changes presses of putty is zero, also the numbers of dropping 
pressure to clogging is zero. This taphole clay is made the adjustment in the production in view 
of the different situation. The plastic value at 50°C may adjust to l.l-1.2MPa, and the disperses 
spurts of tap hole is contained. The disperse spurts question of molten iron of new blast furnace 
is solved. 
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Abstract 

The influence of high pressure roller grinding (HPRG) on sintering of iron 
concentrate fines was investigated. Results of mini-sintering tests showed that 
assimilation temperature of iron concentrate fines decreased from 1230 *C to 1220 *C 
and assimilation time was shortened from 10 min to 5 min when the iron concentrate 
fines was pretreated by HPRG. Sinter pot tests showed that the yield of sinter 
increased from 60.33% to 72.92% , tumble index increased from 44.35% to 46.66%, 
The investigation indicated that, after being pretreated by HPRG, iron concentrate 
fines are improved in ballability and the fraction of fine particles increased, resulting 
in the improvement of granulation property and reactiveness in solid state reaction. As 
a result, sintering of iron concentrate fines were strengthened. 

Introduction 

With the rapid development of iron and steel industry and the decrease of high-grade 
ores, the imports of iron ore are increasing continually. It is of immensely strategic 
importance for development of iron and steel industry and energy security in our 
country to make good use of iron concentrate fine which is low price, high grade and 
has a refractory sintering property. When iron concentrate fine is used in sintering, 
granulation property of sinter mixture and permeability of sinter bed get poor. As a 
result, yield and quality of sinter fall down. Many researches show that, when HPRG 
is used in pelletization, quality of pellets is improved dramatically. Meanwhile, HPRG 
has a low energy consume, a large handing capacity and it is benefit for environment 
protect. At this theme, strengthening of sintering of iron concentrate fine pretreated by 
HPRG was investigated in this paper. 

Experimental 

Materials 
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Iron concentrate fine sample used in this investigation is hematite and obtained from 
Yuanjiacun Iron Mine of Mining Branch Company of Taiyuan Iron and Steel Group 
Corporation, Limited. Chemical composition and size distribution of iron concentrate 
fine are showed in Table I and Table II, respectively. 

Table I. Chemical Composition of Iron Concentrate Fine /wt% 

TFe 

67.44 

FeO 

9.01 

Si02 

2.54 

A1203 

0.56 

CaO 

0.21 

MgO 

0.23 

K20 

0.023 

Na20 

0.026 

P 

0.019 

S 

0.023 

LOI 

0.62 

Table II. Size Distribution and Specific Surface Area of Iron Concentrate Fine 
Size Distribution /wt% 

>0.074 

1.17 

0.074-0.044 

3.11 

O.045 

95.72 

Specific Surface 
Area /cm2.g_1 

1647.00 

Methods 

Pretreatment bv HPRG. The specification of HPRG machine is O250<120mm.The 
pressure value of double rolls is adjustable in range from 0 to 50 kN . Iron ore 
concentrate is mixed well before being pretreated by HPRG and fed steadily when 
pretreated. Pressure value was set at 30kN. The corresponding intensity of pressure 
was IMpa. Moisture ratio of iron ore concentrate for pretreatment was 8%. 

Assimilabilitv Test. When iron ore fine reacts with lime, a liquid phase of low melting 
point is formed. This behavior of iron ore fine is defined as assimilation. 
Assimilabilitv, the reactivity of iron ore fine with lime, is regarded as a important 
evaluating indicator of basic sintering characteristic of iron ore fine. According to the 
classical theory of physical chemistry, the difficulty of a reaction is evaluated by time 
and temperature. In general, the lower the assimilation temperature is, and the shorter 
the assimilation time is, the easier the formation of liquid phase becomes111. The 
formation of liquid phase is beneficial to sintering. 
The assimilability was tested as the following method: Iron ore fine, as well as the 
lime (analytic reagent) ,was milled to be powder with the fraction passing the 100 
mesh sieve reaches 100%. Then, iron ore fine was pressed to be column under a 
certain pressure. The diameter and height of column were 8mm and 10mm, 
respectively. Lime was pressed to be column, too. The diameter and height of column 
were 25mm and 10mm, respectively. Next, the iron ore fine column was laid on the 
lime column. The two columns were put in mini-sinter machine together, and roasted 
in an analogous condition as sintering. Assimilation temperature and assimilation time 
were tested. 

Sintering Pot Test. All the materials, including iron ore concentrate fine, return fines, 
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fluxes, fuels, were firstly proportioned by weight, and mixed for three times. After 
water added in, the mixture was mixed for three times. The moist mixture went on 
being granulated by a 600 mm><1400 mm drum into granular material and then 
charged into the sintering pot. Moisture ratio, size distribution and permeability index 
of granular material were tested immediately after granulation. 
Small sinter pot experiments were conducted in a 100 mm diameter laboratory sinter 
pot. Sintering bed height was fixed at 650 mm. The weight of hearth layer was 
0.5kg.Big sinter pot experiments were conducted in a 150 mm diameter laboratory 
sinter pot. Sintering bed height was fixed at 650 mm. The weight of hearth layer was 
1.0kg. The ignition fuel was liquefied natural gas. Ignition time was 90s, and ignition 
temperature 1100±50°C, ignition negative pressure 5kPa, sintering negative pressure 
lOkPa. At the sinter terminal point, negative pressure was adjusted to be 5kPa. After 
cooled for 5min, sinter cake was discharged from the pot. The finished sinter was 
obtained after crushed and screened. Main performances such as yield, size 
distribution and tumble index were measured according to the relative criterions 
finally. 

Results and Discussion 

Properties of Iron Concentrate Fines by HPRG 

Properties of iron concentrate fine before and after being pretreated by HPRG are 
showed in Table III and Table IV. 

Table III. Specific Surface Areas and Maximum Capillary Water of Iron 
Concentrate Fine 

Iron Concentrate Fine 

No Pretreatment 

Pretreated by HPRG 

Specific Surface Area /cm^g"1 

1 1647.0 

1 2201.1 

Maximum Capillary Water/% 

15.09 

16.81 

Table IV. Weight Percentage of Fine Particle in Iron Concentrate Fine /(wt%) 

Iron Concentrate 1 
Fine | 

No Pretreatment 
Pretreated by 

1 HPRG 1 

Size/mm 

O.028 

69.68 

78.46 

O.015 

41.30 

53.74 

<0.010 

27.51 

39.99 

O.005 

13.31 

22.20 

O.002 

3.83 

7.41 

O.001 | 

0.83 

2.04 

As shown in Table III and Table IV, it is very effective for superfine of hematite fine 
by HPRG. After being pretreated by HPRG, the specific surface area of hematite fine 
increased from 1647.0 cm^g"1 to 2201.1 cm2.g_1. The weight percentage of fine 
particles grows dramatically, the fraction of-0.010mm specially. The growth of fine 
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particles results in improvement in compactness of grains when granulating. Because 
fine particles have high inner energy and high surface activity, the granulation 
property and reactiveness in solid state reaction of iron ore concentrate pretreated by 
HPRG are improved. 

Assimilabilitv 

Assimilability of iron concentrate fine before and after being pretreated by HPRG is 
showed in Table V. Assimilation time was tested at a fixed temperature. If 
assimilation time was too long, a higher roasting temperature was required. It is found 
that when roasting temperature is 1220°C, roasting time is 5min, iron concentrate fine 
before being pretreated does not react with CaO, however, iron concentrate fine after 
being pretreated does. When roasting temperature is raised up to 1230°C, assimilation 
time is 10min. Microscopy photos of liquid phase of iron ore fine columns formed in 
the roasting process are showed in Figl. After iron concentrate fine is pretreated, 
quantity of calcium ferrite in liquid phase increased, otherwise, the penetration depth 
of CaO into iron ore is more deeper. In conclusion, assimilability of iron concentrate 
fine after being pretreated by HPRG is better than that of iron concentrate fine not 
pretreated. 

Table V. Assimilability of Iron Concentrate Fine 

Iron Concentrate Fine 

No Pretreatment 

Pretreated by HPRG 

Assimilability 

Temperature /°C 

1230 

1220 

Time /min 

10 

5 

(Pretreated by HPRG) (No Pretreatment) 
Fig I. Microscopy Photoes of Liquid Phase of Iron Ore Fine Columns 

roasting temperature is 1220°C, roasting time is 5min 

The better assimilability of iron ore fine pretreated by HPRG attributes to 
improvement in specific surface area and ballability of iron ore fines, the looser 
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structure, and the higher content of crystallization water. 

Sinter 

The results of mini-sintering tests indicate that, assimilability of iron ore fine is 
improved by HPRG, which is benefit for formation of calcium ferrite even strength of 
sinter with iron ore fine. Based on the conclusion, sinter pot was carried out in order 
to study the influence of HPRG on sinter of hematite concentrate fine. 

Basic Sinter Tests. In basic sinter tests, hematite concentrate fine used is not 
pretreated. Proper parameters such as moisture ratio of mixture and coke ratio are 
obtained. The results are showed in Table VI. 

TableVI. Results of Sinter Pot Tests with Hematite Concentrate Fine not Pretreated 
Moisture 
Ratio/% 

1 8.8 
7.8 

8.3 

Coke 
Ratio/% 

5.3 
5.3 
5.3 
5.6 
5.9 
6.2 

Permeability 
Index/J.P.U 

0.57 
0.64 
0.63 
0.60 
0.70 
0.75 

Yield 
/% 

55.21 
52.03 
52.96 
54.73 
60.33 
58.95 

Tumble 
Index/% 

38.6 
37.47 
40.69 
42.6 
44.35 
43.32 

Productivity 
/t-(m2-h)"1 

1.471 
1.468 
1.476 
1.481 
1.556 
1.542 

It can be seen from Table .VI that, the proper moisture ratio of mixture and coke ratio 
is 8.3% and 5.9%, respectively. Under the condition, the yield is 60.33%,the tumble 
index is 44.35%, the productivity is 1.556 t^m^h)"1. 

Sinter Tests with Hematite Concentrate Fine Pretreated by HPRG. In sinter tests, 
hematite concentrate fine used is pretreated by HPRG. Proper parameters such as 
moisture ratio of mixture and coke ratio are obtained. The results are showed in Table 
vn. 

Table VE. The Results of Sinter Tests with Hematite Concentrate Fine Pretreated by 
HPRG 

Moisture 
Ratio/% 

8.3 
7.8 

7.3 

7.0 

Coke 
Ratio/% 

5.9 
5.9 
5.9 
5.6 
6.2 
5.9 

Permeability 
Index/J.P.U 

1.27 
1.22 
0.80 
0.77 
0.72 
0.67 

Yield 
/% 

53.28 
58.82 
72.92 
59.46 
63.64 
58.93 

Tumble 
Index/% 

40.23 
44.48 
46.66 
46.32 
46.59 
44.87 

Productivity 
/t-(m2-h)~1 

1.521 
1.562 
1.689 
1.663 
1.674 
1.581 

As shown in Table VU, the quality and yield of sinter are increased. The proper 
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moisture ratio decreases from 8.3% to 7.3%. The proper coke ratio is 5.9%. Under the 
condition, the yield is 72.92%, the tumble index is 46.66%, the productivity is 
1.689t-(m2-h)"1.Compared to the indexes of sinter in Table .VI, The yield, tumble 
index and productivity are increased by 12.59%, 2.31% and 0.133 t-(m2-h)_1, 
respectively. By HPRG, sinter characteristic of hematite concentrate fine is improved 
dramatically. Therefore, better sintering indexes are obtained. The growth of content 
of fine particles and specific surface area of iron ore fines, results in improvement of 
surface activation energy, hydrophilicity and ballability of iron ore fines. As a result, 
the granulation property of iron ore fines is improved and permeability of sinter bed 
gets better. The higher productivity of sinter is directly due to the better permeability 
of sinter bed[2]. Otherwise, HPRG contributes to the better assimilability of iron ore 
fine which is benefit for formation of calcium ferrite and liquid phase in the process 
of sinter. The quality of sinter is improved, consequently. 

Analysis and Discussion 

Sinter-forming mechanism, including solid-state reaction sintering process, liquid 
phase formation and crystallization process, affects the sinter mineral composition 
and microstructure, has a very close relationship with the quality of sintering. Among 
them, the solid-state reaction which occur in the interface of the two solids before 
they are melt, due to the diffusion of solid particles and the reaction product is solid as 
well[3]. Rather than the final sinter mineral composition does the solid-phase reaction 
production decide to form new substances of low fusing point which are excluded in 
the raw material, and it can be known from the mechanism of sintering. With the 
continually rising of temperature, those new substances are the precursors to form 
liquid phase, decreasing the temperature of liquid formed. Consequently, the 
solid-state reaction plays a vital role in sintering process. The influence of particle 
size on the solid-state reaction is significant and the reaction rate constant is inversely 
proportional to the square of the particle radius when the temperature and time are in 
a certain circumstance: 

k^C/r2 

k is the reaction rate constant, C is the scale factor, r is particle radius. In this study, 
the particle size of slaked lime shrank obviously when the quick lime as a binder fully 
slaked[41. Table 4 shows that, after high pressure roll grinding, the hematite particle 
size decreased, the specific surface area increased and the content of fine particles 
increased from 69.68% to 78.46%, especially the number of particle size under 
0.010mm was significantly increased. From the inverse relationship between the 
solid-phase reaction rate constant and particle radius we can know that, as hematite 
and lime particle size decreases after high pressure roll grinding, the solid-state 
reaction process will accelerate, enhancing the assimilation performance, promoting 
the formation of calcium ferrite in the solid phase, improving the strength of sinter at 
a certain temperature and time. 

The factors that affect the mixing process are the wettability of minerals, grain size 
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and grain size composition. Studies have shown that the pelletization of fine particles 
begun in the wetting of particles and forming sufficient capillary forced The 
capillary force between particles of easy wetting is stronger, resulting in the stronger 
pelletized ability of bulk particles, and the better granulation in the mixed process. In 
addition, studies in the structure of the ball in the sintering mixture granulation have 
shown that, the ball is made up by the nuclear particles and the adhesive fine-grained 
particle, called "quasi-particles", and its formation conditions are closely related to 
grain size. Less than 0.2mm particles are usually as adhesion particles in the studies, 
and the more adhesion particles, the better the pelletization in the fine concentrate. 
From Table III and Table IV we can see that, after being pretreated by high pressure 
roll grinding, hematite concentrate was improved in maximum capillary water that 
increased from 15.09% to 16.81%, the adhesive particles that grew massively in the 
pelletization, which effectively enhanced thé granulation of sintering mixture, the 
strength of pellets, the permeability of the mixture layer, and the yield of sintering 
further. 

Conclusion 

Ballability of iron concentrate fine was improved and the fraction of fine particles 
increased when the iron concentrate fines were pretreated by HPRG, resulting in 
improvement of granulation property and reactiveness in solid state reaction which is 
beneficial to formation of calcium ferrite and liquid phase in the process of sinter. As 
a result, sintering of iron concentrate fine is strengthened. 
Assimilation temperature of iron concentrate fine is lowered from 1230*0 to 1220eC, 
and assimilation time is shortened from 10min to 5min after the iron concentrate fines 
being pretreated by HPRG. 
When the iron concentrate fines were dealt with HPRG, the yield, tumble index and 
the productivity of sinter are increased from 60.33%to72.92%, from 44.35% to 
46.66%, and from 1.556 V(m2'h)~l to 1.689t-(m2-h)"1, respectively. 
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Abstract 
The sintering properties of vanadium-titanium magnetite concentrate ( VTC ) was 
studied in this paper. Through the optimizing the sintering process of VTC, the 
suitable granulation moisture and coke proportion were determined. The sintering 
velocity decreased from 23.05 mm/min to 18.22 mm/min. With the increase of VTC 
proportion from 0 to 46%, the specific productivity and tumbler index were 
respectively decreased from 1.55 t/(m2-h) to 1.21 t/(m2-h), and 62.93% to 57.73%. 
The temperature of liquid phase formations of mixtures increased, the amount of 
liquid lowered, and the content and sharp of sintering mineral gradually changed with 
the increase of VTC ,these lead that sinter quality became worse. 

Introduction 
In recent years, the steel industry of China is developing rapidly. And the steel 
production was 627 million tons in 2010. At present, the resources of 
vanadium-titanium magnetite concentrate (VTC) was about 14.4% of the total 
national iron reserves of China[l]. VTC has been used as sintering material by 
Magang, Chenggang and Pangang. The amount of VTC in Pangang is maximum. 
However, there exist many problems in VTC sintering, which involve in high specific 
productivity, bad sintering tumbler strength and high energy consumption[2-5]. 
That's why the proportion of VTC is limited in sintering. 
The high quality of iron ore resources is worse in China. Therefore, it's necessary to 
study the properties of VTC sintering, and to find out the reason how the VTC ratio 
affect the sinter performance. Purpose and significance of the research is to get 
high-quality sinter with the proportion of VTC greatly raised. 

Raw Materials and Test Methods 
Raw Materials 
The chemical composition of the materials was in Table I. For VTC, Ti02, MgO and 
A1203 were relatively high, Si02was low. For ore A, Si02 was 15.89%, and AI2O3 
was 4.19% .Si02 of concentrate C was 8.13%, Si02 of concentrate F was 6.09%. 
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MgO of concentrate E was 4.13%. 

Table I Chemical Compositions of Materials /% 
Material 

VTC 
Ore A 

Concentrate C 
OreB 

Concentrate D 
Concentrate E 
Concentrate F 

Flue dust 

Fe 
53.69 
47.85 
58.19 
60.82 
67.44 
61.85 
61.80 
37.23 

FeO 
31.78 
4.48 
19.82 
0.37 
9.01 
22.55 
24.61 
6.70 

CaO 
0.45 
0.99 
1.60 
0.10 
0.21 
0.80 
1.42 
6.30 

MgO 
2.99 
1.12 
0.94 
0.10 
0.23 
4.13 
0.83 
1.81 

Si02 

3.09 
15.89 
8.13 
4.16 
2.54 
2.68 
6.09 
6.45 

A1203 

3.94 
4.19 
1.72 
2.03 
0.56 
1.90 
1.73 
3.06 

v2o5 
0.53 

-
-
-
-
-
-
-

Ti02 

12.69 
-
-
-
-
-
-
-

LOI 
2.85 
4.66 
2.73 
5.10 
0.62 
2.81 
2.40 
16.67 

Test Method of Liquid Phase Formations 
Materials was grinded to less than 0.074 mm, then mixed with suitable water 
thoroughly. The mixture was made into prism of which the length of the triangle is 
7mm and the height is 20 mm. Test equipment was the horizontal pipe furnace with 
the speed of temperature rise of 10°C/fnin. The changing of the shape and area of the 
prism was recorded by a camera, and automatically identified with the image 
processing software. 

Test Method of Metallogenic Performance 
Materials was grinded to less than 0.074 mm, then mixed with suitable water 
thoroughly. After that, the mixture was pressed under the pressure of 300 kg/cm2 for 
lmin, and made into agglomerate which was 10 mm diameter and 10 mm high. The 
agglomerate was roasted in different temperature for 10 min and cooled to room 
temperature. At last, mineral composition of the agglomerate was tested with optical 
microscope. 

Sintering Experiment 
The sinter mixture granulated in the cylinder mechanism for 4min. After the sinter 
was produced with the sintering pot which was O180 mm, sintering indexes were 
tested according to national standards. The sinter mineral composition was tested with 
the optical microscope and XRD. 

Results and Discussion 
Experimental Scheme 
Experimental scheme was shown in Table II. From scheme A to scheme E, proportion 
of concentrate C, ore B, ore A and flue dust kept the same, the proportion of 
concentrate D, concentrate E and concentrate F gradually decreased, and the 
proportion of VTC increased gradually. 
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Table II Experimental Scheme /% 

Scheme 

A 
B 
C 
D 

1 E 

VTC 

0 

1 12 

24 
36 
46 

D 
10 
8 
7 
5 
0 

Concentrate 
E 
28 
20 
11 
3 
0 ' 

Concentrate 
F 
8 
6 
4 
2 
0 

Concentrate 
C 
19 
19 
19 
19 
19 

Ore 
B 
10 
10 
10 
10 
10 

Ore 
A 
5 
5 
5 
5 

• 5 

Flue 
dust 1 

3 
3 
3 
3 

; 3 

Chemical composition of sinter was in Table III. From scheme A to scheme E, S1O2, 
CaO and MgO content were basically unchanged, but for scheme E, CaO content was 
10.93%, MgO was 2.34%.Ti02,V205 and A1203 increased gradually, Total Fe content 
decreased gradually. 

Table III Chemical Composition of Sinter /% 

Scheme 
A 
B 
C 
D 
E 

TFe 
54.37 
53.36 
52.42 
51.40 
50.30 

Si02 

5.36 
5.37 
5.37 
5.37 
5.36 

CaO 
10.73 
10.73 
10.73 
10.74 
10.93 

MgO 
2.16 
2.18 
2.15 
2.17 
2.34 

A1203 

1.89 
2.19 
2.49 
2.80 
3.11 

Ti02 

0 
1.66 
3.34 
5.03 
6.44 

v2o5 
0 

0,06 
0.13 
0.19 
0.27 

* 
2,00 
2.00 
2.00 
2.00 
2.04 

Effect of VTC Proportion on Sinter Performance 
The suitable granulation moisture and coke proportion were reduced from scheme A 
to scheme E seeing table IV. Each scheme of sintering indexes in suitable conditions 
was in Fig. 1. The sintering velocity reduced from 23.05 mm/min to 18.22 mm/min, 
specific productivity decreased from 1.55 t/(m2-h) to 1.21 t/(m2-h), tumbler index 
lessened from 62.93% to 57.73% with the increase of VTC from 0% to 46%. In a 
word, sintering indexes all decreased. 

Table IV The Suitable Technological Parameters /% 
Scheme 

A 
B 
C 
D 
E 

granulation moisture 
8.50 
8.50 
8.25 
8.25 
8.00 

coke proportion 
5.00 
4.50 
4.50 
4.00 
4£0 
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Fig. 1 Each Scheme of Sintering Indexes in Suitable Conditions 

Mineral Composition of VTC Sinter 
Sintering mineral composition was in Fig.2.with content of TiC>2 in the sinter 
increased, content of hematite and perovskite gradually increased, content of 
magnetite and calcium ferrite gradually decreased. The content of calcium ferrite 
reduced approximately from 30% to 10%,and content of metasilicate was about 10%, 
so the liquid amount of sinter gradually decreased. 

Fig. 2 Effect of VTC Proportion on Sintering Mineral Composition 

The results of sintering mineral composition shown that, with Ti(>2 content in sinter 
increased, the amount of dendrites and the scattered bone structure of hematite 
increased. The content of magnetite which had closely embedded relations with 
calcium ferrite decreased. The content of perovskite gradually increased, and the 
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shape of calcium ferrite from the needle gradually developed into the column. 

Reasons of VTC Affected on Sinter Performance 
The liquid phase formations of VTC was in Fig. 3.With the increase of VTC, the 
beginning temperature of forming liquid approximately increased from 1250°Cto 
1270°Çthe ending temperature of forming liquid approximately increased from 1330°C 
to 1360°Ç liquid amount in 1330°Capproximately decreased from 85% to 60%. The 
results shown that the liquid phase of mixture formations was more and more difficult, 
and the amount was lower and lower. Those were basically consistent with the change 
law ofthat tumbler index gradually reduced. 

Fig. 3 The Liquid Phase Formations of VTC 

Less than 0.5 mm iron ore and returning mines, all flux in the mixture were easily 
metallogenic. Iron ore and returning mines were weighed by the experiment scheme. 
After that, sieved out the part of less than 0.5 mm, and mixed the whole flux with 
suitable water thoroughly. The agglomerate which was made according to the 
method of metallogenic performance was separately roasted in 1200"C,12708C,1300,C 
«id 1320°C for 10 min. 
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(a) 1200*fe (b)1270°C 

(c)1300^ (d)1320°C 

White—Hematite, Brown—Magnetite, French grey—Perovskite, Gray—Calcium Ferrite, 
Dark grey—Metasilicate, Black—Hole. 

Fig. 4 The Microstructure of the Sinter in Different Temperature 

The microstructure of the sinter shown in Fig. 4. With the increase of roasting 
temperature, VTC's oxidation reaction mainly got improved just in the low 
temperature, and calcium ferrite was generated a lot in a temperature range from 
1200°C to 1270 °C .Liquid distributed uniformly and interweaved with magnetite, and 
it's amount achieved maximum. Perovskite continued to be generated in 1300°C.The 
amount of calcium ferrite in 1320°C was less than in 1300°C .The amount of 
perovskite in 1320°C was more than in 1300°C. Perovskite was easily generated, and 
calcium ferrite was hard to exist when temperature was over 1300°C.The VTC sinter 
below 1300°C was good for calcium ferrite existing, hard for perovskite generating. 

Conclusion 
(1) With VTC increased from 0% to 46%, the suitable granulation moisture and coke 
proportion reduced, and the sintering velocity, specific productivity and tumbler index 
all decreased. The amount of hematite and perovskite increased, magnetite and 
calcium ferrite decreased, liquid amount lowered. 
(2) With the increase of VTC, the temperature of liquid beginning and endding 
gradually increased, liquid amount in 1330°C gradually decreased, the content of 
fragile perovskite whose melting temperature was high increased, and the content of 
calcium ferrite decreased. Those were part of the reasons why VTC sinter properties 
became bad. 
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Abstract 
The sinter quantity and quality of limonite in the magnetite and hematite sintering models 
were studied and compared. For the sintering of magnetite, the results showed that the 
increase of limonite improved the permeability of sinter mixture, increased the sinter 
quantity and quality. The sinter strength and productivity were decreased when the 
proportion of limonite exceeded 50%. The appropriate proportion of limonite was 
40%-50%. For the sintering of hematite, the sinter quantity and quality were first 
maintained at the same level thereafter declined, more obviously when the proportion of 
limonite exceeded 40%. The amount of calcium ferrite increased whose shape changed 
from acicular to leaflike and block gradually with the proportion of limonite increased 
from 0% to 80%. 

Introduction 

With the fierce competition of domestic and overseas iron markets in the twenty-first 
century, cheap ores such as limonite are used to be sintering raw materials to cut the costs 
of sinter and pig iron for steel making, and boosts the competitiveness of steel companies 
[1, 2]. In addition, as the reserve volume of hematite of high grade is reducing year by 
year, the usage amount of limonite in sintering are expanding in major domestic and 
international sintering plant [3, 4]. Sintering can be divided into two types, majoring in 
concentrates and fine ores, according to the different types of raw materials. The sintering 
characteristics of limonite in the two types above have been studied and compared in this 
paper, which makes a significant sense for the research of limonite sintering properties 
and guidance of ore proportioning in sintering plants. 

Experiment 
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Materials 

The chemical composition and size distribution of raw materials are shown in Table I and 
Table It .respectively. 

Table I. Chemical Composition of Raw Materials /% 
Materials 

L 
HI 
H2 
Ml 
M2 

Dolomite 
Limestone 
Quicklime 

Coke 

TFe 
58.94 
62.47 
60.81 
64.89 
64.56 

FeO 
0.70 
0.45 
0.51 

28.33 
25.96 

Si02 

4.84 
5.53 
8.42 
5.24 
6.71 
0.89 
0.66 
1.09 
6.80 

CaO 
0.09 
0.25 
0.12 
0.30 
0.35 
32.37 
53.11 
66.99 
0.89 

MgO 
0.10 
0.08 
0.07 
0.52 
0.50 
19.26 
0.52 
2.35 
0.20 

A1203 

1.82 
1.72 
1.82 
1.02 
1.03 
0.24 
0.31 
0.25 
4.25 

LOI 
8.46 
2.04 
2.08 
1.56 
0.77 

45.15 
42.64 
24.76 
76.75 

* LOI: loss on ignition 

Table II. Size Distribution of Raw Materials /% 
Materials 

L 
HI 
H2 
Ml 
M2 

Dolomite 
Limestone 
Quicklime 

Coke 

+8mm 
11.49 
4.59 
5.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.30 

5~8mm 
18.19 
10.12 
10.02 
0.00 
0.70 
0.00 
0.35 
2.90 
1.40 

3~5mm 
20.72 
15.91 
14.51 
0.03 
1.95 

24.27 
11.11 
13.45 
17.75 

l~3mm 
15.40 
18.16 
15.59 
0.47 
4.26 
24.97 
41.76 
32.20 
17.95 

0.5~lmm 
13.99 
10.75 
9.49 
1.60 
7.16 
16.45 
4.97 
16.55 
14.46 

-0.5mm | 
20.21 
40.47 
45.38 
97.91 
85.93 
34.30 
41.81 
34.90 
48.16 

Table I and Table II showed that limonite (L) had a low grade (58.94%), high LOI 
(8.46%), big size which percentage of-0.5mm was only 20.21%. Two kinds of magnetite 
(Ml and M2) had a high grade (both exceeded 64%) and small size which percentages of 
-0.5mm exceeded 85%. Two kinds of hematite (HI and H2) had a middle grade, LOI and 
size between limonite and magnetite. 

Methods 

Mini-sintering Test Mixed the part whose size below 3mm of ore blender with fluxes and 
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suitable moisture. Mixture was pressed under the pressure of 300kg/em2 for Imin to 
make the agglomerate with specification of 010*10 mm. The agglomerate was roasted at 
1300°C for 15min (sintering atmosphere: CO:02:N2:C02Äl: 1:2:5). The microstructure of 
roasted agglomerates was observed with optical microscope. 
Sintering Pot Test The granulating time of mixture was 4min; the test utilized the 
sintering pot with specification of 0150 mm. The thickness of mixture layer was 670mm, 
and the ignition temperature and time were 1050°C and lmin.The sintering negative 
pressure was 12000 Pa. Tested yield and tumbler strength of sinter after cooling for 3min, 

Results and Discussion 

Sintering Proportioning Schemes 

Fixing the sinter's chemical composition at the same level, which TFe 55%-57%, 
Si02=5.45%, MgO=2.3%, basicity (R) =1.9. Fixing the proportion of H2 or M2 at 10% 
respectively, M2 or H2 is replaced by L, thus 13 schemes are designed. Schemes and the 
properties of ore blender are shown in Table HI. 

Table HI. Proportioning Schemes and Properties of Ore Blender 

Scheme 

SI 
S2 
S3 
S4 
S5 
S6 
S7 
S8 
S9 
S10 
Sll 
S12 

| S13 

Iron Ores Proportion/% 

L 

0 
20 
40 
50 
60 
70 
80 
0 

20 
40 
50 
60 
80 

Ml 

90 
70 
50 
40 
30 
20 
10 

M2 

10 
10 
10 
10 
10 
10 

HI 

90 
70 
50 
40 
30 
10 

H2 

10 
10 
10 
10 
10 
10 
10 

Properties of Ore Blender | 
Average 
Size/mm 

0.24 
1.07 
1.71 
2.04 
2.36 
2.68 
3.01 
2.53 
2.66 
2.78 
2.84 
2.91 
3.03 

FeO 
Content/% 

25.58 
20.04 
14.51 
11.74 
8.98 
6.21 
3.45 
3.00 
3.05 
3.10 
3.13 
3.15 
3.20 

LOI/% 

1.62 
3.00 
4.37 
5.06 
5.75 
6.44 
7.13 
1.91 
3.19 
4.48 
5.13 
5.76 
7.05 

Influence of Limonite Proportion on Sinter Quantity and Quality 

Coke and moisture optimization experiments have been conducted for SI-SI 3, and the 
appropriate coke proportion, moisture and corresponding mixture permeability indexes 
are shown in Figure 1. As shown in Figure 1 (a), with the increase of limonite the 
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appropriate proportions of coke were on a rise because of the increase of LOI and 
decrease of FeO (Table ID), the mixture permeability got better and then remained at the 
same level (about 1.07JPU). Moisture remained 8.0% when the Hmonite proportion 
changed from 0% to 60% and 8.5% when the Hmonite proportion exceeded 60%. As 
shown in Figure 1 (b), with the increase of Hmonite proportion, the appropriate coke 
proportion which were higher than that of S1-S8 generally and moisture increased 
obviously, the mixture permeability got slightly better. 

(a) L-M1(S1-S7) (b) L-H1(S8-S13) 
Figure 1. Appropriate Coke Proportion, Moisture and Corresponding Permeability for 

S1-S13 

Under the condition of appropriate coke proportion and moisture, the sinter quantity and 
quality are shown in Figure 2. As shown in Figure 2 (a), with the increase of Hmonite 
proportion the sintering velocity was on a rise obviously, and reached to be the highest 
(24.62 mm-min"1) when the Hmonite proportion was 80%; the sinter productivity and 
tumbler strength rised at the beginning and both got to the best (1.69 t-m -̂h"1 and 70.02%, 
respectively) when the Hmonite proportion was 40%, then declined obviously when the 
Hmonite proportion exceeded 50%. As shown in Figure 2(b), with the increase of Hmonite 
proportion the sintering velocity got slightly faster generally, and got to be fastest (24.00 
mm-min"1) when the Hmonite proportion was 40%. The sinter productivity and tumbler 
strength were the best without Hmonite (1.65 t-m^h'1 and 68.43%, respectively), and 
remained at the same level when the Hmonite proportion was not more than 40%, then 
got worse obviously especially for the sinter productivity. 
The experiments under the conditions of fixing mixture moisture (8.0%) and different 
coke proportions (5.6% and 5.9%) have been conducted for sintering of L-Ml (S1-S7), 
and corresponding sinter quantity and quality are shown in Figure 3. By comparing 
Figure 3(a) and (b), with the increase of Hmonite proportion the sinter quantity and 
quality changed with the same pattern for the sintering of two coke conditions, and were 
improved obviously when coke proportion was higher. And the sinter quantity and quality 
were the best when Hmonite proportion was 40%-50%. 
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(a) Coke pDportion=5.6% (b) Coke proportion^.9% 
Figure 3. Fixing Moisture 8.0%, The Sinter Quantity and Quality of Different Coke 

Condition for S1-S7 

The experiments under the conditions of fixing the coke proportion (5.9%) and different 
mixture moistures (appropriate moisture and 8.0%) have been conducted for the sintering 
of L-Hl (S8-S13), and corresponding sinter quantity and quality are shown in Figure 4. 
By comparing Figure 4(a) and (b), with the increase of limonite proportion the sintering 
velocity declined rapidly if moisture was constant. And the sinter productivity and 
tumbler strength declined rapidly when the limonite proportion exceeded 40%. 
By comparing Figure 3(b) and Figure 4(b), under the same condition (moisture is 8.0% 
and coke proportion was 5.9%), the sinter quantity and quality for the sintering of L-Ml 
were better than the sintering of L-Hl when the limonite proportion exceeded 20%. 
In conclusion, for the sintering of magnetite (S1-S7), increased limonite could improve 
the mixture permeability and increase sinter quantity and quality which would decline 
rapidly if the limonite proportion was more than 50%. The appropriate proportion of 
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limonite was 40%-50%. For the sintering of hematite (S8-S13), the sintering indexes 
maintained at the same level at first with the increase of limonite proportion, and then 
declined, more obviously when the proportion of limonite was high which should not be 
more than 40%. For the sintering of limonite, it could be helpful to improve the sinter 
quantity and quality if coke increased suitably. 

(a) Appropriate moisture (b) Moisture =8.0% 
Figure 4. Fixing Coke Proportion 5.9%, The Sinter Quantity and Quality of Different 

Moisture Condition for S8-S13 

Influence of Limonite Proportion on Sinter Microstructure 

The quality of sinter especially for the strength are closely related with the mineral 
composition and microstructure of sinter. The microstructures of roasted agglomerates for 
SI, S2, S3, S5 and S7 are shown in Figure 5 and S8-S13 are shown in Figure 6. 
As shown in Figure 5 (a), (b) and (c), calcium ferrite were mainly shaped as acicular 
along with the increase of limonite, and magnetite whose shape turned into grainy from 
block embeded tightly in the binding phase (calcium ferrite) and made a compactness of 
structure. When the limonite proportion reached to 60 %, large amount of calcium ferrite 
were shaped as leaf and bulk (Figure 5(d)). When the limonite proportion reached to 80%, 
massive calcium ferrite had been developed (Figure 5(e)), penetrated and assimilated the 
porous residual limonite. Therefore the increase of limonite was bénéficiai to form 
acicular calcium ferrite and improve the strength of sinter. But as the sharp increase of 
coarse limonite, resulted the reduction of small particles in the sintering mixture and the 
raise of the fluxes content in small particles relatively when the size of flues kept constant, 
which was harmful to the strength of sinter due to the easy generation of liquid phase and 
its degraded quality. 
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(a) SI (b)S2 (c)S3 

(d) S5 (e) S7 
A: Magnetite B: Calcium Ferrite C: Hematite D: Hole 

Figure 5. The Microstructures of Roasted Agglomerates for SI, S2, S3, S5 and S7 100* 

(a)S8 (b)S9 (c)S10 

(d)Sll (e)S12 (f)S13 
A: Magnetite B: Calcium Ferrite C: Hematite D: Hole E: Silicate 

Figure 6. The Microstructures of Roasted Agglomerates for S8-S13 100* 
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As shown in Figure 6, the grainy magnetite embeded in the acicular calcium ferrite when 
the limonite proportion was 0%( Figure 6(a)), leaded to a compact structure; the shape of 
calcium ferrite changed from acicular to leaflike and block gradually as the increase of 
limonite, resulted the growth of calcium ferrite(Figure 6(b), (c) and (d)), massive calcium 
ferrite formed when the proportion of limonite was 60%-80%( Figure (e) and 6(f)), 
penetrated and assimilated the porous residual limonite, which reduced the strength of 
sinter. 

Conclusions 

1) For the sintering of magnetite, increased limonite could improve the mixture 
permeability and increase sinter quantity and quality. The appropriate proportion of 
limonite was 40%-50%. For the sintering of hematite, with the increase of limonite the 
sintering indexes were first maintained at the same level thereafter declined, more 
obviously when the proportion of limonite exceeded 40%. 
2) For the microstructure of roasted agglomerates, the shape of calcium ferrite changed 
from acicular to leaflike and block gradually when the proportion of limonite increased 
from 0% to 80%. 
3) The sintering properties of limonite-magnetite and limonite-hematite were different 
because of the differences of size and the other physical and chemical properties between 
magnetite and hematite. In comparison, sinter quantity and quality were better for the 
sintering of limonite- magnetite, and coke proportion was lower. 
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Abstract 

Confocal scanning laser microscope (CSLM) has been applied to cany out the in-situ observation of melting and 
solidifying characteristics during iron ore sintering process, accompanied with TG-DSC test. It can be found that 
apparent Liquid phase forming temperature(LFT) and ending solidifying temperature(EST) is about \\90X1 and 
1160^C, respectively Forming liquid phase during sintering process goes through four courses, these are shrinking, 
expanding, shrinking and expanding coexisting and expanding totally. For Yandi fine, the corresponding 
temperature of these four courses is about 1120-1160'C, 1190-1196 "C, 1218-1220 r and 1233-1270'C, 
respectively. Although CAJ fine has more difficulty in forming initial liquid phase, but when liquid phase expands, 
it may have better fluidity and easier for liquid phase formation. Adding enough CaO, CAJ tine takes on high 
fluidity like Yandi fine, because liquid phase during sintering process is formed mainly by reaction between CaO 
and Fe203. 

Introduction 

Confocal scanning laser microscope (CSLM for short) has been applied to carry out the in-situ 
observation of metallurgical phenomena, especially in steelmaking process. Recently, many 
researches on ironmaking process were conducted with CLSM. While for hisrfi temperature 
properties during sintering process, there are limited reports on in situ observation1"^. In this paper, 
melting and solidifying characteristics of iron ore were observed with CLSM under simulated 
sintering temperature, and high temperature properties of iron ore during sintering process was 
clarified based on the in situ observation results and TG-DSC research. 

Experimental 
Initial melting temperature (IMT for short) and ending solidifying temperature (EST for short) of 
liquid phase during sintering process was determined in authors' former paper2*, in which the 
mixture samples of iron ore and flux were made to powders. In this paper, disk-shaped sample was 
made and more detailed observation was carried out. Furthermore, determination method about 
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IMT was revised according to new explanation. 
Iron ores used were typical pisolitic ore Yandi fines from Australia and hematite CAJ fines from 
Brazil, whose chemical compositions are listed in Table I, and chemically pure reagent of CaO was 
used as flux. Iron ore and CaO were crushed to be under 0.075mm respectively and then they were 
mixed by two methods, one is with the basicity of 4, and the other is with mol ratio between Fe2Û3 
and CaO of 1. The mixture was pressed into a disk-shaped sample(3x3mm) and then it was put onto 
platinum slice(8><8mm), then the platinum slice was set into bottom of an alumina 
crucible(10x8mm) before putting in CLSM. The sample was sintered in CSLM using a simulated 
sintering temperature profile3), as shown in Fig. 1. The experimental atmosphere was air. TG-DSC 
research was carried out to validate the temperature at which endothermic and exothermic reaction 
occur, with heating rate of 10°C/min. 

Results 

Observation of CLSM For Iron Ore during Sintering Process 

Schematic maps of in situ observation of melting and solidifying process for sample 1-4 were 
shown in Fig 2 to Fig 6 respectively as follows. 
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Note: Screen field move left atll86°Cfor observation and transformation temperature from shrinkage to 
expanding is 1193°C 

Fig. 2. Schematic Map of in Situ Observation of Melting Process for Sample 1 

It can be seen from Fig. 2. that when temperature rises from 800 to about 1150°Q sample 1 shrinks 
slowly firstly and then fleetly. Sample 1 changes from shrinkage to expanding state at 1193°Ç and 
then the speed of expanding is fast. As shown in Fig. 3, when temperature drops, liquid phase 
crystallizes instantly at 120(fC. When temperature drops to about 1120°Q basically all liquid phase 
solidifies completely. 

Fig. 3.Schematic Map of in Situ observation of solidifying process for sample 1 

Fig 4 shows that sample 2 nearly don't move, which means that sample 2 don't go through 
melting phenomenon, and so dose solidifying phenomenon. The reason is that S1O2 content of CAJ 
is low, so under the condition of basicity of 4, CaO addition is few and liquid phase formed is not 
sufficient for flowing. 

Fig. 4. Schematic map of in situ observation of melting process for sample 2 

From Fig. 5., it can be seen that during 800°C-1000°Q sample 3 shrinks slowly like sample 1; from 
1196°C, Sample 1 changes from shrinkage state to expanding state, which means liquid phase forms 
apparently. It is worth to mention that during 1220-1240°C, there are co-existence of shrinkage and 
expanding. Till 1241°C, expanding speeds up and most of the sample expand, indicating that liquid 
phase forms largely. The reason why existing second shrinkage can be explained by change of 
liquid phase composition (will be discussed in next section). From Fig. 6. it can be seen that when 
temperature drops to about 1180°C, there are crystallization phenomenon in different zone, and till 
about 1120°C, these different crystallization zone link all together basically, indicating the end of 
solidifying process. 

317 



Note: a circle is fixed in Fig as a reference for observing due to adjustment of the screen field 
Fig. 5. Schematic map of in situ observation of melting process for sample 3 

Fig. 6. Schematic map of in situ observation of solidifying process for sample 3 

There are many similar characteristic between sample 3 and sample 4, so schematic maps for 
sample 4 are omitted limited to length of paper. The difference between sample 4 and sample 3 is 
that the second shrinkage period for the former is 1220-1270°Q that is to say, the former goes 
through longer period of shrinkage. There are two reason which can explain this phenomenon, one 
is that platinum slice for sample 4 is somewhat uneven, which makes the liquid phase flow towards 
inside, the other is that change condition of liquid phase of sample4 is larger than that of sample 3 
due to difference of CaO addition during the second shrinkage period. When temperature drops to 
about 1174°C, there are crystallization phenomenon for sample 4, and till about 1150°Q 
crystallization finishes. 

TG-DSC of Iron Ore during Sintering Process 

Fig. 7. shows TG-DSC curves of CAJ and Yandi fines under different CaO addition condition. 
Table II. shows endothermic temperature points between 800 and 1300°C. It can be found that for 
CAJ fines, there are five endothermic temperature points and four for Yandi fine. 
It is apparent that later three points (Td, Te and Tf) are involved of liquid phase forming, and Td of 
CAJ is higher than that of Yandi, while Te and Tf of CAJ are lower than those of Yandi. This 
indicates that although CAJ has more difficulty in forming initial liquid phase, but when liquid 
phase expands, CAJ may has better fluidity and easier liquid phase formation. 

Fig. 7. TG-DSC Curve of CAJ and Yandi Ore Fines 

During cooling process, there is one exothermic temperature point for CAJ at 1220°Cand two for 
Yandi at 1221 and 1163°C, respectively. Although these endothermic and exothermic temperature 
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points are not strictly homologous to those observed by CLSM, it can be attributed to difference in 
CaO addition and experimental condition. To some extent, about 1200 and 1240°C measured by 
TG-DSC are corresponding to IFT and MFT observed by CLSM as shown in later section. 

Discussions 

Determination of Melting And Solidifying Temperature of Iron Ore During Sintering Process 

Table III shows comparison of melting and solidifying of samples. Four temperature points T1-T4 
were defined as shrinking temperature (ST), initial forming liquid phase temperature (IFT), most 
liquid phase forming temperature (MFT), and ending solidifying temperature (EST), respectively. 
Physical meaning of these temperature points are explained as follows. 
Tl shrinking temperature 

Samples begin to move and shrink slowly from 800-900°C, and this phenomenon continue till 
about 1150°C, Furthermore, the sample shrinks with fast speed at latter stage. According to 
CaO-Fe2C>3 and CaOFe2C>3-Si02 phase diagram, shrink thing during in-situ observation need not be 
regarded as liquid phase, because the temperature at which the sample shrinks is far lower than 
temperature of lowest melting temperature in phase diagram, as shown in Fig 8. 

The reason of shrinkage before forming liquid phase can be explained in following three aspects. 
l)Solid phase reaction: Before forming liquid phase in sintering process, solid phase compounds 

with low melting temperature were formed among oxides with high melting 
temperature(Fe203,CaO,Si02 and AI2O3, etc). Accompanied with the formation of solid phase 
compounds with low melting temperature, there is exothermic phenomenon. However, TG-DSC 
curve of mixture between CAJ, Yandi fines and CaO show that there is not apparent exothermic 
point between 800 to 1100°C 

2) Crystal shape transformation. Some oxides have crystal shape transformation, for example, 
the shape of Si02 changes at 870°C, and Fe203 changes from a-FeaOs to r-Fe203 type between 400 
and 600°C. However, Accompanied with these crystal shape transformations, expanding 
phenomenon occurs. 

3) Shrinkage caused by solid phase sintering. Iron ore sintering belongs to liquid phase 
sintering. However, before liquid phase forms, there are solid phase sintering phenomenon for 
powder sample. At high temperature(<120(fC), pore of iron ore closes and powder agglomerates as 
heating, and this will make sample shrink. Authors think the third reason may explain why sample 
shrinks before forming liquid phase. 

T2 and T3—initial forming liquid phase temperature and most liquid phase forming 
temperature 
From phase diagram of CaO-Fe203, CaO-Fe203-Si02 and CaO-FeOx-Si02, the lowest melting 
temperature can be obtained, and they are 1200, 1192 and 1125°C, respectively. So from theory, 
considering not AI2O3, MgO and other minor content, sample can form liquid phase from any 
temperature points between 1125 and 1200°Cdueto change of chemical composition of the mixture 
during sintering process. 

Table II Endothermic Temperature Points between 800-1300°C 

CAJ(pure) 
CAJ(R=2) 
CAJ(R=4) 

Ta 
850 
850 
849 

Tb 
880 
880 
882 

Te 
919 
920 
920 

Td 

1207 
1208 

Te 

1235 
1239 

Tf 

1288 
1287 
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Yandi(pure) 
Yandi (R=2) 
Yandi (R=4) 

888 
882 
878 

918 
920 
917 

-
1197 
1200 

-
1243 
1242 

-
1292 
1292 

SI 
S2 
S3 
S4 

rable III Melting and Solidifying Temperature of Samples, 
Tl 
900 
-

860 
870 

T2 
1163 
-

1160 
1120 

T3 
1193 
-

1196 
1170 

C 
T4 

1120 
-

1120 
1150 

Fig. 8. Phase diagram of CaO-Fe2<I>3 

In former paper, IMT is regarded as the temperature when mixture starts to move rapidly 
from still state with a speed of 0.1-0.3 mm/s under thermal treatment. Through our detailed 
observation, it can be found that samples go through slow shrinking before fast shrinking, the 
transformat 
on temperature may be IMT. It is worth to mention that some powder close to sample takes 
on characteristics of liquid phase forming (expanding), as shown in dashed circle of Fig.2. 
T3 is regarded as temperature at which main body of samples begins to expand, and in this 
temperature, sample change from shrinkage state to expanding state fast. 
Apparently, liquid phase forming temperature for sample 2 is far higher than that of sample 1, 
3 and 4. This is because liquid phase during sintering process is formed mainly by reaction 
between CaO and Fe2C>3. CAJ fine has lower S1O2 content than Yandi fine, and under the 
same basicity condition, fluidity of CAJ fine is far lower than that of Yandi fine. However, if 
adding enough CaO, CAJ fine takes on high fluidity like Yandi fine. 

T4 Ending solidifying temperature 
EST is regard as the temperature when the surface of mixture is covered completely by solid 
phase. This definition is the same as the one in former study. During sintering process, from 
forming liquid phase to ending solidifying process, time is short, so EST is significant for 
consolidating sinter ore. 
According to observation of CLSM, it can be found that forming liquid phase during 
sintering process go through four courses, that is shrinking, expanding, shrinking and 
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expanding coexisting and expanding totally. For Yandi fine, the corresponding temperature of 
this four courses is 1120-1160°C, 1190-1196°C, 1218-1220°C and 1233-4270°C; respectively. 

Conclusion 

According to observation of CLSM, melting and solidifying process of CAJ and Yandi fine 
during sintering process were analyzed, and conclusions are obtained as follows: 
(1) The slow shrinkage occurred before forming liquid phase may be caused by solid phase 
sintering. At 1120-1160°C, a little liquid phase forms corresponding to lowest temperature 
point of CaO-FeOn-Si02. At around 1190*^ much liquid phase forms corresponding to 
lowest temperature point of CaO-Fe2C>3-Si02. 
(2) Forming liquid phase during sintering process go through four courses, that is shrinking, 
expanding, shrinking and expanding coexisting and expanding totally. For Yandi fine, the 
corresponding temperature of this four courses is 1120-1160°Q 1190-1196°C, 1218-1220 °C 
and 1233-1270°C, respectively. Liquid phase forming temperature and ending solidifying 
temperature is about 1150 and 1120°C, respectively; as far as large extent is concerned, these 
two temperatures are 1190°C and 1160°C, respectively. 
(3) Although CAJ has more difficulty in forming initial liquid phase, but when liquid phase 
expands, CAJ may have better fluidity and easier liquid phase formation. Adding enough 
CaO, CAJ fine takes on high fluidity like Yandi fine, because liquid phase during sintering 
process is formed mainly by reaction between CaO and Fe2C>3. But under the same basicity 
condition, fluidity of CAJ fine is far lower than that of Yandi fine. 
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Abstract 

In order to solve air leakage of sintering testing cumbersome, inaccurate results, and 
other issues, the sinter machine air leakage characteristics were studied, and combining 
the mathematical modeling and the field detection. The temperature before air leakage 
was calculated by mathematical model, energy balance equation was established 
according to sintering process, using Adams prediction correction method which has 
stronge stability and high precision, to solve hyperbolic partial differential equation 
with astringency problem. The temperature after air leakage is detected by instruments, 
according to energy conservation calculation the sintering air leakage rate. According 
to the sintering continuity and periodicity, sintering air leakage location diagnosis 
expert system was established to judge specific air leakage locations. 

Introduction 

Strengthening of modern blast furnace production depends on the quality of the raw 
material preparation to a large extent [1]. Technical and economic index of modern 
blast furnace production is advanced; the most important reason is the use of 
concentrated feed. Sintering plant is the "kitchen" of blast furnace's concentrate. As we 
all know, sintering plant is major energy consumption of steel plant, in sinter process 
energy consumption, the solid fuel consumption of total energy consumption is 
75%~80%, power is 13°/(̂ 20%, ignition and combustion is 5%-10%. To reduce the air 
leakage of sintering plant is an effective measurement to save energy consumption. At 
present, our air leakage of sintering compared to the other developed countries is still a 
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long way to go. Japan's air leakage rate is about 30%, and 35%~60% air leakage of 
sintering machine at home, a big gap exists between the plants. At present the 
determination of air leakage is all for manual operation, long measuring period, 
considerable manpower and resources, and the results are significantly affected by 
operation. For air leakage of sintering control lag issues, research and development of 
diagnosis expert system for on-line monitoring model for air leakage and, through this 
research can reduce the use of detection equipment, detect sintering air leakage, 
improve the yield and quality of sintering production, reduce energy consumption, and 
extend equipment life span. 

System Design 

The commonly used method is detected chemical composition and content of before 
and after air leakage points' gas. The air leakage rate is calculated by the mass balance 
principle [1-2]. But this cannot achieve online detection of air leakage. This study used 
a calorimetric method to realize online detect, which is by measuring the temperature 
before and after air leakage points. According to the study of Jin Yonglong[3-5], the air 
leakage rate and the air leakage point's temperature has the following relationship: 

C0[(l-A)T0-Tm] + CA(Tm-TA) 

Where K is the air leakage rate, X is the heat loss rate, To is the temperature enter in air 
leakage points, TA is the air temperature, Tm is the temperature out of the air leakage 
points, Co is the specific heat capacity enter in the air leakage points, CA is the specific 
heat capacity out of the air leakage points. 
When sintering production is in a stable state, gas composition in bellows is relatively 
constant, but each bellow has different temperature and gas composition. Based on gas 
composition and components, we can calculate the specific heat capacity of each 
bellow. If we can get the temperature online before air leakage, which is the trolley 
grate temperature, combined with the sintering scene bellow temperature as the 
temperature after air leakage, on-line calculation of air leakage rate can realize. So the 
temperature field model of sintering waste gas is one of the content of this paper. 
According to the calculation air leakage rate, diagnose the air leakage situation by 
fuzzy control algorithm. 
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Model of Temperature Field 

Derivation of Basic Equations Ventilation of sintering process diagram, material layer 
moves slow on the portrait (x direction), gas flow along the vertical (z direction) 
perpendicular to the bed surface, y direction is the horizontal. [6-7] 
Gas-phase heat transfer equation: 

dT0 dTg dT0 dTa 
/^(^ + - ^ + ̂ f) + ̂ ^ ^ T = ~V,^--^) + ß, O) dy dz dt 

Solid energy balance equation: 

v./.o-^(f-+^+f)+/.c,f-v^.-^)+a (3) 
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Where / and fsa.re the gas and solid mass flux separately, C and Cps are 

the gas and solid specific heat capacity separately, hgs is the gas-solid phase 

convective heat transfer coefficient, T and Ts are the gas and solid temperature 

separately, Qg and Qs are the gas and solid phase reaction heat separately, as is 

the material layer specific surface area, vs is the solid flow. 

Solution of Model Based on heat and mass transfer theories, the energy balance 
equations for sintering process's five belt are build. The equations are 
simple hyperbolic partial differential equations, and its typical characteristics are the 
low convergence of numerical solution. The convergence problem can be solved by 
adopting stable and high accuracy Adams predictor-corrector method. In order to 
make equations discretization, a difference grid is established, that is, in the sinter 
layer thickness is divided the uniform grid into the direction of the network system 

(interlayer is Az = 2mm 9 ^ ^ ü m e intervals is A/ = 2^ ) 

Adams-Bashforth prediction equation: 

y% = y. +^55f- - » / - . + 3 7 / - a - 9 / - 3 ) W 

Adams-Moulton modified equation: 

y% = y. +^KV(*«i.yS)+W(x.,y.)-5f(x„.l,yn.l)+f(x„_2,y„_2)] (5) 

y% = y. +^Kmxr,+l,yZ)+W(x^y„)-5f(x„_l,y,,A)+f(x„_1,yl,_2)] (6) 

y% = y. + ^ [ ( 9 / ( ^ , y ^ , ) + i 9 / ( ^ , Ä ) - 5 / ( ^ , ^ ) + / ( * ^ , ^ ) ] (7) 

Where y^}x is values which are forecasted by the Adams-Bashforth, and yn, yn_x, yn_2, yn_3 

is the first fourth values of^+1, y ^ is the value of y{™-X)
9yH,yH_x and yn_2 

through the Adams-Moulton method with amendments; /„ is the differential 

equation«, 

Diasaiosis System 

Temperature fluctuations of sintering machine bellows are primarily affected by three 
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factors: ( I ) change of sintering raw material and/or process parameters; ( II ) 
instability of the sintering process; (III) air leakage of sintering equipment. Factor I 
affects gas temperature before air leakage, it is regular and long-term; Factor II affects 
gas temperature after air leakage, it is disorder and temporary; Factorlllaffects gas 
temperature after air leakage, it is regular and long-term. Temperature field model can 
exclude factor I ; expert diagnosis system according to the discipline and long-term of 
temperature fluctuations, can exclude factor Hand III, finally implementation the 
real-time diagnostics of bellows air leakage. 
There are 11 main air leakage points of sintering machine [8], which can be divided into 
moving points and fixed points. Fixed points of air leakage on the influence of air 
leakage into: bellows air leakage rate of turn increased, and the cycle; 
Sintering is a time-varying process, when raw material is changed; the best range of 
status parameters are changed, at the same time the control objectives are changed. 
Therefore, the fuzzy control algorithm must have an adaptive capacity which can 
automatically track system's changes, and the appropriate changes are made. 
Adaptation control algorithm includes the following several points [9-10]: 
User-Defined Centering Air leakage rate of the actual production process is analyzed, 
and air leakage rate data of normal yield and quality of sintering production is taken, 
of which average air leakage is for its central value. The basic domain of air leakage 
rate is based on a number of central, and the range of the center value is a symmetric 
distribution, difference is called deviation of the average and the target value. Change 
of the center value of the air leakage rate is equal to translate the basic domain. In order 
to better meet the change of production process, it allowed the user modify the center 
value of air leakage rate and its appropriate range through the interface. 
Nonlinear Quantization Quantitative formula is: 

[Gix/bY (0<X<b) 
[-G(rx/by (a£x<0) 

Where x is precision value of variable, y is fuzzy value of variable, a and b are basic 
domain of variable, a is equals to -b, G is quantization level, and the value is 6, z is a 
quantitative factors, the initial value is 1/2, and can be changed according to the actual 
situation. 
Self-Adiusting Control Rules Control rules can be expressed as: 

£/«-EWE". W 

Where X is fuzzy language values for input variables, the value is {-3 * -2, , 2, 

3}; w, is the weight of input variables, according to the expert experience decide the 

value, [0,1]; it can also be modified through the interface; U is the Fuzzy language 
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value of the rule conclusion, by rounding method; p is the number of input variables. 

Realization and Application of the System 

Realization of System 

A powerful object-oriented programming language Visual C++2003 was used as a 
development tool. SQL Server2003 database management system was used as 
back-end databases. When the system is running, a multi-period run mode is used. 
When the system is reading the air leakage rate data, it updates the model database 
according to the real-time collection data, and based on this data to verify whether the 
device correctly. When the system calculates a value, which is outside of the normal 
range of air leakage rate, the system will automatically alarm. The system can view air 
leakage condition of each bellows real time. Based on this running mode fully reflects 
the whole change of sintering air leakage and devices' abnormal operation warning can 
be achieved. 

Application of System 

The production data of a sintering factory was used for the software test. The software 
can correctly calculate the air leakage rate of each bellows, and those data can be 
recorded and viewed. The system can automatically diagnose equipment is running 
properly. If the system be used, it would provide air leakage data and diagnosis air 
leakage situation in real time. It turns that sintering production can smoothly running, 
and sintering power consumption effectively reduced, the production quality can be 
improved, and intelligent of sintering process can be realized. 

Table I . The Air Leakage Rate of Each Bellows 
Bellow's number 

Temperature before 
air leakage/°C 

Temperature after air 
leakage /°C 

Air leakage rate/% 

2 

203 

100 

58 

3 

110 

78 

38 

5 

84 

72 

21 

7 

81 

68 

24 

9 

75 

66 

19 

11 

79 

67 

22 

13 

173 

151 

15 

14 

288 

228 

23 

15 

755 

412 

47 

16 

675 

298 

58 

Conclusions 

By using a temperature field model, combined with calorimetry method, the air leakage 
online testing system was established, timely reaction the air leakage of sintering 
machine. 
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Use the fuzzy control theory, combined with real time calculation of air leakage rate, a 
diagnostic system was developed, which can set the normal operation scope of the air 
leakage rate and enables abnormal production alarm. 
Through the sintering scene data detection, the system is stable and handy; realize 
online detection and diagnosis of the air leakage rate. 
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Abstract 
In present work, we reported the fabrication of composites consisted of M42 powder metallurgy 
high speed steel and 45 steel at one step via spark plasma sintering (SPS) technology. The interface 
microstructure, compositions and microhardness with the interface forming mechanism were 
investigated. The results show that the morphology and microhardness within the M42/45 steel 
interfaces exhibit a gradient distribution. The interfaces possessed a transition layer up to 10.2 urn 
with few distortions and microcracks. The formation of M42/45 steel interfaces were driven by both 
fusion and diffusion processes. The former one was primary at the early sintering process, while the 
later one becomes dominant over the followed sintering process. 

Introduction 
Powder high-speed steels have been widely used in cutting tools, cold-hot tools and dies, as well as 
in cut materials and structure parts with wear resistance and high-temperature resistance, due to its 
high hardness, good wear resistance, desirable cutting toughness and favorable hot hardness u 2j. 
For materials of some parts in practical production, not only the favorable toughness is required to 
resist the impact action, but also the high hardness and exceptional wear resistance are demanded. 
According to the functional requirements and working conditions, bimetal composite materials are 
prepared in a certain mode, proportion and distribution, by designing two metals with different 
chemical and physical properties [3_6]. Considering the composites exhibit different properties in 
different positions of the parts with a combination of the advantages of two metals, they can obtain 
enhanced properties that the single one can not achieve. 
In current work, we reported the joining of M42/45 steel by SPS at on step. The microstructure, 
composition and microhardness of interfaces within the bimetal joints were investigated, which 
suggest that as-fabricated joints are of high quality. 

Sample Preparation and Experimental Methods 

Experimental Materials 
M42 high speed steel (HSS) powder and 45 steel were used as the raw materials and commercially 
available from the company. The machine-finishing size of 45 steel was a block of <|>20xl0mm2. 
The Chemical composition of commercial M42 HSS powder (grain size < 100 mesh, 99%) is 
shown in Table I . 
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Table I . Composition of M42 HSS Powder (wt%) 

c 

1.15 

V 

3.15 

Mo 

4.96 

W 

6.22 

Co 

8.37 

Cr 

4.23 

Fe 

Bal 

Experimental Methods 
M42 HSS powders were milled by the Planetary Ball Mill QM-SB with agate balls (balls to powder 
mass ratio: 7:1), a rotation speed of 280 r/min and milling time of 24 h, respectively. The obtained 
M42 HSS and machined 45 steel were put into a graphite die (Figure 1) with a pressure of 6 MPa, 
and sintered in SPS-1030 machine at 970°C x 10 minx70 Mpa. 

The combination of the interface of the polished sample, cutted from the sintered along the 
longitudinal section, was observed by a cold field emission scanning electron microscope (S4800) 
and a PME3-323UN metalloscope. The element distribution of the interlayer was studied using the 
S4800 SEM with elemental analysis facilities (EDS). After high temperature quenched (1180'Cx5 
min, oil) and high temperature tempered (550°Cxl h, 3 times), the microhardness of the sintered 
sample was obtained using a MH-5 microhardness tester. 

Figure 1. Spark Plasma Sintering Die 

Results and Analysis 

Microstructure of the Interfaces 
Figure 2 (a) displays the metallographic photos of transition layer of the joint after corrosion, which 
reveals that the interlayer of the bimetal joint possesses a perfect microstructure with few micro 
cracks and defects. Figure 2 (b) shows some tiny pores within the joint, which can be attributed to 
following reasons: the adsorbed gas in as-received materials; the coefficients of heat expansion and 
sintering shrinkage of M42 HSS being less than those of 45 steel. The formed transition layer is 
obviously different from the connection of metal, suggesting the relevant elements have been 
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diffused into both sides of the joint. 

Figure 2. Metallographic Morphologies of Gradient Interlayer of the Joint under Different 
Magnification 

Figure 3(a) shows the interface microstructures within the bimetal joint, implying that the 
interfacial bonding between M42 steel and 45 steel is well without cracks. The thickness of the 
as-fabricated thickness is typically sized in 10.2 urn (Figure 3b). In the transition layer, no obvious 
interface and diffusion transition zone can be observed, implying that the transition layers are 
metallurgically bonded. It is worthy noting that all interfaces are distinguished by various degrees 
bend straight lines, clearly indicating that the diffusion degree within the transition layer is different. 
The "jagged" interface can favor the bonding of the interlays with excellent properties. 

Figure 3. Typical SEM Images Showing the Interface Microstructures of M42/45 Steel Joints 

Composition within the Interfaces 
Figure 4 presents the composition distribution of the transition layer of M42/45 steel joint. The 
results suggust that Cr, W, Co and V from left to right increase gradually, while the Fe and C reduce 
gradually. Meanwhile, Mo element is not obvious changed, which owns to its low content. These 
show that the elements of Cr, W, Co and V in M42 powder high speed steel have been diffused to 
45 steel, while those of Fe and C in 45 steel have been diffused to M42 powder high speed. The 
structure of the diffusion zone are uniform, showing the excellent metallurgical bonding of the joint. 
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Figure 4. Composition Distribution of Different Elements within M42/45 Steel Joint 

Microhardness of the Interface 
The hardness is a index to show the resistance of deformation in a local area of materials, and has a 
direct correlation to the strength of metals. In addition, the hardness test can be a valuable manner 
to reveal the continuous changes of microstructure and properties of the gradient layer. The 
microhardnesses of the interface within the joint were investigated with the heat treatments after 
high temperature quenched (1180 °C><5 min in oil) and high temperature tempered (550 0 0 1 h for 
3 times), as shown in Figure 5. It seems that the microhardnesses differ greatly from one side of the 
interface to the other one, and change smoothly at the interface with a gradient change, suggesting 
the good combination of the two materials. 

Figure 5. Microhardness Profile of the Transition Layer in M42/45 Steel Joint 

Formation Mechanism of the Interface 
With the rapid increasing of sintering temperature, as well as the existence of applied pressure and 
the restriction from the sintered die, M42 high speed steel powder becomes semi-melted followed 
by connected to the bulk 45 steel after interacting[7]. Figure 6 shows the schematical model of 
interface structure within the joint. It suggests that M42/45 steel joints are mainly composed of 
three parts: 45 steel area (region I), interfacial transition zone (region II) and high-speed steel 
solidification zone (region III). The formation of such interface structure can be attributed to 
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synthetic synergism of two jointing mechanisms, namely, the result of fusion and diffusion 
collaborative mechanism. On the one hand, attributed to discharge plasma, the gap temperature 
between M42 high speed steel powder particles raise instantaneously, resulting in a semi-molten 
state of M42 HSS powder due to the melting of the powder surface. Meanwhile, the top surface of 
45 steel becomes melted slightly due to the energy transfer. Consequently, a fusion contact zone will 
be formed at the interface between M42 high speed steel powder and 45 steel, leading to the 
bonding of M42 high speed steel powder and 45 steel at the early SPS sintering process. On the 
other, in the condition of high temperature and pressure, as well as the effect of electric field from 
the impulse current, the elements in both M42 HSS powder and 45 steel diffuse into each other to 
botain a state of relative balance at the interface, finally forming a diffusion joint181. 

In a word, The interface bonding of M42/45 steel is a comprehensive synergy between fusion 
connection and diffusion connection. The former one takes priority at the early sintering process, 
while the later one becomes dominant over the following sintering process. It is believed that 
following processes would happen during the bonding of M42 powder high speed steel and 45 steel; 

(1) M42 high speed steel powder adhered tightly to 45 steel caused by the axial pressure. (2) 
Induced by the discharge plasma during SPS process, the temperature of the powders rised instantly, 
making the powder surface melt and turning M42 high speed steel powder into a semi-melted state, 
(3) The temperature of 45 steel increased sharply due to the energy transfer, leading to the surface 
of contacted area being melted slightly. Subsequently, the fusion contact could be formed. (4) With 
the increase of the sintering temperature, the alloying elements in the M42 high speed steel powder 
and the 45 steel could be diffused into each other at the interface under liquid state. (5) The 
interface bonding process under undergo till to the end of sintering process, resulting the joint 
bonded.191 

Figure 6. Schematical Model of Interface Structure in the M42/45 Steel Joint 

Conclusions 

(1) M42/45 steel joint were fabricated at one step by using SPS. 
(2) The morphology and microhardness of M42/45 steel joint exhibit as a gradient distribution with 
few distortions and microcracks, suggesting the high quality of the interfaces. 
(3) The formation of M42/45 steel interfaces were driven by both fusion and diffusion processes. 
The former one were primary at the early sintering process, while the later one becomes dominant 
over the followed sintering process. 
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Abstract 

The slag from extraction of ferrous and non-ferrous metals is a potential heat source which if 
treated properly can contribute to recovery of a significant amount of energy. The waste heat of 
slag may be used to generate steam, synthetic fuel gas, or electricity. Although several 
technologies have been investigated for this purpose, very little has been achieved in terms 
implementing the technology in industry. In this article, the development and application of 
various granulation techniques are reviewed and the methods to recover energy from granulated 
slag are discussed. 

Introduction 

Every year, more than 422 million tons of slag is being produced around the world as a by-
product of the metal manufacturing at temperatures of up to 1300-1600°C [1, 2]. Currently slags 
are either disposed of or treated by processes such as granulation. Through the granulation 
process, most slags can be converted into a material which may be fully used as a cement 
feedstock. Conventional cement production is an energy intensive process with large emissions 
of CO2; therefore, the replacement can both be energy saving and environmentally friendly. 
However, for this purpose, the slag should have what is known as a "glassy" content (i.e. it 
should be amorphous) which requires rapid cooling rates that are not easily achieved due to the 
very low thermal conductivity. The main challenge in all these processes is to granulate the slag 
at a high cooling rate while the heat is also being recovered. 

Currently, in many granulation processes, the thermal energy of slag is released into the 
atmosphere with limited recovery attempt, due to the technical difficulties arising from its high 
temperature, high viscosity and adhesiveness. Most commercial methods of heat recovery such 
as heat exchangers and fluidized beds are not energy efficient. In addition, the produced energy 
is not easily transportable and can even be pollutant in some cases. However, a more 
sophisticated method have been developed recently by converting the sensible heat in slag to 
chemical energy by methane reforming reaction and producing fuel which can be transported in 
long distances which have shown to be very promising [3]. 

Metallurgical Slags and their Application 

Slag is a by-product of smelting processes in which metal is extracted from its ore. It is a mixture 
of oxides, sulphides and sometimes fluorides and is generated from the ore gangue, reacted 
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components of the melt, and fluxes. Metallurgical slags are classified as ferrous and non-ferrous 
slags, according to the respective metal produced in each process. 

Ferrous Slags 

Ferrous Slags make up 90% of the by-products produced in the iron and steel production [1]. 
There are four major types of iron and steel making slags categorized by the furnace that they are 
produced in: 1) Blast Furnace (BF) Slag, 2) Basic Oxygen Furnace (BOF) Slag, 3) Electric Arc 
Furnace (EAF) Slag 4) Ladle Furnace (LF) Slag or Refining Slag. Each of these groups will be 
further explained in the following paragraphs. 

The typical composition of different types of ferrous slags and their production rate are presented 
in Table I. The slag production rate is given as the amount of slag (ton) that a typical steel 
making plant would produce per ton of crude steel. The total slag amount produced in the year 
2009 is calculated based on the world's steel production in the year 2009 [1]. From these data the 
total amount of iron and steel slag production adds up to more than 422 Mt. 

Table I -The average composition of different types of slags and their production rate. 

BF[3] 

BOF 
EAF 
LF 

Typical Slag composition [3] 

CaO 

35-38 

30-55 
35-60 
30-60 

Si02 

34-
38 

8-20 
9-20 
2-35 

A1203 

6-9 

1-6 
2-9 
5-35 

MgO 

10-
14 

5-15 
5-15 
1-10 

MnO 

0.5-2 

2-8 
3-8 
0-5 

FeO+ 
Fe203 

0.5-1 

10-35 
15-30 
0.1-15 

Typical slag 
temperature 

[4] 

1400-
1450°C 
1300°C 
1550°C 
1300°C 

Slag 
(kg)/t 
crude 
steel 
[4] 

275 

126 
169 

Annual 
slag rate 
(Mt/Y) 
[1,4] 

336 

154 
206 

Benefits of Substitution of Portland Cement with BF Slag Cement 

Substituting Portland cement with slag cement is one of the most common uses of slags 
(specifically BF/BOF slags). The history of replacing Portland cement with slag cement goes 
back to about a century in United States and even earlier in Europe. 

Portland cement is an essential component of concrete which binds the concrete together and 
mostly contains lime and silica. However the production of cement has been recognized as a 
major C02 emitting source. It is estimated that about 5% of the global CO2 generation is a result 
of cement production [6]. Generally, for the production of 1 ton of cement, 1 ton of CO2 is 
released during the process of calcining limestone to produce lime. Using any CaO containing 
material with proper chemistry instead of calcined lime can reduce the overall CO2 emission 
from cement production. Slag has similar properties to Portland cement when reacting with water 
which is forming a cementitious substance known as calcium-silicate hydrate. Except for the 

340 



smaller content of CaO, the composition of slag is strikingly similar to Portland cement. For 
example, it has latent hydraulic properties, which means that after grinding and activating e.g. 
with calcium oxide, it hardens just like cement. The similar chemical composition along with its 
glassy nature, make rapid-cooled slag a suitable material and appropriate substitute for Portland 
cement [7]. 

Other advantages include: higher strength and durability of concrete as a result of less 
permeability and higher resistance against alkali-silica and sulfate attack, less energy 
consumption and reduced material extraction. In fact, substituting Portland cement with 50% of 
slag cement can reduce the energy consumption up to 34% [8]. 

Ferrous Slag World Market and Capacity 

The available data on slag prices are limited to the prices in the United States; however, it could 
give us an insight into the significant changes in the slag prices over the last 70 years. The price 
change from the year 1940 to 2009 according to the US Geological Survey is presented in Figure 
1. The prices in the figure are the weighted average for a variety of ferrous slag types. Actual 
prices per ton ranged widely in 2008 from about $0.50 for steel slags in areas having abundant 
competing natural aggregates to almost $110 for some GBFS (Granulated Blast Furnace Slag) 
which is another name for the cement slag. 

Figure 1-Average price for ferrous slag per ton in the US (US Geological Survey). 

Steel and iron slag prices in the US are compared in Table II. Based on these values and the 
world's production, the total value in the world is estimated in Table III. According to Unites 
States Geological Survey (USGS) [9] steel slag was sold at 5.2 US$/t while BF slag was sold at a 
price six times greater. 

Table II- Iron and steel production amount and price in USA [8], 

Year 

2008 
2009 

Blast furnace slag 

Mtons 

10.1 
6.8 

Value (million 
US$) 
288 
205 

US$per 
ton 
28.5 
30.1 

Steel Slag 
Mton 

s 
8.7 
5.7 

Value 
(million US$) 

43 
30 

US $ per ton 

4.9 
5.2 
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Table III- Value of produced ferrous slag in the world [8]. 

Total world production 2009 (Mt) 
Value (million $) 

Blast furnace slag 
336 

10,114 

Steel Slag 
360 

1,872 

Based on world iron and steel production and US prices for the year 2009 if all of the world's 
slag was granulated and sold, it would be worth more up to 12 billion dollars. It has also been 
predicted by Mineral Media International that the ferrous slag market will reach $28 billion 
dollars by the year 2020. 

According to a new study released by IntertechPira, Leatherhead, UK, due to the new 
environmental policies related to lower C02 emissions, the demand for slag, especially in the 
cement industry, has become much higher than the supply. 

Non-Ferrous Slags 

The main non-ferrous slags that are produced are from copper, nickel, lead and zinc extraction. 
The annual metal production from non-ferrous ores is much less than iron and steel, however 
their slag production rate is much higher than iron and steel slags. Table IV shows an 
approximation of the world's annual non-ferrous slag production since there is no official 
information. 

Table IV- World's non-ferrous granulated slag production. 

Smelter Type 

Copper 
Nickel sulfide 
Nickel latente 
Platinum Group 
Metals (PGM) 
Zinc 
Lead sulfide 
Total 

Slag production in 
2009 (Mt/Y) [9] 

4.1 
7.6 
22 

2.5 

1.6 
1.8 

76.5 

% Granulated Slag 
(Estimated) [10] 

50 
50 
50 

100 

50 
50 

Estimated world 
granulated production 

(Mt) 
2.05 
3.8 
11 

2.5 

0.9 
0.9 

21.15 

Fundamental Problems Associated with the Heat Recovery from Slags 

In the past, over 90% of the produced slag was treated by slow cooling [11]. Molten slag was 
discarded onto slag heaps and used in road construction or land filling or as coarse aggregate for 
concrete. When slag undergoes slow cooling in air, it tends to combine and crystallize the CaO, 
Si02 and AI2O3 forming a hard, heavy solid. 
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Molten slag is a highly viscous material which makes it very difficult to handle. It has a very low 
thermal conductivity (1-2 W/mK) compared to other common materials such as steel with about 
40-55 W/mK conductivity. Thermal conductivities in temperature ranges from 20-1550°C were 
measured by Goto et al [12]. Based on their values, the thermal conductivity of slag increases by 
increase of temperature, however after the slag reaches 1200°C (the transition from glassy to 
liquid state), the conductivity starts to decrease and at about 1400°C to 1500°C the conductivity 
will be as low as 0.1-0.3 W/mK. 

The large amount of slag produced, the growing energy costs and environmental concerns make 
it necessary to find the most suitable method for recovering this energy source and utilizing it in 
the most convenient form. In the following sections different methods that convert slag to such 
useful products will be discussed. 

Granulation Techniques 

A large number of metallurgical operations dump molten slag into a slag pit that is gradually 
cooled and solidified. Alternatively, the slag can be granulated to facilitate its subsequent use as 
road pavement material or cement feed. An appropriate slag granulation technique should have: 
1) capacity for treating large volumes of slag 2) minimum negative environmental effects 3) 
ability to recover the sensible heat in slag at the same time the granulation is being undertaken. 
In order to have efficient heat recovery, the hot slag should acquire a large specific surface area 
to have the maximum amount of heat extracted and at the same time the cooling should result in 
high quality slag with suitable properties for the end use. In other words, the energy recovery 
process must not interfere with the properties of the slag that make it a valuable by-product. 
Ideally, the slag should be granulated while the heat is exchanged to another medium. Existing 
granulation technologies are described in the following paragraphs. 

Water Granulation 

Water granulation of blast furnace slag was introduced in 1977. In the treatment, slag is rapidly 
cooled to produce glassy slag granules with strong hydraulicity. For using slag as cement, some 
properties of the water-cooled slag should be controlled. These parameters include: the size 
range of the granules, the glassy content, the strength and the density [7]. However if the entire 
heat content is lost either to the atmosphere or water with little attempt made to recover to 
energy, the process will be less economically and environmentally efficient. The issues with 
water granulation include: excessive amounts of water consumption and water contamination by 
alkaline element, loss of thermal energy of high temperature, drying requirement after 
granulation [11]. 

Dry Granulation 

Due to the problems with water granulation, it was not considered to be an efficient method of 
slag heat recovery and new methods were exploited. Thus, several dry granulation techniques 
were subsequently developed from about 1980's. In the following sections, previous attempts to 
improve the dry granulation process are discussed. 
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Granulation bv Air Blasts 

The air blast granulation technique was first established by Mitsubishi Heavy Industries [13] 
during 1970-80 (Figure 2). In this method, the slag is first pre-treated to optimize the flow and to 
adjust the viscosity. The slag is poured to a gutter under which the main air nozzle exists. Other 
nozzles are also used to avoid scattering upward and sideward. Through this process, molten slag 
is atomized and broken up to granules. The air flow rate, position of the gutter, and the nozzle 
size should be carefully controlled to meet the requirements and to achieve acceptable size 
distribution of slag granules. The flying granules are then collected and introduced into a heat 
exchanger. 

Figure 2- Schematic diagram of air blast granulation [13]. 

Granulation Using Rotating Drum-Disk 

In a collaborative work by Mitsubishi Heavy Industries and Sumitomo Metal Industries in 1981-
83, a new process was developed that was based on letting a flow of slag impinge on a hard 
surface that would not wet with the molten slag [11]. The molten slag is fragmented into droplets 
that solidified in air to produce granules. After the molten slag hits the surface, it is transformed 
into a disk. The disk then expands and forms a ring which is later fragmented and scatter to the 
air, where each droplet will become spherical by surface tension. The surface where the slag 
flow is impinged on can be the surface of a single drum or a spinning disk. 

The operating conditions of a typical large scale application of this method of granulation have 
been analyzed by J. Ando et al [13]. It was shown that for a 5mm diameter granulated slag 
exiting the nozzle at be 5m/s when exiting the nozzle, to obtain an amorphous granulated slag 
when cooled from 1300°C to 850°C, the average cooling rate should be about 60°C/s at lower 
temperatures and about 100°C/s at higher temperatures. This would mean that it would take 
about 4-6 seconds for the slag to cool down. In this period of time the granules would have 
covered a distance of about 25 m, which would require large equipment with high energy 
extraction capacity. A solution to this problem is to suspend the granules in a fluidized bed in 
which the liquid droplets are mixed with dry-powder, water-quenched slag and a jet of air from a 
hot blast furnace. To have the least heat loss in the fluidized bed, it should be maintained at high 
temperatures; however, this might contribute to the agglomeration of the slag granules. 
Therefore, the temperature of the bed should be fully controlled [11]. 
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Granulation bv Impingement with Solid Slag 

In 1981, a Swedish group developed a new method for slag heat recovery named MEROTEC 
[14]. The method involves mechanical disintegration of falling liquid slag film by impingement 
with solid slag particles that have previously been granulated with simultaneous heat recovery in 
fluidized bed which produces dry and dust-free granules. The size of the granules produced 
through this method when slags are at ordinary viscosity is normally 95%- 6mm. The mixture of 
these particles is then injected into a fluidized bed where the heat is absorbed by air. Depending 
on the type of slag etc. the typical granulated slag temperature in the fluid bed is between 500-
800°C which is controlled mainly by the ratio of recycled to liquid slag. The hot air can then be 
used for generating steam of up to 300°C and can be also used for drying, preheating or 
combustion purposes by heat exchangers. Through this process, 65% of the slag energy input is 
recovered as high pressure steam and 10% from the granulator fluidizing air [15], This method is 
currently used in Merox Company in Sweden. 

Rotary Cup Atomizer (RCA) 

The rotary cup atomizer was first designed in Britain by Pickering et al [16]. It essentially 
atomizes the molten slag by a rotary-cup with an air-blast and cools it to produce a glassy 
product. The particles are cooled as they travel through air and are later introduced to a fluidized 
bed which prevents the slag particles from agglomeration and at the same time provides rapid 
cooling. 

In a typical plant which uses RCA, 14% of the total slag flow would overflow the slag 
accumulator and thus be wasted because of the fluctuation of the flow. From the remaining 86%, 
32% of the heat content cannot be recovered because 1) the total latent heat is not released when 
the glassy slag is formed 2) the solid slag is discharged from the heat recovery process at 250°C 
and 3) heat is lost in the slag accumulator. Therefore only 58.5% of the sensible heat content of 
the slag discharged from the furnace would be recovered. This amount is equivalent to 0.3GJ/t of 
iron produced or about 1% of the furnace energy requirement [16]. 

The main advantages of RCA are known to be high productivity and controllable granule 
diameter. It has also been proposed by Akiyama et al [3, 17, 18] that by impinging reactive gas 
such as mixture of methane and steam, the sensible heat of the slag can be efficiently recovered. 

Recovery of Thermal Energy from Slag 

The techniques to recover sensible heat of slag may be categorized into (a) those that recover the 
energy as heat, i.e. transfer heat of the slag to another medium such as steam or hot air and (b) 
those that convert thermal energy to chemical energy through an endothermic reaction. These 
methods are explained in this section. 

Recovery as Thermal Energy 

Energy Recovery from Molten Ferrous Slag Using Molten Salt Medium In a study by Donald 
and Pickles [19] a method to recover the thermal energy of slags using molten salts was proposed 
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but has yet to be applied in industrial processes. A molten salt consisting of LiCl, KC1 and NaCl 
was chosen as the absorbing medium because of its high heat capacity, low melting point, 
relatively high thermal conductivity, and low cost. Another advantage of this selection is the less 
reactivity of salts with slags and thus being less pollutant with no emission of harmful gases. 

The results show the efficiency of heat transfer from the slag to the salt increases with stirring 
and with increasing the heat capacity of the salt. The X-ray diffraction pattern of the salt-
quenched slag was similar to that for the water-quenched slag. 

Heat recovery from Slag bv Waste Heat Boiler In most heat recovery processes, air is used as a 
medium to recover the waste heat from dry granulation process. This thermal energy is later 
used to produce electricity or for preheating air. However, since the specific heat of air is low, 
the amount of air that is consumed in the process is high and therefore not very efficient in terms 
of energy recovery. To overcome this problem, utilization of heat boilers for producing high 
pressure steam for electrical power generation or other proposes such as preheating, was 
developed. Heat exchangers recover the sensible heat in solid slag granules dispersed in air by 
contact with the surface of tubes containing water flow. 

Some key factors of heat transfer in this process were studied by Liu et al [20] and noted here. 
The results indicated that increasing the slag granule diameter decreases the heat transfer 
coefficient and the hëat recovery of the heat exchanging system. Moreover the heat transfer 
coefficient increases linearly, and the cooling rate increases gradually as the slag granule descent 
velocity increases. Overall, the transfer coefficient can be up to 111 W/ m2.K with the heat 
recovery of 90%. If the granule diameter is less than 2.5 mm and the descent velocity is greater 
than 1.0 mm/s, the cooling rate of slag granule is over lOK/s which are high enough to produce a 
glassy slag as a substitute for Portland cement. 

Recovery as Chemical Energy 

Energy Recovery bv Methane Reforming 

Most of the work on heat recovery from slag has been focused on heat transfer from molten slag 
to air and air to water for producing steam. However, the heat loss associated with these methods 
is considerably high specially at increased transport distance, therefore, other stream of research 
was focused on investigating possible processes to granulate slag, and at the same time, convert 
sensible heat of slag to chemical energy (i.e. fuel) through endothermic reactions. The produced 
fuel can later be easily transported and used for different purposes such as generating steam for 
producing electricity. 

In 1977 Kasai et al [18] proposed a new method that mainly focused on exchanging thermal 
energy of molten slag to chemical energy using CH4/H2O reaction and producing CO and H2 gas 
mixture as denoted in (1). This reaction is well recognized as an efficient process for long 
distance transport of energy and has also been evaluated by Akiyama et al [17] 

CH4(g) + H20(g) -> 3H2(g) + CO(g) AH = 206 kj/mol (1) 
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In this process, both steam and the thermal energy needed for the endothermic reaction to take 
place ^ e supplied by the slag granulation process and the recovered energy is later used for 
power generation. 

Energy Recovery bv Coal Gasification 

The only work on recovering slag heat through coal gasification is the study of Peng et al [21] in 
China. In the proposed coal gasification system, CO2 is used as the gasification agent or the 
oxidizer (2) and is injected into molten slag through a nozzle, along with coal at a temperature 
range of 1073K to 1573K. The molten slag bath is both the heat source and main reaction 
district. 

C + C02 -> 2CO (2) 

The initiation temperature of the coal gasification reaction is 900°C; therefore, with the slag 
temperature being 1450°C, the reaction will take place. The kinetics of the coal-CC>2 reaction 
was studied by thermogravimetry. The results [21] indicated that the coal conversion and 
reaction rate increase with gasification temperature increasing reach a maximum when the 
gasification temperature equals the ash fusion temperature. 

According to mass and heat balance it was estimated that supposing a steelmaking industry 
produces 100 tonnes of molten BF slag, 5.6 million tonnes of carbon monoxide and 4.4 million 
tonnes of carbon dioxide would be produced and consumed respectively resulting in a profit of 
up to 18.75 million dollars per year according to the prices of gases. 

Conclusion 

The significance of heat recovery from slag was outlined and the main related difficulties were 
defined as low thermal conductivity and high viscosity. Various methods of slag granulation 
combined with thermal heat recovery such as heat exchangers and fluidized beds were analyzed. 
The main issue of these heat recovery techniques was found to be the low efficiency and difficult 
transportation of the recovered heat. 

However, if the sensible heat in slag is converted to chemical energy such as syngas it will be a 
much more effective heat recovery process for long-distance transport of energy. The only 
extensive study so far that investigates this new approach is heat recovery of slag by methane 
reforming reaction. Due to its low exergy loss this process has been recognized as a promising 
efficient heat recovery system. 
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Abstract 

The main parameters affecting energy and electrode consumption in smelting reduction of Greek 
nickeliferous latentes in submerged arc electric furnaces (E/F) were investigated. Within this 
framework, the operational data of E/Fs, such as energy consumption indicators, electrode 
consumption indicators and chemical characteristics of Fe-Ni and slag, were conelated with the 
physicochemical characteristics of the calcine, produced by roasting reduction of latérite in 
rotary kilns (R/Ks), such as reduction degree, temperature, chemical composition and 
granulometry. The results obtained provide a significant input for further research on the 
modelling of the roasting reduction - smelting reduction process, which is a critical tool for 
energy optimization. 

Introduction 

The two main steps of pyrometallurgical treatment of greek nickeliferous latérites for ferronickel 
production include: i) drying, pre-heating and controlled pre-^eduction of latérite ores with solid 
fuel reducing agents and fuel oil in rotary kilns (R/Ks) for the production of a calcine, and ii) 
smelting reduction of the calcine in open-bath submerged-arc electric furnaces <E/Fs) for the 
production of Fe-Ni alloy with 12-16% Ni [1]. 

The energy absorbed from the endothermic reductive reactions of iron, nickel and cobalt oxides 
(Fe203, FeO, NiO and CoO) of the calcine with the remaining carbon in the E/Fs, corresponds to 
about 16% of the total energy output in the smelting reduction step [1]. This is indicative of the 
significance of the calcine's reduction degree for the electric energy requirements in the E/Fs. 
Moreover, the chemical characteristics and the granulometry of the calcine constitute critical 
parameters for the energy requirements as well as the smooth operation of the E/Fs. 

The electric energy in the E/Fs of the Greek ferronickel industry is transferred into each furnace 
via 3 self-baking Söderberg electrodes immersed in the molten slag. The electric energy is 
converted into thermal and reduction energy using the electric resistance of the molten slag, 
reinforced by the electric resistance of an arc between the slag and the electrodes. The electrodes 
of the E/Fs in the Greek ferronickel industry can be classified as low loaded electrodes, i.e. 
electrodes with a low current density, but high furnace load. The metal tapping temperature is 
about 1450°C, higher than the liquidus temperature of the superheated slag. 
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The current work, based on both industrial and experimental data, mainly focuses on the 
correlation of the physical and chemical characteristics of the calcine produced by the R/Ks of 
the Greek ferronickel industry with the operational data of the E/Fs. 

Experimental 

The methodology of work in the current study included firstly sampling the calcine (2-3 kg) once 
a day over a time period of 20 days. The calcine samples were produced by a selected R/K and 
were taken from the charging pipes of the E/F which was fed exclusively by the aforementioned 
R/K. The calcine samples were immediately cooled to room temperature using nitrogen gas at a 
high flow rate to avoid re-oxidation phenomena. In addition, daily slag samples of approximately 
0.5 kg were taken over the same time period from the same E/F. The temperatures of the slag and 
metal phase were measured with a laser pyrometer. Transmission Mössbauer spectroscopy was 
carried out on powder samples at room temperature in constant acceleration mode using a thin 
iron foil for calibration. 

The experimental and operational data being studied in order to correlate the physicochemical 
characteristics of the calcine with the operation and the energy consumption of the E/F, are the 
following: 

• Reduction Degree (RD) of the calcine, calculated based on iron speciation determined by 
Mössbauer spectroscopy [2]. 

• Chemical analysis of the calcine and slag samples by AAS spectrometry and LECO 
induction furnace for the determination of carbon and sulfur content. 

• Temperature values of calcine and slag within the examined time period, measured with 
the optical pyrometer. 

• Melting temperature of slag samples, determined by the triangular diagrams. 
• Grain - size analysis of the calcine samples, determined experimentally by the use of 

standard test sieves. 
• Fe (%) & SiÛ2 (%) content of the latérite feed in the R/K within the examined time 

period, based on the R/K operational data. 
• E/F energy consumption index (kWh / T of calcine & kWh / T of latérite feed in the R/K, 

including latérite ore, pellets and crusher product). 
• Chemical analysis of nickel in the Fe-Ni alloy within the examined time period. 
• E/F electrode consumption index (mm of slipping / MWh per 24h). 

In Table I the chemical analysis of the calcine and slag samples is given, including the minimum 
and maximum values for each element or oxide. Further analysis of the calcine samples was 
conducted using Mössbauer spectroscopy for a quantitative and qualitative appraisal of the iron 
phases. Previous laboratory studies conducted on the roasting reduction of Greek latérite samples 
[3] have revealed that iron in the calcine is mainly.found in the form of hematite (a-Fe203>, non-
stochiometric magnetite (FesCU), and complex iron-silica phases, such as fay alite (2FeO.Si02). 
Metallic iron was detected in none of the current samples while magnetic iron oxides in the form 
of hematite and non-stochiomteric magnetite, were detected. The Mössbauer spectroscopy yields 
an accurate quantitative analysis of the non-magnetic ferric and ferrous (%) content of the 
mineral phases present thus allowing the determination of the degree of reduction (RD = (Fe2+ / 
Fe**) %). 
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Table I. Chemical Analysis of the Calcine & Slag Samples (Min-Max Values) 
Component (%) 

Fetot 

NiO 
Si02 

CaO 
MgO 
A1203 

Cr203 

MnO 
C 

Calcine 
25.73-32.55 

1.16-1.39 
30.32-40.22 

1.88-5.89 
4.91-8.60 
4.55-9.94 
2.19-2,99 
0.33-0.42 
1.50-5.30 

■ S1*g " ^ 
24.6-30.7 
0.09-0.51 
37.7-43.8 

3.3-5.7 
6.6-7.9 
5.8-7.2 

2.2-4.90 
0.4-0.5 

0.02-0.06 

Results and Discussion 

The results of reduction degree for the 20 samples tested are given in Figure 1. Furthermore, the 
Mössbauer spectra of two representative samples from days 4 and 14 (#2, #4), with different 
degrees of reduction are presented in Figure 2. Ferrous and ferric components are observed as 
well as intermediate states (Fe2.5+) which represent iron sites such as the B-site in magnetite 
which are mixtures of Fe2+ and Fe3+ iron states. Non-magnetic ferrous and ferric iron, and 
magnetic oxides (hematite, non-stochiometric magnetite) containing ferrous and ferric iron 
components are observed. These different subspectral components are graphically distinguished 
in Figure 2 on the basis of the iron oxidation state. The different fractions of the iron components 
present in these samples are accurately determined from their relative sub-spectral areas. The 
significantly higher non-magnetic ferrous content of sample 4 is clearly visible in Figure 2. 

Sample Number 
Figure 1. Reduction degree of the calcine samples 

The effect of the calcine temperature, as determined by the use of an optical pyrometer, on the 
calcine reduction degree, can be seen in Figure 3. It should be noted that the temperature 
measurements of the calcine samples took place in the place of the E/F freeboard. More 
precisely, the temperature of the calcine used in the present study corresponds to the temperature 
of the calcine fed into the charging pipes of the E/F. Comparing these values with the calcine's 
temperature at the exit of the R/K, it is revealed that the temperature of the calcine fed into the 
E/F is about 100° C lower than that of the calcine exiting the R/K. It is clear that an increase of 
the calcine temperature favors the reduction. 
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Figure 2. Room temperature Mössbauer spectra of samples 4 (upper) and 14 (lower). Ox: 
Magnetic iron oxides. NM: nonmagnetic iron containing phases. 

Previously published work on reducibility of Greek nickeliferous latentes [4] concluded that 
temperature is one of the most important operational parameters in rotary kiln roasting reduction. 
According to the equilibrium diagram of the Fe-C-O system, hematite reduction can take place 
above 570°C. Increasing the temperature, which involves the maintenance of a stable 
temperature profile along all the zones of the R/K (drying, preheating and reduction zone), 
favours both the reduction degree and the reduction rate. In contrast, increase of the reduction 
degree of calcine results in a decrease of the calcine's carbon content, as seen in Figure 4. Both 
temperature and calcine carbon content are critical parameters for the smelting reduction 
procedure in the E/F. A higher calcine temperature corresponds to reduced electric energy 
requirements both for smelting and for the endothermic reductive reactions of iron and nickel 
oxides of the calcine in the E/F. Apart from that, limited calcine carbon contents result in fewer 
operational problems and a quieter smelting reduction process, as smaller volumes of reduction 
gases are generated through the slag in the E/F. 
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Figure 3. Reduction degree of calcine vs. temperature 

Figure 4. Reduction degree of calcine vs. residual carbon content 

Figure 5. Variation of slag temperature vs. calcine temperature 
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Increasing the calcine temperature increases the temperature of the slag, as seen in Figure 5. The 
slag melting temperature, determined by the use of triangular diagram, ranges from 1100 to 
1400.°C approximately. The superheated slag temperature, as determined by the use of the 
optical pyrometer, constitutes a critical parameter affecting the energy consumption in the E/F as 
is shown in Figure 6. This graph reveals a decreased energy consumption index, expressed as 
kWh / ton of calcine, with increasing slag temperature slag. Furthermore, the energy 
requirements in the E/F are considerably affected by the chemical and physical characteristics of 
the calcine. A decrease in the E/F energy consumption index is achieved by either an increased 
(%) content of the -1 mm fraction or an increased iron minus silica content of the calcine, as is 
deduced from Figures 7 and 8. However, it should be noted that an increased -1 mm fraction 
content combined with a low calcine temperature can cause power losses and serious operational 
problems due to the occurrence of intense flames. Additionally, an increased content of silica and 
a low iron content in the slag bath may also cause serious E/F operational problems, due to 
severe foaming of the slag. 

Figure 7. Energy consumption vs. fine fraction percentage 

Another critical parameter for the economics of the smelting reduction process in the E/F is the 
electrode consumption which is strongly correlated with the nickel content of the ferronickel 
produced in the E/F. More precisely, the lower calcine carbon content due to the higher reduction 
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Figure 8. Energy consumption vs. total iron minus SiC>2 content 

Figure 9. Calcine reduction degree vs. Ni content in Fe-Ni produced in E/F 

Figure 10. Electrodes slipping vs. Ni content in Fe-Ni produced in E/F 
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degree results in a lower reduction degree of the iron oxides inside the E/F, as seen in Figure 
9. This corresponds to an increased nickel content in the Fe-Ni alloy and therefore increased 
iron content in the slag. Increased iron content in the slag in turn results in lower slag 
resistivity, which means that the electrodes are lifted more out of the slag and the electrode 
current increases. In turn, the decreased contact between electrode and the slag leads to a 
decreased electrode consumption. These effects are clearly revealed in Figures 10 and 11, 
where the electrode consumption, expressed in terms of the index mm of electrode slipping 
per MWh, is correlated with the iron and silica content of the latérite feed and the iron 
content of slag, respectively. 

Fe content in slag (%) 
Figure 11. Electrodes slipping vs. iron content in slag 

Conclusions 

The optimization of open-bath submerged-arc E/F operation for latérite smelting reduction, in 
terms of energy consumption, electrode consumption and limitation of the operational problems, 
is a multi-parametric problem. The temperature and the reduction degree of the calcine feeding 
material, the iron and silica content of the calcine and slag, the ore grain size of the calcine and 
the temperature of slag all constitute critical parameters. Mathematical modelling of the roasting 
reduction-smelting reduction process using comprehensive sets of such raw data, should be the 
goal for optimization of the metallurgical method. 
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Abstract 
Specularite and vanadium-titanomagnetite are difficult to granulate, and with the increase of their 
proportions, the permeability of sintering bed is deteriorated together with the combustion 
velocity of fuel for the shortage of air through the sintering bed, which can lower sintering speed 
and specific production capacity significantly. The biomass fuel has a higher combustion velocity 
than coke breeze, therefore, the productivity of specularite and vanadium-titanomagnetite ore can 
be improved remarkably by replacing coke breeze partly with biomass fuel .The results showed 
that, when the proportion of biomass fuel replacing coke is 40%,the sintering speed and specific 
production capacity of 35% specularite were improved from 19.06mm/min, 1.33 XI (m2,h) to 
21.45mm/min, 1.47 t/ (m2-h) ,and that of 55% vanadium-titanomagnetite were improved from 
17.23mm/min, 1.11 XI (m2-h) to 22.80mm/min, 1.441/ (m2-h) . As a conclusion, biomass fuel is 
effective to strengthen sintering of refractory iron ore. 

Introduction 

The iron and steel industry of our country has achieved significant development in the recent 
years. In 2010, the output of steel has reached to 0.627 billion tons. The increasing scale of iron 
and steel has led to rigorous domestic iron ore environment, and the reserves of hematite and 
magnetite that have superior sintering characteristics are on the decline with continually 
exploiting and utilizing [1]. Therefore, the RIO (refractory iron ores) SP (specularite) and VT 
(vanadium-titanomagnetite) have to be applied vastly. However, the quality of sinters can be 
deteriorated when utilizing RIO in high proportion due to their poor granulation and 
metallogenic performances [2, 3]. Generally, the ratio of SP is 3~5%,which should not exceed 
10% in our country currently [4]. Though high rate of VT is adopted in PZH steel for a long time, 
the productivity is obviously low compared with normal sintering [5]. 

Materials and Methods 
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Properties of Materials 

The chemical compositions of materials are given in table I, where it can be seen that VT has a 
low iron grade of 53.69% and silica content of 3.09%, while it has a relatively high contents of 
TiÜ2, which achieves 12.69%. SP is a type of hematite with a high iron content of more than 66%. 
Concentrate-1 is a type of ordinary magnetite which has a total iron content of 61.80% and silica 
content of 6.09%. Table II illustrates the size distribution of materials. It is quite evident that 
they all have a remarkable portion of fine-grained particles of-0.25mm, which overs 90%. 

Table I. Chemical Compositions of Materials wt/% 
1 Raw materials 

VT 
SP 

1 Concentrate-1 

TFe 
53.69 
66.8 

61.80 

FeO 
31.78 
1.54 

24.61 

Si02 

3.09 
4.02 
6.09 

A1203 

3.94 
0.1 

[ 1.73 

CaO 
0.45 
0.53 
1.42 

MgO 
2.99 
0.8 

0.83 

v2o5 

0.53 

... 

... 

Ti02 

12.69 

... 
— 

S 
0.600 

_. 
0.64 

LOI* 1 
2.85 
1.05 
2.40 1 

Table IL Size Distributions of Materials 

Raw 
materials 

VT 
SP 

| Concentrate-1 

Size distributions /% 

>lmm 

0 
0 
0 

0.5-1 
mm 

0 
2.47 

0 

0.25-0.5 
mm 

9.60 
6.78 

0 

0.074-0.25 
mm 

35.20 
41.71 
1.17 

0.045-0.074 
mm 

17.10 
16.55 
3.11 

<0.045 
mm 

38.10 
32.50 
95.72 

<0.25 
mm 

90.40 
90.76 

100 

Particle 
mean 

size/mm 

0.15 
0.27 
0.12 1 

Two types of fuels are utilized in the experiment, one is coke breeze, and the other is carbonized 
biomass fuel. Their chemical and industrial analyses are given in table III, and their ash 
compositions are given in table IV. 

Table III. Chemical and Industrial Analyses of Fuels 

Fuels 

Coke breeze 
| Biomass fuel 

Chemical compositions /% 
GC 

78.89 
94.64 

H 

2.46 
2.77 

S 
0.224 
0.0372 

Others 
18.43 
2.55 

Industrial analyses (dry basis) /% 
FC 

74.68 
87.34 

Ash 

19.54 
5.10 

VM 

5.88 
7.55 

GCV/ 1 
MJ/kg 1 
26.84 
30.77 

*GC is gross carbon; FC is fixed carbon; VM is volatiles matter; GCV is gross calorific value 

Table III and table IV showed that, biomass fuel was distinguished from coke breeze by lower 
ash yield, higher VM, higher FC and higher GCV. The biomass fuel ash was also of higher 
basicity and alkali metal content. The biomass fuel, above all, was of*lower content of sulfur, 
which was detrimental to sintering process. 
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1 Fuels 
Coke breeze 

1 Biomass fuel 

Table IV. Chemical Composition of Fuel Ash 
TFe 

37.92 
40.14 

Si02 

24.26 
10.30 

A1203 

17.34 
2.52 

CaO 
14.21 
18.18 

MgO 
2.58 
2.89 

Wt/% 
Na20 

0.58 

K20 

3.67 

P 1 
0.65 1 

Experimental Methods 

A sintering pot with a dimension of 680 mmxO 150 mm is utilized to simulate sintering process 
completely. The procedure involves: ore proportioning, blending, cylinder granulation, feeding, 
igniting and sintering. After accomplishing the whole sintering process, drop strength and tumble 
index are measured, besides, the sinter chemical composition is analyzed as well. 

Results and Discussion 

Sintering Properties Of Refractory Iron Ore 

Effects Of Refractory Iron Ore Proportions On Sintering Properties The chemical composition of 
SP sinter is maintained at a homogeneous level of w(MgO)=2.0> w(SK)2)"4.8%i RŒ2.0, and that 
ofVT sinter is w(Si02)=5.36%, R=2.0. 
The operation parameters include 4 min for cylinder granulation, 1 min for both ignition and heat 
preservation, 3 min for cooling, and the ignition temperature is 1150 ± 50°C. The negative 
pressure of ignition and cooling process is -5000 Pa, and that of sintering process is -lOOOOPa. 
The effects of increasing the proportions of both SP and VT on the quality of sinter are given in 
Fig.l, Fig.2, respectively. Fig.l showed that, the vertical sintering speed decreased from 23.30 
mnvmin"1 to 19.06 mm-min"1 together with specific production capacity declining from 1.52 
Mn"2-h~l to 1.33 lm~2Kl when the proportion of SP ranged from 0 to 35%; Fig.2 showed that, all 
sintering indexes were deteriorated when VT ratio ranged from 0 to55% »especially the vertical 
sintering speed and specific production capacity which reduced from 23.05 mm-min* > 1.55 
t-m^h^to 17.23 mm-min"\ 1.11 tm'^h'Vespectively. 

Fig.l Effect of SP ratio on sinter indexes Fig.2 Effect of VT ratio on sinter indexes 
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Analyses Of Influence Of Refractory Iron Ore On Sintering Typical SEM images of iron ores 
were given in Fig.3 at a similar magnification. It illustrated that SP and VT tended to be 
smoother and more compacter than concentrate-1, which made them poor hydrophily and 
granulation property. Carves of relationships between refractory iron ore proportions and 
permeability were shown in Fig.4 where it could be seen that the permeability of both SP and VT 
were all deteriorated with proportions improving. Therefore, the airflow of sintering bed was 
insufficient as well as the combusting velocity was decreased that led to the dropping of vertical 
sintering speed and specific production capacity. 

(a) SP (b) VT (c) Concentrate-1 
Fig.3 Images (SEM) of iron ores 

Fig.4 Effects of RIO proportion on permeability 

Measure To Strengthen The Sintering Of Refractory Iron Ore 

Results Of Biomass Fuel Strengthening The Sintering Refractory Iron ore The results of biomass 
fuel being applied to strengthen the sintering of 35% SP and that of 55% VT are given in table V 
and table VJ respectively. 
Table V and table VI showed that, both the sintering speed and the specific production capacity of 
both SP and VT increased remarkably when coke breeze was partly alternated by biomass fuel. 
Apparently, when the proportion of biomass fuel replacing coke was 40% ,the sintering speed 
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and specific production capacity of 35% SP were improved from 19.06mm/min, 1.33 M (m2-h) 
to21.45mm/min, 1.471/ (m2-h) ,andthatof 55% VT were improved from 17.23mm/min, 1.11 XI 

(m2-h) to 22.80mm/min, 1.44 XI (m2-h) .Consequently , applying biomass is effective to 
strengthen the sintering of SP and VT. 

Table V. Effect o f Biomass Fuel on 
Ratio of biomass fuel 
replacing coke breeze 

/% 
0 
20 

1 40 

/% 

7.50 
7.50 
7.75 

Sintering 
speed 

/ (mm-min"1) 
19.06 
21.25 
21.45 

Strengthening SP Sintering 
Finished 
product 
ratio /% 

74.22 
74.60 
71.84 

Tumble 
index 

/% 
64.40 
64.00 
66.47 

Specific product 
capacity 

/ (fm^h*1) 
1.33 
1.53 
1.47 

Table VI Effect of Biomass Fuel on Strengthening VT Sintering 

Ratio of biomass fuel 
replacing coke breeze 

/% 
0 
20 
30 

| 40 

Moisture 
/% 

8.25 
8.50 
8.50 

: 8.75 

Sintering 
speed 

/ (mm-min"1) 
17.23 
20.30 
20.40 
22.80 

Finished 
product 
ratio /% 

67.65 
71.26 
72.06 

[_ 69.94 

Tumble 
index 

/% 
59.24 
60.93 
59.45 
60.27 

Specific product 
capacity 

/ (t-m"2'^1) 

1.11 
1.39 
1.33 
1.44 

Analyses Of Biomass Fuel Strengthening The Sintering Of Refractory Iron Ore The 
microstructure, TG-DSC and isothermal weight lose rate curves of the two kinds of fuels are 
demonstrated in Fig.5, Fig.6 and Fig.7, respectively. 

Coke breeze Biomass fuel 

Fig. 5 Fuel Microstructures 
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More micropores (Fig.5) were within biomass fuel than that were within coke breeze, which 
made biomass have greater reaction surface inside, contributing to a faster combustion velocity. 
In Fig.6 where it could be seen that biomass fuel had higher maximum weight loss rate (Vmax) 
and maximum heat release value (Qmax), both Vmax and Qmax have a positive correlation with 
combustion velocity of fuels, than coke breeze under the same heating rate, whereas the ignition 
point of biomass is lower than that of coke breeze, which make biomass fuel combust more 
easily. 
It's illustrated in Fig.7 evidently that biomass has a higher weight loss velocity than that of coke 
breeze under the identical circumstances, including reaction temperature , oxygen content, size 
distribution and weight. Therefore, when being utilized, biomass fuel can improve the fuel 
combustion status and increase the combustion front, which, in turn, enhance the sintering speed 
and specific production capacity. 

(b) Coke breeze 

Fig. 6 TG-DSC carves of fuels 
*Ti ignition temperature ; Te combustion suspended temperature; Vmax maximum weight loss 
rate ; Qmax maximum value of heat release 
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Fig.7 Weight lose rate curves of fuels at 1000 °C 

Conclusions 

(1) Both specularite and vanadium-titanomagnetite have poor granulation property, therefore, 
permeability of sinter bed can be worsened as well as airflow can be decreased, which leads to 
the declining of sintering speed and specific production capacity. 
(2) Being compared with coke breeze, biomass fuel has many different characteristics, including 
lower ash and sulfur contents, higher fixed carbon content, better combustion behaviors etc. 
(3) Biomass fuel can be utilized to strengthen the sintering of RIO. The sintering speed and 
specific production capacity of both SP and VT can be improved remarkably when coke breeze is 
replaced partly by biomass fuel. 
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Abstract 

The COREX process is the first reduction ironmaking technology with coal and pure 
oxygen to get high quality hot metal, which consumes a lot of high quality lump coal and some 
coke. In order to increase the utilization of fine coal, reduce coke consumption and enhance the 
competitiveness of the technology, the combustion behavior of pulverized coal injection in 
melter gasifier is studied experimentally. The results show that the combustion rate of PCI 
increases with the increase of temperature. And the combustion rate increases with decreasing 
coal particle size. Compared bituminous coal with anthracite, the former's burning ratio is higher 
than the latter in the same granularity. The combustion effect is remarkable when coal blend of 
bituminous coal and anthracite with the smaller particle size is pulverized in COREX process. 

Introduction 

The COREX process is the first reduction ironmaking technology with raw coal and pure 
oxygen to get high quality hot metal, which consumes a lot of high quality lump coal tl"3). 
However, the proportion of lump coal in raw coal is very small, and it is avoidless to produce 
fine coal because of mechanical coal cutter and storage and transportation process, so it is 
important to resolve utilization of fine coal in COREX ironmaking process in order to energy 
conservation and reduce the cost of hot metal {4\ Currently, Coal briquetting technology is 
adopted to utilization of fine coal in COREX process [51, but coal briquetting system has high 
investment cost and requires feasible adhesive agent. The pulverized coal injection (PCI) into a 
blast furnace is being used on a global scale to improve the stability and reduce the cost of blast 
furnace operations [6]. The successful development of PCI in blast furnace is contributed to 
pulverized coal in COREX melter gasifier. However, it is different in PCI process between 
COREX melter gasifier and blast furnace, and the differences are as follows: firstly, The air is 
injected into blast furnace, which temperature is about 1200 °C, but in COREX melter gasifier 
the normal temperature oxygen is blasted, so PCI in blast furnace begin burning in blowpipe, but 
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the combustion of PCI in COREX melter gasifier is only in raceway. Secondly, the racway of 
COREX is smaller than that of blast furnace of the same size. So, the combustion behavior of 
PCI is complex in COREX melter gasifier, which is not use for reference. 

The research on PCI of COREX melter gasifier is currently in the initial stage. Jin et al.[7] 

analyzed the shortcomings of COREX process and discussed the possible effect of using PCI on 
COREX. In addition, some equipment of coal injection is recommended as an original design for 
COREX. Cao et jal. [8] studied the combustion efficiency of pulverized coal in the raceway of 
COREX melter gasifier using a mathematical model, and their research results showed the 
combustion efficiency could keep at the level of 65 % when the mean particle size was 0.075 
mm and the coal ratio was under 125 kg/t. The acceptable quantity of non-combustion coal for 
COREX melter gasifier was about 75 kg/t. When the coal ratio was 200 kg/t, the combustion 
efficiency of COREX process could be about 60 %. Li et al.l91 investigated the utilization rate of 
PCI with coaxial-jet sleeve lance and cross-jet slanted lance in the COREX coal injection process 
using combustion furnace. According to comparison of coal utilization rates under different 
parameter conditions, it indicated that the effect of sleeve-type lance is better than the one with 
slanted lance. Zhang et al. [10J had established a two-dimensional steady-state mathematical 
model and analyzed the combustion behaviors of PCI in different coal types, coal particle sizes 
and flow rates. 

In raceway of COREX melter gasifier, if coal particles in combustion zone undergo 
incomplete combustion, the unburned or residual char will accumulate in the melter gasifier in 
which the char is depleted by means of reaction with slag and carbon dioxide l111. If the 
accumulation rate of the char in the furnace is larger than the depletion rate, the movement of 
blast will be retarded, which results in a pressure fluctuation which further suppresses the 
operation of the furnace[121. In consequence, enhancing the burning rate of PCI and reducing the 
accumulation ratio of unburned char is one of available methods to stabilize the performance of 
melter gasifier. Therefore, this research is to predict the combustion characteristics of PCI in 
COREX melter gasifier through experiment. By varying the temperature and coal particle size as 
well as coal blend, its impact on the burning behaviors of the PCI in COREX melter gasifier will 
be evaluated. 

Experimental 

Experimental Equipment 

Thermal simulation is adopted to research combustion behavior of PCI in COREX melter 
gasifier. The schematic diagram of the thermal simulation assembly is showed in Figure 1, which 
is composed of melter gasifier, heating system, temperature controller, PCI unit, gathering unit 
for residual coal, air supply and dust removal device. For melter gasifier, the proportion of 
thermal simulation model and original apparatus of COREX C-3000 is 1:60, its furnace body is 
mould by alundum powder, which is heated by three sets of silicon carbides. 
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Figure 1. Schematic diagram of the thermal simulation assembly 

Experimental Materials 

Coal samples used in the experiment were coal pulverized into blast furnace of one iron and 
steel plant in China, and the proximate and ultimate analysis of coal samples are presented in 
Table I . The coal samples were ground by vibration mill, and it was collected according to 
particle size ( I : <0.075mm, II: 0.075-0.125mm, III: 0.125-0.177mm, IV: 0.177-0.707mm). In 
experiment, PCI was pulverized into melter gasifier by compressed air. According to similarity 
principle and approximate modeling method, the flow rate of air and amount of PCI were 
calculated, and its values were 139.03 L/min and 15.6 L/min, respectively. 

Table I. Properties of the Coal Samples Used in the Experiment 

Category 

Anthracite (A) 
1 Bituminous Coal (B) 

Proximate Analysis (wt %, ad) 
Volatile A , Fixed 

Moisture Ash 
Matter Carbon 

1.99 7.41 12.18 80.41 
3.34 13.39 12.48 74.13 

Elemental Analysis (wt %, d) 1 

C H O N S 

79.99 3.14 3.46 0.63 0.60 
77.16 3.31 5.67 0.54 0.84 | 

Calculation of Combustion Rate of PCI 

Combustion rate (R) of PCI is a sign of good or bad for pulverized coal, it shows 
combustion status of PCI in raceway of COREX melter gasifier. In this experiment, assuming 
that components of coal is combustible except ash, combustion rate is calculated according the 
total mass of ash is same in the combustion as follows [liM\ 

/ ? = l - A o / A x l 0 0 % ( 1 ) 

1 - A 0 
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A o =^x l00% (2) 
m 

A = %xlOO% (3) 
m 

where, A0 is the ash content in coal sample; A is the ash content of residual coal after 

combustion; m is the mass of coal sample; m0 is the mass of ash in coal sample; m is the 

mass of residual coal after combustion, and m0 is the ash mass of residual coal after 

combustion. 
When the two pulverized coals are blended, the total ash is as follows, 

A0 = {a * A01 + b * A02 ) x 100% (4) 

In above equation, A0 is the ash content of coal blend; AOI and A02 are the ash content 

of coal sample 1 and 2, respectively; a and b are mass fraction of coal sample 1 or 2 in coal 
blend, respectively. 

Combustion rate of coal blend for différent particle sizes is as follows, 

R' = (a*Ri+b*Rj)x\00% (5) 

where, R' is weighted combustion rate of coal blend for different particle sizes; R. and R are 

combustion rate of coal i and j with some particle size, respectively; and a and b are 

mass fraction of coal i and j in coal blend, respectively. 

Results and Discussion 

Effect of Temperature on Combustion Rate of PCI 

Figure 2 shows combustion rate of anthracite and bituminous coal in different temperature. 
It can be seen that combustion rate of anthracite and bituminous coal is relevant to temperature, 
and the higher the temperature the higher the burning rate. It is more obvious that effect of 
temperature on the combustion rate of anthracite. 
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Figure 2. Combustion rate of anthracite and bituminous coal in different temperatures 

Effect of Coal Particle Size on Combustion Rate of PCI 

When the experimental temperature is 1150°C, combustion rate of anthracite and bituminous 
coal in different particle sizes is showed in Figure 3. From the figure we can see it is obvious 
effect that coal particle size on combustion rate of anthracite and bituminous coal, with 
increasing the coal particle size the combustion ratio decreases. For anthracite, when particle size 
is less than 0.075 mm its combustion rate is greater than 80%, but when particle size is 
0.177-0.707 mm it is only 30%. For bituminous coal, when particle size is less than 0.075 mm its 
combustion rate is about 84%. Comparing anthracite and bituminous coal with the same particle 
size, combustion rate of bituminous coal is higher than that of anthracite except the particle size 
is 0.075-0.125 mm. 

Figure 3. The relation between combustion rate and particle size of anthracite and bituminous 
coal 
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Combustion Rate of Different Coal Blend Injection 

This section includes the following experiments: injection of two mixed anthracite with 
adjacent particle size, injection of two mixed bituminous coal with adjacent particle size, 
injection of mixture of anthracite and bituminous coal with the same particle size, and injection 
of mixture of anthracite and bituminous coal with the adjacent particle size. 

Figure 4 shows combustion rate of two mixed anthracite and two mixed bituminous coal 
with adjacent particle size. From Fig. 4(1) and Fig. 3 we can observed that combustion rate of 
anthracite blend with 50% I ( <0.075mm) and 50% II ( 0.075-0.125mm) equals to 82%, which 
exceeds combustion rate of particle size with I ( <0.075mm). Combustion rate of anthracite 
blend with 50% II ( 0.075-0.125mm) and 50% III( 0.125-0.177mm) is about 60%, which lies in 
between combustion rate (75.33%) of particle size with II and that (52.60%) of particle size with 
III. Combustion rate of anthracite blend with 50% IH( 0.125-0.177mm) and 50%IV 
(0.177-0.707mm) is 37.72%. It can be seen from the above analysis that anthracite blend with 
smaller particle size contributes to combustion of PCI, while anthracite blend with bigger particle 
size has negative effect on combustion of PCI. 

It can be seen in Fig. 4(2) and Fig. 3 that combustion rate of bituminous coal blend with 
50% I ( <0.075mm) and 50% II ( 0.075-0.125mm) is less than 80%, and combustion rate of 
pulverized coal with 50% II and 50% III is about 60%, as well as it is only 22% with 50% III 
and 50%IV. It shows that bituminous coal blend with adjacent particle size has negative effect on 
combustion of PCI. 

( 1 ) Anthracite (2) Bituminous coal 
Figure 4. Combustion rate of two mixing anthracite and two mixing bituminous coal with 

adjacent particle size 

Figure 5 shows Combustion rate of anthracite and bituminous coal with same particle size 
and adjacent particle size, respectively. From Fig. 5(1) we can see that combustion rate of 
pulverized coal blend of anthracite and bituminous coal with the same particle size is appreciably 
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higher than that of their weighted calculation, and combustion effect of coal blend with smaller 
particle size is better than that of bigger particle size, all of which indicate mixture of anthracite 
and bituminous coal with the same particle size contributes to raise combustion rate. 

In order to compare combustion effect of mixture of anthracite and bituminous coal with 
adjacent particle size, its combustion rates are showed in Fig. 5(2), In Fig. 5(2), for mixture of A 
and B, experimental is as follows: 50% I (anthracite) + 50% II (bituminous coal), 50% II 
(anthracite) + 50% III(bituminous coal) and 50%III(anthracite) + 50% IV(bituminous coal). 
Combustion rate of mixture of anthracite and bituminous coal with adjacent particle size is 
highest, which indicate mixture of anthracite and bituminous coal with the adjacent particle size 
can raise combustion rate. So, if mixture of anthracite and bituminous coal is pulverized in 
COREX melter gasifier, it may be considered to relax the particle size of bituminous coal in coal 
blend process. 

( 1 ) Same particle size (2) Adjacent particle size 

Figure 5. Combustion rates of anthracite and bituminous coal with same particle size and 
adjacent particle size, respectively 

Conclusions 

The combustion behavior of pulverized coal in COREX melter gasifier is experimentally 
examined, and the following conclusions are obtained. 

(1) The combustion rate of anthracite and bituminous coal is relevant to temperature, and 
the higher the temperature the higher the burning rate. 

(2) Compared bituminous coal with anthracite in the same temperature, the former's 
combustion ratio is higher than the latter in the same particle 

(3) Combustion rate of mixture of anthracite and bituminous coal with adjacent particle size 
is highest, which indicate mixture of anthracite and bituminous coal with the adjacent particle 
size can raise combustion rate. In coal blend injection of anthracite and bituminous coal 
pulverized into CPREX melter gasifier; it may be considered to relax the particle size of 
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bituminous coal. 
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Abstract 

To determine the heating rate of billets using 'short coils*, an appropriate correction factor must 
be applied to the theoretical relationship. In 1945, Vaughan and Williamson published a semi-
empirically modified Nagaoka coefficient applicable for moderate frequency induction heating 
processes (10 kHz). Recently it was demonstrated that the method of Vaughan and Williamson 
gives <10% error in the estimated power when heating aluminum billets at 50 Hz. 

In the present study, experiments have been conducted on aluminum billets in order to verify an 
empirical frequency corrected 'short coil' equation. Measurements of electrical conductivity 
(<± 0.5%), current (± 1%), heat (± 1-3%), and magnetic flux density (± 1-2%) have been 
performed. The results are compared with ID analytical calculations, and 2D axial symmetric 
FEM modeling using COMSOL 4.2®. The frequency corrected equation has proven to provide 
accurate predictions of power (<4% error) within the frequency range 50 Hz to 500 kHz. 

Introduction 

Induction heating is commonly applied to the re-heating of billets before forging or extrusion 
processes. The resistive heating produced by eddy currents in the solid or semi-solid work piece 
during this procedure, is driven by the time varying magnetic flux density in the air-gap between 
the work piece and the coil. The flux in the air-gap is created by the current flowing in the 
induction coil, i.e. the magneto-motive force. In Figure 1 it can be seen that the currents present 
in the work piece are concentrated in the outer 'shell', or the first electromagnetic penetration 
depth (ôw\ and flow in a direction which opposes the magnetic field produced by the induction 
coil. 
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Figure 1. Schematic drawing of a 10 turn induction coil with a billet slightly longer than the coil 
[1]. (Dc = inner diameter of the coil [m]; Dw = outer diameter of the work piece [m]; /c = length 
of the coil [m]; /w = length of the work piece [m]; Ic - current in the coil [A, RMS]; Iw = current 
in the work piece [A, RMS]; Sc - electromagnetic penetration depth in the coil [m]; <5w = 
electromagnetic penetration depth in the work piece [m]; tc - conducting thickness of the coil 
[m];pc = pitch of the coil [m]; dc = width of the coil [m]; sc = spacing of the coil [m]; 0C, 0g and 
&w are the coil magnetic fluxes linking the coil, air gap and work piece respectively [Wb].) 

Flux Densities of Long and Short Air-Core Coils 

The magnetic flux density of a very 'long coil' can be predicted using the infinite coil formula: 

m=^L (1) 

where B* is the axial flux density of an infinite coil [T], n0 the magnetic permeability of the free 
space (4TCE7 [H/m]), //r the relative magnetic permeability, Nc the number of coil turns, Ic the coil 
RMS current [A], and /c the length of the coil [m]. However, coils used for induction heating are 
typically short and Equation (1) can not accurately estimate their magnetic flux density. When 
Equation (1) is multiplied by a "short coil' correction factor, a more accurate estimate of the 
average z-component of the magnetic flux density is obtained for a typical induction coil. 

It is important to point out that 'short coil' correction factors, such as the Nagaoka coefficient 
[2], have been found from the analytical solution of the inductance of a 'short coil', starting with 
a current sheet approximation. However, the Nagaoka coefficient can be estimated using 
numerical solvers to high accuracy, interpolated from the original 6 digit tabulated values, or 
estimated to approximately 3 significant digits, using the following relationships [3]: 

(2) 
1 + 0.4502 <D"+S' 

I. 
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where kN is the Nagaoka 'short coil' correction factor, Dc the diameter of the coil [m], & the 
electromagnetic penetration depth into the coil [m], pc the electrical resistivity of the coil [Qm], 
and/the frequency [Hz]. 

Flux Densities of Short Coils Containing a Work Piece 

If a high electrical conductivity work piece is inserted into an induction coil, the penetration of 
the magnetic flux from the air-gap into the work piece is greatly reduced, The flux in the air-gap 
is thereby increased significantly and becomes more uniform in both the axial and radial 
directions, as indicated in Figure 2 for a work piece of electrical grade aluminum billet. 

Figure 2. COMSOL 4.2® simulation showing the impact of the work piece on the magnetic flux 
density in the air-gap of a 'short coil' (17 turn), DJIC ~1.0, 50 Hz. 

As early as 1945, Vaughan and Williamson [4] proposed an empirical modification of the 
Nagaoka 'short coil' correction factor, based on the fraction of the volume of the air-gap 
occupied by the work piece. Experiments were conducted by Vaughan and Williamson at 10 
kHz using non-magnetic cylindrical work pieces of brass, copper and 18-8 stainless steel to 
verify the general validity of their equation as given by the following relationship: 

- ' # 
2>\ 

* * ) 
(4) 

where kn' is the modified Nagaoka 'short coil' correction factor, and Dw the diameter of the work 
piece [m]. 
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The present authors have recently proposed a modification to Equation (4) to account for 
variations in the electromagnetic penetration into both the coil and the work piece [5], i.e.: 

k * =k , _ . * - « ■ 

D.+S, 

, = ( 
WoMrf 

*i&ti (S) 

(6) 

where ôw is the electromagnetic penetration depth into the work piece, and pw is the electrical 
resistivity of the work piece [Qm]. 

The magnetic flux density present in the air-gap of a "short coil' containing a work piece can 
then be calculated using Equations (1), (2), (3), (5) and (6). As Equation (5) is a one dimensional 
correction factor, it represents the integral average flux density over the full length and area of 
the coil air-gap. For round coils it has, however, been found adequate to equate (Dc +SC ) to the 
average coil diameter, over a wide range of frequencies from 50 Hz to 500 kHz [5]. 

Induction Heating Using Short Coils 

The classical approach for the computation of heat generation in cylindrical work pieces [1] has 
been reviewed prior to the present study, and the required equations can be summarized as 
follows: 

p„=k„nJïxiijf.fpwfjr(fw)/i. (7) 

A. 
8.& 

(8) 

where Pw is the heat generated in the work piece [W], <p a correction factor accounting for the 
average phase shift between current and voltage in the work piece, and & a dimensionless 
penetration or reference depth, that is found in many of the equations in classical induction 
heating literature. Ber, ber\ bei and bei' are the real and imaginary parts of the zero order 
modified Kelvin Bessel functions and their derivatives, the solutions to which can be found using 
numerical solvers [6], look-up tables [7] or graphs [1]. 

Equation (7) can be used with the "short coil' correction factor presented in Equation (5) to find 
the power induced by the "short coil' in a work piece of length equal to or greater than that of the 
coil. If the work piece is shorter than the coil, Equation (7) can still be used, substituting the 
length of the work piece for the length of the coil. 
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Experimental Conditions and Procedures 

In the present study, different sets of experiments have been performed to determine the actual 
heating rates and magnetic flux densities produced by different work piece and coil geometries, 
as a means of validating Equation (5). Some of the heating results will be presented in this 
publication, while more results including the magnetic field measurements will be presented 
elsewhere [8-9]. A schematic drawing of the main part of the experimental apparatus used is 
shown as Figure 3. 

Figure 3. Schematic drawing of the water cooled induction heating experimental apparatus [8]. 

Thermal or 'calorific' heating measurements were performed, while applying a constant voltage 
to the coil. During the measurements, the temperatures of the thermocouples were carefully 
monitored, as well as the current flowing in the coil. When both electrical and thermal stability 
had been reached, a number of electrical readings were taken over a period of about 5 to 20 
minutes, while the flow rate of the cooling water was logged simultaneously with the 
thermocouple data. 

The electrical conductivity of the aluminum work pieces were measured using an AutoSigma 
3000 conductivity analyzer (General Electric Inspection Technologies, UK) to an accuracy of 

377 



±0.5%. The instrument was calibrated prior to use against aluminum standards accurate to 
±0.01% LACS [10]. Measurements were taken on both the machined ends of each work piece. 
An average of approximately 75 readings was used to estimate the room temperature 
conductivity of each work piece. 

Power measurements were taken using a Fluke 43B power quality analyzer (Fluke, USA), with a 
resolution of ±100W. Coil current measurements were made with an ilOOOS inductive current 
probe (Fluke, USA) with an accuracy of ±1% and a resolution of 1A. The electrical data 
measured in the present study represents an average value based on 2 to 8 readings, while 
operating at steady state thermal conditions. 

The water flow rate was determined using a scale which had a capacity of 100 kg and a 
resolution of 0.01 kg. The total weight difference over the hundreds of seconds used for each 
power estimation was then used to calculate the average water flow rate with <0.1% error. 

Billets of two different alloys, i.e. billets (i) with different IACS electrical conductivities and (ii) 
with different dimensions, as well as a number of different coil geometries were operated in 10 
separate experiments at 50 Hz. The main properties of the work pieces and coils are summarized 
in Tables I and II. 

Table I. The Main Properties of the Work Pieces used in the Billet Heating Experiments [8] 
Work Pieces 

Alloy 
Diameter, mm 

Length, mm 
Measured IACS Electrical Conductivity, % 

Penetration depth 5w (mm) at 50 Hz and 293 K from Equation (6) 
4w from Equation (8) 

q^^v) from Equation (9) 
. Coil 1 

Coil 2 
Coil 3 

1 
À356 
75.0 
130.0 
48.4 
13.43 
3.948 
0.823 

M 

2 
6060 
95.0 
130.0 
56.2 
12.47 
5.388 
0.862 

1-2 
2-2 

3 
6060 
95.0 
260.0 
53.4 
12.79 
5.252 
0.859 

3-3... 

Table II. The Main Properties of the Coils used in the Billet Heating Experiments [8] 

Coils 
Average Diameter, mm 

Height, mm 
Diameter to Height ratio 

Number of Turns 
1 Short Coil Correction Factor from Equation (2) 

Electrically Determined IACS Conductivity, % 
Penetration depth 5c (mm) at 50 Hz and 293 K from Equation (3) 

Modified Nagaoka Coefficient kN* for Work Piece 1 from Equation (5) 
| Modified Nagaoka Coefficient kN* for Work Piece 2 from Equation (5) 
| Modified Nagaoka Coefficient kN* for Work Piece 3 from Equation (5) 

Short Coil 
1 

132 
106 
1.24 
16 

0.641 
80 

10.45 
WSMB 
I11ÄI7Ö 

Short Coil 
2 

155 
108 
1.44 
16 

0.607 
80 

10.45 

0.710 

Long Coil 1 
3 

132 
218 
0.60 
32 

0.786 
80 

10.45 

0.863 
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Results and Discussion 

The validation of the proposed ID correction factor presented in Equation (5) can best be 
accomplished by the comparison of the predicted analytical heating rate with the measured 
heating rate. This represents an 'intégral' along both the length and phi directions of the work 
piece. As the heating rate obtained in a particular magnetic field is proportional to the square of 
the magnetic flux density, errors in Equation (5) are magnified in the error of the measured 
heating rates. This is indicated in Equation (7), making the suggested approach a particularly 
sensitive validation method. 

The obtained data from the 10 heating experiments are summarized in Table III (5 conditions 
and 5 duplicates). As can be seen from the table, the average current and work piece electrical 
conductivity (evaluated at the average aluminum temperature) were used in evaluating Equation 
(7) and further used as input values in COMSOL 4.2® to derive estimates of the heating rate. 
Both the analytical approach and COMSOL 4.2® model excludes heat losses, i.e. the work piece 
is assumed to be perfectly insulated. The obtained values have also been added into Table HI, 
together with the values calculated for the 'electrical' power, obtained as a result of the 
difference in the coil resistance with and without a work piece and the measured current. 

Table III. Summary of the Experimental Data (with Duplicates) Obtained in the Present Study, 
and other Values of Importance used in the Analysis [8] 

Coil 

l 
l 
l 
2 
2 
3 
3 
3 
3 

Work 
Piece 

1 
1 
2 
2 
2 
2 
3 
3 
3 
3 

Average 
Aluminum 
Electrical 
Resistivity 

(SI m) xlff* * 
3.76 
3.76 
3.44 
3.42 
3.27 
3.26 
3.58 
3.58 
3.30 
3.30 

* see [9] 

Current 
(A) 

1001.3 
1001.0 
1028.0 
1025.4 
909.5 
908.8 
893.5 
891.8 
557.8 
558.0 

Heating 
Energy 

Calorific 
(W) 
636 
634 
975 
954 
642 
643 
1884 
1894 
746 
736 

Heating 
Energy 

Electrical 
(W) 
631 * 
611 
N/A 
1019 
688 
703 

2117 
2132 
732 
727 

Average: 

Electrical 
Calorific 
Absolute 

Diflerence 

(%) 
0.9 
3.6 

N/A 
6.8 
7.2 
9.2 
12.3 
12.6 
1.8 
1.2 
6.2 

Heating 
Energy 

COMSOL 
(W) 
623 
623 
976 
970 
618 
617 
1888 
1881 
713 
713 

Average^ 

COMSOL 
Calorific 
Absolute 

Diflerence 

(%) 
2.1 
1.7 
0.1 
1.6 
3,7 
4.1 
0.2 
0.7 
4.4 
3.0 
2.2 

Heating 
Energy 

Analytical 
Equation (7) 

(W) 
659 
659 
1035 
1029 
658 
657 

1910.6 
1903.2 
721.4 
721,8 

Average: 

Analytical] 
Calorific 
Absolute 

Difference 
(%) 
3,6 1 
3.9 
6.1 
7,9 
2,5 
2.2 
1,4 1 
0.5 ! 
3.2 
1,9 i 
3.3 

The resulting uncertainty in the thermal heating estimate is believed to be primarily due to the 
obtained accuracy of ±0.05°C in the thermocouple delta-temperature. This temperature accuracy 
calculated as a fraction of the actual measured delta-temperature of the billet cooling water, 
represents an average uncertainty of less than 2%. 

The heat losses (<0.6%, average of 0.4%) were estimated using a typical thermal conductivity 
value (kinsuiation) for the Thermal Ceramics 'Superwool' used in the present experiments (-0.02 
W/m/K) [11], and the actual thickness of the insulation used in each case. The insulation 
thickness varied depending upon the work piece, as well as the coil geometry. 

Both estimates of heating presented in Table HI, i.e. the analytical values and the COMSOL 4,2* 
values, have been plotted in Figure 4 along side the experimental data. As can be seen from 
Figure 4, there is good agreement between all the values. Only the electrical data for Coil #3 and 

379 



Work Piece #3 at high current have any significant errors. In these cases, the change in the coil 
operating temperature and resulting electrical conductivity, between the measurements made 
with an air-core and with the work piece, has been determined to be the main parameter causing 
the deviations. 

Figure 4. Experimental heating data resulting from calorific and electrical methods are 
Dmpared with the estimates from the COMSOL 4.2® and the analytical modeling approacl 

Data are in the same order as listed in Table III, with 5 conditions and 5 duplicates [8]. 

From Table III it can be seen that the relative errors in the analytical heating estimates are lower 
for the 'long' Coil #3. This is believed to be the result of the initial 'air-core' Nagaoka 
coefficient being closer to unity and thus requiring less correction. Due to this, the data for Coil 
#1 and Work Piece #1, as well as for the larger diameter Coil #2 and Work Piece #2, should 
theoretically represent the most challenging cases for the proposed equations, i.e. Equations (5) 
and (7). 

It can also be seen from Table III that the average difference in the estimated heat (power) 
resulting from both the COMSOL 4.2® and the analytical approach, is less than that of the 
electrical data when compared with the calorifically determined heating power. Given that the 
FEM model, as well as the analytical model is not considering the heat losses, it is believed that 
the heating estimates should be high by the average heat loss of 0.4%. In other words, the 
COMSOL 4.2® estimate has an error of < 2%, and analytical modeling estimates of <3% when 
compared with the experimental calorific data. 
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Comparison between Analytical Model and COMSOL FEM at Different Frequencies 

A virtual experiment has also been performed comparing estimates of heating (power) as a 
function of frequency using the proposed analytical model against the COMSOL 4.2® model, 
Coil #1 and Work piece #1, which represent a challenging case due to the low length to diameter 
ratio, as well as the relatively large air-gap (low kN\ was used for the comparison. The 
following conditions were chosen, i.e. current of 1001 A, temperature of 37.1°C and pw =3.76E*8 

Qm. 

In Table IV the calculated estimates of heating (power) are presented. As can be seen, an offset 
of approximately 4% exists between the two models and this deviation appears to be consistent 
in the frequency range from 50 Hz to 500 kHz. The good agreement between the COMSOL 4.2* 
estimates and the experimental results at 50 Hz, appears to indicate that the obtained deviation in 
the analytical power estimate from Equation (7) is a result of the empirical nature of Equation 
(5). This 4% bias is particular to this geometry, a lower bias (0.8%) was found for the longer 
more 'ideal' Coil #3 [9]. 

Table IV. Comparison between the Estimates of Heating (Power) as a 
Function of Frequency for Coil #1 and Workpiece #1. The Values are Based on the Analytical 

and COMSOL 4.2® Modeling Approaches 

Frequency 
(Hz) 
50 
500 

5000 
50000 
500000 

Experimental 
Power 

(W) 
634 
N/A 
N/A 
N/A 
N/A 

Analytical 
Power 

(W) 
659 
2567 
8672 

27957 
88623 

COMSOL 
Power 

(W) 
623 
2466 
8370 

26816 
85247 

Analytical] 
COMSOL 
Difference 

(%) 
5.8 1 
4.1 
3.6 
4.3 
4.0 1 

| _ ^Average; 4.3 

Conclusions 

An improved 'short coil' correction factor has been developed and experimentally validated for 
use during induction heating of billets at frequencies from 50 Hz to 500 kHz. By adopting the 
improved correction factor, the errors obtained in the estimates of heating (power) have been 
reduced from <10% to <4%. The obtained results compare highly favorably with the factor of 2 
error that would result from making a 'long coil' assumption, i.e. UN - 1.0. The improved 'short 
coiF correction factor can be used to estimate the average flux density of a 'short coil' with an 
error of <2% based on the square root of the error in the heating estimation. 
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Abstract 

It has been demonstrated that metallic-bearing minerals are physically liberated from host 
rock when exposed to microwave (MW) energy. The metallic minerals are iron sulfides 
and spinel oxide minerals contained in peridotite rock. Experimental evidence has shown 
ore particles readily couple with MW energy at 2.45 GHz, 1000 W resulting in rapid 
heating. Thermal stresses are generated by highly absorbing metallic-bearing minerals 
resulting in cracking and embrittlement of ore particles that assists in crushing and 
grinding processes. The liberated metallic-bearing minerals are shown to report to 
coarser size fractions as a result of MW exposure. 

Introduction 

Comminution of ore material during beneficiation is a large energy expenditure for the 
mineral processing industry. Crushing and grinding operations alone consume 50-70% 
amount of energy used in mineral processing [1]. Size reduction becomes increasingly 
difficult with decreasing particle size making grinding the most energy-intensive step of 
comminution. The aim of comminution is to maximize liberation of economically 
valuable minerals from the host rock [2]. Overall, the less material that needs to be 
handled, then grinded, to create a useful product for hydro/pyro metallurgical processes 
will achieve the greatest reduction of energy. 

Much of the scientific interest for use of microwave (MW) energy in mineral processing 
has been for improved hydro/pyro metallurgical techniques [3-6]. Early authors have 
employed MW energy for improved grinding of ore particles but most conclude the 
energy savings do not justify the energy input [7-9]. The effectiveness of MW assisted 
grinding is dependent on the ore mineralogy and the absorptive properties of minerals 
contained within it. Ore containing magnetic minerals should prove successful with MW 
assisted breakage from highly absorptive properties. 

For heat and thermal stresses to be generated within an ore particle, it must contain 
minerals that readily absorb MW energy. The MW energy is converted into thermal 
vibrations of the lattice by polarization mechanisms such as electronic, atomic, ionic 
(conduction), orientational, (dipole) and Maxwell-Wagner polarization. The dielectric 
response is the amount of energy loss by transmission and absorption of energy in a 
material. Irradiation is the production of heat as a result of MW energy loss in a material. 

383 



The nature of bonding and atomic configuration of a structure determines the electronic 
and magnetic properties of a mineral. Most minerals are a combination of bonding types 
(ionic, covalent, and metallic) so the dielectric response is specific to the composition and 
structural properties. Iron sulfides are known semiconductors (n or p type dependent on 
composition) due to the high degree of covalent bonding exhibited by the sulfur structure 
in which charge carrying metal atoms are loosely bound. Conversely, oxide minerals 
have a high degree of ionic bonding in which conduction in the structure is very much 
dependent on oxygen fugacity. The mineral pyrrhotite (Po) has an iron deficient, 
vacancy laden structure in which its magnetic properties are dependent on composition. 
Ferro-spinel (Spl) oxide minerals form solid solutions having varying amounts of catonic 
substitution, are highly conductive and exhibit strong ferrimagnetic properties. Though, 
Po and Spl exhibit metallic bonding to some degree, and both strongly absorb MW 
energy, the polarization mechanisms of each structure that produce irradiation can be 
very different. 

Experimental 

Microwave Treatment of Particles 

An ore body located in Michigan's Upper Peninsula contains metallic-bearing sulfide and 
spinel oxide minerals in peridotite rock. Particles were obtained by stage crushing core 
samples with jaw, gyratory, and roll crushers. All ore particles are from the same lot and 
are assumed to be homogenous with respect to metallic mineral content. The crushed 
material was then size classified then particles (-4+6 mesh) in size were sent through a 
splitter a dozen times. Material was exposed to microwave energy for 30 and 60 seconds 
with 100 gram samples contained in an alumina crucible placed in the center of the cavity. 
The microwave oven was a conventional type operating at 2.45 GHz, 1000 W power. 
Samples were removed from the crucible and allowed to cool on a ceramic plate. 

Crushing and Grinding Experiments 

For ball milling experiments, 1 kg of (-4+6 mesh) crushed material was ball milled dry 
for 100 revolutions, dumped, size classified, then put back into the ball mill for additional 
grinding totaling 500 revolutions (revs). This was repeated for another 500 revs totaling 
1000 revs the material was ball milled. For roll crushed material, 1 kg of ore particles 
were passed through the roll crusher then size classified. The material retained on each 
Tyler mesh sieve was massed and recorded. All size classification experiments were 
performed with a Roe-Tap sieve shaker for 15 minutes. 

Heavy Liquid Separation 

Diiodomethane (CH2I2) of 99+% purity supplied by Acros Organics was used as heavy 
liquid for density separation having a specific gravity of 3.32. To start, 10 grams of 
material from crushing and grinding experiments was massed and put into a 50 ml 
centrifuge tube. The solution of heavy liquid and solid material is centrifuged for 30 min. 
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at 600rpm. Pieces of #1 filter paper in glass funnels were used to collect the float and 
sink material. The filter paper was washed with acetone to remove excess heavy liquid 
and filtered samples are allowed to dry overnight in an oven at 100°C. 

X-rav Diffraction of Sink Material 

The material obtained by heavy liquid separation was examined by x-ray diffraction. 
XRD work was performed using a ScintagXDS 2000 powder diffractometer using CuKa 
radiation A,=1.5418 Â. The ball milled material passing 100 mesh (147 \\m) sink was 
scanned by XRD. The sink material of roll crushed mesh size fractions (-65+100), (-
100+200) and (-200+325) were mounted in an aluminum holder and continuously 
scanned in the range of 10-75° to obtain diffraction patterns for qualitative phase 
identification in samples. JCPDF Win computer software was used for phase 
identification of the peaks obtained in diffraction patterns [JCPDS-International Centre for 
Diffraction Data v. 2.2; 2001]. 

Results and Discussion 
Crushing and Grinding 

The ball milled cumulative percent passing material for microwave (MW) treated and as-
received (As-Rec'vd) ore particles are shown in Figure 1. Increasing the ball mill 
revolutions produced more fine material for MW treated ore particles shown by an 
increase in cumulative percent passing material then for As-Rec'vd material. Increasing 
the MW exposure time also increased the amount of passing material being a good 
implication for increased grindability of MW treated material. According to F. Bonds 
procedure [10], particles greater than 6 mesh (~3.3mm) in size are forbidden for ball 
milling experiments which was the reason for not performing quantitative measurement 
of grindability.. Work index experiments performed on the same ore material showed an 
increase in the grindability resulting in a decreased work index for MW treated material 
[11]. 

The increased grindability of ore particles after MW treatment is an interesting result but 
the macroscopic cracking produced in ore particles by MW exposure is not fully utilized 
by ball milling. Size reduction during grinding experiments is accomplished mainly by 
abrasion resulting in fine size material produced during ball milling. Particle size 
reduction by abrasion is highly inefficient so it was of interest to make use of the cracks 
produced in ore particles. 

The roll crushed cumulative percent passing material for MW treated and As-Rec'vd ore 
particles are shown in Figure 2. The plots show the exact opposite trend then ball milled 
particles in that MW material produced less cumulative percent passing material. This 
result shows that MW treated ore particles passed through the roll crusher with less 
abrasion due to cracks that weakened ore particles. Increasing MW treatment time did 
not have a significant effect on the cumulative percent passing material showing 
increasing MW time may only assist with the grindability and does not have a significant 
effect on the overall breakage of particles. 
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Ball Milled Particle« (-4+6) 

Figure 1. Particle size distribution of as-received and microwave treated particles (-4+6) 
ball milled for 100, 500,1000 revolutions 

Roll Crushed Particles (-4+6) 

Figure 2. Particle size distribution for as-received and microwave treated ore particles (-
4+6) passed through the roll crusher. 
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X-Rav Diffraction of Sink Material 

The increased grindability of MW treated ore particles does not show any sizeable 
increase in the liberation of metallic-bearing minerals from host rock. The XRD pattern 
of sink material (Figure 3) shows signals from metallic-bearing minerals but all patterns 
in the spectrum have a similar intensity of signals. Peaks are convoluted do to masking 
of metallic peak signals from heavy silicates reporting to sink material, mainly that of Ca-
rich pyroxene (Px). The much lower volume of metallic minerals with respect to silicates 
in ore particles is the main reason for such low intensity signals. The absence of various 
peak signals from MW 60s material but occurring in As-Rec'vd and MW 30s material is 
not completely known but could very likely be the result of phase change in mineral 
phases as a result of MW exposure. These signals are not the result of oxidation products 
produced by surface alteration during heating because the volume of oxidation product 
would be much less compared to the bulk material produced during ball milling thus 
oxidation products would fall under the limits of XRD detection. 

Deg. 

Figure 3. XRD pattern plotted as intensity (a.u.) vs. 26 of ball milled sink material passing 100 
mesh (147um). Intense peaks of metallic sulfide phases are indicated by a star. 

The XRD patterns in Figures 4-6 of sink material from various size fractions of the roll 
crushed particles (Figure 2). The material scanned by XRD in this range of size fractions 
was not reduced in size for powder diffraction experiments and remained the retained 
size to preserve disseminated mineral grains. Since the iron sulfide minerals form 
intergrowths, intense pyrrhotite (Po) peak signals were used as the main indicator of 
sulfide minerals present in scans to support peak identification. An intense Po peak 
occuring at -44° corresponding to the (102) plane indicates the presence of iron sulfides. 
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As shown by ball milled material, many peaks are produced during XRD from the 
asymmetry of silicate structures that consequently mask metallic peak signals. Therefore, 
material passing (-325 mesh) that reported to the pan was not investigated because it 
likely contained a high amount of silicate minerals. Silicate minerals report to sink 
material by still being attached to metallic minerals, having density greater than 
diidomethane, or both. 

Both sulfide and silicate minerals report to the (-65+100 mesh) size fraction (Figure 4). 
The intensity of metallic peak signals in the As-Rec'vd pattern are weaker then the MW 
60s material. The clustering of silicate peak signals, along with other intense silicate 
peak signals in the pattern indicate a high amount of silicate minerals present in As-
Rec'vd material. The most intense peak in MW treated material belongs to Ca-rich Px 
but other silicate peak signals are not as prevalent. 

The (-100+200 mesh) size fraction shows metallic peak signals occurring in both sink 
materials (Figure 5). The presence of silicates creates background noise in patterns and 
introduces peak broadening to metallic signals but both these effects are reduced in MW 
60s material. Metallic peak signals are apparent in MW treated material shown by 
numerous Po signals, an intense chalcopyrite (Ccp) peak and spinel (Spl) minerals now 
reporting to the (-100+200 mesh) size fraction. 

Many types of silicate minerals report to the (-200+325 mesh) size fraction (Figure 6). 
The various silicate peaks that cluster around metallic peaks may be an indication of 
interlocked silicate and metallic minerals in As-Rec'vd material. The low intensity 
metallic peak signals in MW material are thought to be the result of metallic minerals 
reporting to larger size fractions. 

Deg. 

Figure 4. XRD pattern of as-received and microwave 60s material roll crushed (-65+100 mesh) 
sink material corresponding to (208- 147um) size fraction 
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Peg, 

Figure 5. XRD pattern of as-received and microwave 60s material roll crushed (-100+200 mesh) 
sink material corresponding to (147-74um) size fraction 

Deg. 

Figure 6. XRD pattern of as-received and microwave 60s material roll crushed (-200+325 mesh) 
sink material corresponding to (74-43 urn) size fraction 

Conclusion 

Ore particles readily heat during MW exposure by highly absorbing magnetic mineral 
phases that generate thermal stresses and cracking in particles. The cracking can be used 
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as an aid in crushing and grinding processes of ore particles. MW treated ore particles 
are shown to produce more cumulative percent passing material when ball milled. MW 
is shown to aid in the breakage of particles shown by less abrasion of particles passed 
through the roll crusher. Heavy liquid separation along with XRD analysis shows that 
metallic bearing minerals reported to coarser size fractions by metallic-host rock 
liberation from MW exposure. Optimally, large size ore particles, containing sufficient 
amounts of highly absorbing minerals, would be MW treated to liberate metallic minerals 
prior to grinding in order to reduce the amount of material handling during beneficiation. 
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Abstract 
Hematite concentrates are characterized by bad high-temperature reactivity and poor balling 
index, which restrict their large-scale application in the production of oxidized pellets. An 
organic additive, namely MHA, was authorized and used as binder recently in China. 
Compared with bentonite, the effects of MHA on compressive strength of hematite pellets at 
various firing conditions were investigated in this study. Experimental results showed the 
compressive strengths of preheated pellets with different binders were increased with 
increasing the preheating temperature and time. The compressive strength of preheated 
pellets with MHA binder was lower than that of pellets with bentonite, which can be ascribed 
to the high porosity of pellets with MHA binder. However, the compressive strength of 
roasted pellets with MHA binder was higher than that of pellets with bentonite. The 
compressive strength of finished pellets balled with MHA binder 1.0 wt% could meet the 
operation requirements of grate-kiln process. 

Introduction 

Hematite concentrates are characterized by bad high-temperature reactivity and poor balling 
index, which can lead to the appearance of those problems with increasing the energy 
consumption, shortening the useful life of equipment, and finally increasing the operation 
cost of oxidized pellets plants [1-2]. Some investigations have been conducted based on 
improving the pelletizing technique of hematite concentrates, such as pretreatment of raw 
materials [3-7], optimization of ore proportioning [8], addition of solid fuels [9-16], and so on. 
Employing high pressure grinding roller for the treatment of hematite concentrates revealed 
that the mechanical strength of wet green pellets could be improved. However, the 
mechanical strength of fired pellets was not improved obviously [7]. Huang, et al., pointed 
out that the preheating and roasting temperature may be decreased and the compressive 
strength of fired pellets could be increased by blending a certain proportion of magnetite 
concentrates with hematite [8]. Nevertheless, there are a variety of magnetite ores different in 
physical and chemical properties in China, resulting in the instability operation [17]. 
In foreign countries, travelling grate machine is widely adapted for the production of hematite 
oxidized pellets by mixing with solid fuels. However, the shortcoming of the technology 

1 Corresponding author: Guihong Han, Ph.D, Email address: guihong-han@hotmail.com. 
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above results in fuel consumption increasing [18]. Currently, grate-kiln process is the most 
popular process for the production of oxidized pellets in China. And there is a critical demand 
on the mechanical strength of fired pellets. The addition of solid fuels may decrease the 
strength of pellets and finally increase the preheating and roasting temperature in the 
grate-kiln process. Therefore, the addition of solid fuels is not suitable in China. 
MHA binders, as a kind of complex additives composed of organic matters and inorganic 
matters, are extracted from brown coals. It is with quality of low residues (Si02 and A1203) 
and strong binding property. Generally speaking, it can serve the double purpose of binders 
and fixed carbon. What important is that MHA binders can perform reduction effect in weak 
oxidizing atmospheres [19]. In this paper, the effects of MHA binder on the preheating and 
roasting process of hematite pellets were investigated in this study. 

Experimental 

Raw Materials 

The chemical composition of hematite concentrates sample is shown in Table I. According to 
Table I, the iron grade of sample was as high as 67.22% and the FeO content was only 0.55%. 
The chemical composition of bentonite is listed in Table H. The content of Si02 and AI2O3 
were respectively 59.09% and 16.38%, which would decrease the TFe grade of pellets. 

Table I. Chemical Composition of Hematite Concentrates (wt %) 
TFe 

67.22 
FeO 
0.55 

Si02 

2.17 
CaO 
0.01 

MgO 
0.05 

A1203 

0.55 
LOI* 
0.59 

* LOI means loss of ignition. 

Table II. Chemical Bomposition of Bentonite (wt %) 
Fe203 

7.92 
Si02 

59.09 
A1203 

16.38 
CaO 
1.08 

MgO 
2.42 

K20 
0.13 

Na20 
3.16 

LOI 
8.75 

The MHA binder used in this paper was comprised of organic humic substances, as well as 
inorganic minerals [20-22]. The main elements of organic substances and the main chemical 
composition of inorganic minerals could be seen from Table III. From Table III, it could be 
obviously known that the content of organic substances was about 74.34%, while the main 
elements of organic substances were C, H and O. In addition, the main inorganic minerals 
were alumino-silicate. However, the content of Si02 and A1203 were much lower than those 
of bentonite. 

Table III. Main Chemical Composition of MHA Binder (wt %) 
Organic substances 
C 

36.93 
H 

2.87 
O 

34.54 

Inorganic minerals 
Fe 

3.37 
Si02 

11.41 
A1203 

6.63 
CaO 
0.27 

MgO 
0.18 

P 
0.05 

S 
0.58 

Na20 
2.12 
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Methods 

The hematite concentrates were balled to green balls in a disc pelletizer, which was with a 
diameter of 1000 mm and a length of 500 mm. A certain proportion of MHA binder or 
bentonite was used as binder additives. In this paper, the dosage of MHA binder was fixed as 
1.0 wt% while that of bentonite was 2.0 wt%. The diameter of wet green pellets was 
controlled in the range from 12 to 15 mm. The wet pellets were dried in an oven at 110 °C for 
4 h and used in the next experiments. 

Figure 1. Experimental apparatus for preheating and roasting experiments in Lab 

The preheating and roasting tests were conducted in an electrically heated horizontal tube 
furnace shown in Figure 1, which was with 50 mm internal and 70 mm external diameters. 
Temperature was measured with a Pt-Pt/Rh thermocouple, which was placed inside the 
furnace. Experiments were started when temperature profile had reached the desired value. 
Dried pellets were put into a corundum crucible, which was pushed into the preheating zone 
of the furnace. Preheated for a certain time at the preheating area, the pellets were removed to 
the roasting region and then roasted. At last, the roasted pellets were pulled out of the furnace 
and cooled in air atmosphere. 

Results and Discussion 

Effects of Preheating Temperature 

The effects of preheating temperature on the compressive strength of preheated pellets were 
firstly investigated when preheating time was fixed as 10min. 
Figure 2 showed that the compressive strength was increased obviously with the increase of 
preheating temperature. When temperature was increased to 950 °C, the compressive strength 
could reach to 624 N/pellet. During the preheating process, the compressive strength of 
pellets mainly depends on the connection between each Fe2Û3 grain. The diffusion of Fe3+ 

enhances with increasing the preheating temperature. And the connections become stronger 
and stronger, resulting in the increasing of compressive strength. Compared those pellets with 
bentonite, the compressive strength of pellets balled with MHA binder was lower. When 
preheating temperature was 1000 °C, the compressive strength of preheated pellets with 
MHA binder was 749N/pellet. While the compressive strength of pellets with bentonite can 
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was above 1028 N/pellet. 

Figure 2. Effect of preheating temperature on the compressive strength of preheated pellets 

The lower compressive strengths of preheated pellets with MHA binder can be caused by 
their higher porosity resulted by the disappearance of organic substances in MHA binder, 
which can be seen from Table IV. Table IV illustrated the porosity of preheated pellets with 
different binders under different preheating temperatures. Generally speaking, the porosity of 
preheated pellets with MHA binder was higher than that of pellets with benonite. When 
preheating temperature was 980 °C, the porosity of preheated pellets with MHA binder was 
23.25%. While the porosity of preheated pellets with bentonite was only 19.28%, which was 
much lower than the former one. With the increase of preheating temperature, the porosities 
of pellets with both binders were decreasing. However, the porosity of preheated pellets with 
MHA binder was always higher than that of pellets with bentonite. 

Table IV. Porosity of Preheated Pellets with Different Binders under Different Temperatures 

Binder 

MHA 

Preheating temperature 

(°C) 
980 
1000 
1020 
1050 

Porosity 

(%) 
23.25 
22.48 
21.97 
21.42 

Binder 

Bentonite 

Preheating temperature 

(°C) 
980 
1000 

1020 
1050 

Porosity 

(%) 
19.28 
18.80 

18.36 
18.08 

Effects of Preheating Time 

Experimental conditions are described as follows: preheating temperature 1050 °C, 
preheating time changing from 6 to 15 min. The results of preheated pellets with varying 
preheating time are shown in Figure 3. Seen from Figure 3, it can be obviously seen that the 
preheating time makes an obvious effect on the compressive strength of preheated pellets. 
The compressive strength was also increased obviously with the increase of preheating time. 
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Preheating time (min) 

Figure 3. Effect of preheating time on the compressive strength of preheated pellets 

Effects of Roasting Temperature 

When preheating temperature and preheating time were kept constants as 1000°C and 10 min, 
the effects of roasting temperature on the compressive strength of roasted pellets were 
investigated. And experimental results are listed in Figure 4. Figure 4 illustrated that the 
compressive strength of roasted pellets was increased obviously by increasing the roasting 
temperature. As the roasted temperature was 1250 °C, for instance, the compressive strength 
of pellets with benonite was only 2064 N/pellet. While roasted temperature was increased to 
1300 °C, the mechanical strength of pellets could grow up to 2793 N/pellet. During the 
roasting process, the compressive strength of pellets was mainly depended on the connections 
between each Fe203 grains. The diffusion of Fe3+ can be enhanced with the increasing of 
preheating temperature and the connections became stronger and stronger, resulting into the 
increasing of compression strength. 

Roasting time fain) 
Figure 4. Effect of roasting temperature on the compressive strength of roasted pellets 

However, what was worth noting was that the compressive strength of roasted pellets with 
MHA binder is higher than that of pellets with bentonite. In Figure 4, it could be obviously 
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known that the compressive strength of pellets with MHA binder was much higher than that 
of pellets with bentonite under the same roasting conditions. For example, the compressive 
strength of pellets with MHA binder can reach 2652 N/pellet at 1250 °C, which was much 
higher than that of pellets with bentonite. The main reason can come down to the reduction 
effect of MHA binder in preheating process. During preheating process, some Fe2C>3 grains 
were reduced into Fe3C>4. And the regenerated Fe3(>4 would be reoxidized into secondary 
hematite in oxidizing atmosphere. The activity of secondary hematite is higher than that of 
original hematite. Therefore, recrystallization bonds between Fe2C>3 particles can be enhanced 
by the secondary hematite grains at lower roasting temperature, which can improve the 
roasting properties of hematite and decrease the roasting temperature. 

Effects of Roasting Time 

Besides roasting temperature, roasting time is another important parameter in roasting 
process and it matters the production efficiency of pellets. When the roasting temperature was 
1280 °C, the effects of roasting time on the firing process of pellets with different binders 
were investigated. And the results are shown in Figure 5. 

Figure 5. Effect of roasting time on the compressive strength of roasted pellets 

Figure 5 indicated that the compressive strength of pellets with MHA binder was increased 
with the increase of roasting time in the range of 8 to 15 min. Different from MHA binder, the 
compressive strength of pellets with bentonite was firstly increased and then decreased. The 
compressive strength arrived to the maximum value when roasting time was 12 min. 

Comparison of Properties of Fired Pellets Balled with Different Binders 

Based on the former research, optimal preheating and roasting conditions for pellets with 
different binder were obtained and are shown in Table V. Under the optimized conditions, 
meantime, the chemical composition and compressive strength of pellets are listed in Table 
VI. Table V revealed that the porosity of preheated pellets with MHA binder was high to 
22.48% whereas that of pellets with bentonite was only 18.80%. It can be confirmed that the 
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compressive strength of pellets balled with MHA binder was decreased by the higher porosity 
of pellets. 

Table V. Optimal Conditions for Pellets with Different Binders 

Binder 

Bentonite 
1 MHA 

Preheating pellets 

Temperature 
(°C) 

1000 
1000 

Time 
(min) 

10 
10 

Compressive 
strength 

(N/pellet) 
1028 
749 

Roasting pellets I 

PorosityiTemperature 
(%) (°C) 

18.80 
22.48 

1280 
1250 

Time 
(min) 

10 
10 

Compressive 
strength 

(N/pcllet) 
2634 
2652 

Porosity 
(%) 
11.59 
12.61 

Table VI. Composition of Roasted Pellets with Different Binders 
Binder 

Bentonite 
MHA 

TFe 
65.90 
67.02 

FeO 
0.21 
0.30 

Si02 

3.28 
2.28 

A1203 

0.86 
0.61 

CaO | 
0.03 
0.01 

When roasting temperature and time were respectively 1250°C and 10 min, the compressive 
strength of pellets with MHA binder could arrive to 2652 N/pellet. For those pellets balled 
with benonite, however, the roasting temperature must be increased to 1280 °C that those 
pellets with compressive strength of 2634 N/pellet can be obtained. Table VI displayed that, 
the total Fe content of pellets with bentonite was only 65.90% and Si02 content was high to 
3.28%. As it is comes to pellets with MHA binder, the TFe content was 67.02 % and Si02 

content was decreased to 2.28%. Relatively speaking, the addition of MHA binder can 
decrease the roasting temperature and increase the total Fe content in roasting pellets. 

Conclusions 

1) With the increase of preheating temperature and preheating time, the compressive 
strengths of pellets with different binders were increased obviously. In addition, the strength 
of pellets with MHA binder was lower than that of pellets with bentonite under the same 
preheating parameters, which can be ascribed to the high porosity of preheated pellets with 
MHA binder. 
2) The compressive strength of pellets was increased accompany with the increase of roasting 
temperature. And the compressive strength of roasted pellets with MHA binder was higher 
than that of pellets with bentonite. The interpretation lies in that a part of original hematite is 
able to be reduced to magnetite firstly, and be reoxidized to secondary hematite in oxidizing 
atmosphere because of the existence of MHA binder. 
3) With the increase of roasting time, the compressive strength of pellets with MHA binder 
was increased, whereas the compressive strength of pellets with bentonite was increased 
firstly, and then decreased. 
4) Compared with those pellets with benonite, the using of MHA binder could improve the 
roasting property of hematite. By replacement bentonite with MHA binder, the roasting 
temperature can be decreased. In addition, the addition of MHA binder also increases the TFe 
grade of pellets. 
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Abstract 

As a part of the FUME research programme being done by the Norwegian Ferroalloy Research 
Association (FFF), the SINTEF Group and NTNU, several measurements towards quantifying 
the gaseous and solid emissions from the draining of the silicon furnaces for metal have been 
carried out. 
Based on the measured size distribution of the formed fume particles and known particle growth 
theory, an estimate of the growth time for the given particles has been calculated. 
The formation time for the measured NO amount has also been calculated based on the fume 
measurements and a thermodynamic model of the furnace gases combusting with air. 
The two "formation" times are in the same order of magnitude and they are therefore used as 
parameters in a CFD model, modelling that the formed fume particles are heating up the 
surrounding air and thereby forming NO according to the Zeldovich mechanism. 
The measurements show an approximately equal constant NO formation per fume particle. The 
CFD model shows results in the same order of magnitude, supporting that the particle growth 
and NO formation happen under near stoichiometric conditions and are controlled by the 
formation of Si02 fume. 

Introduction 

NOx is the common notion for the two gases nitric oxide (NO) and nitrogen dioxide (NQ2) 
formed during combustion of fuels. The main sources for human made NOx emissions is on-
/offshore transportation industry, power generations based on fossil fuels, agriculture and other 
industries [1]. 
NOx is considered an environmental harmful gas because of its impact on air pollution [2] and 
has both environmental concerns [3] and health risks from exposures [4]. 

These consequences of NOx emissions have led to the need for international attention and 
cooperation in reducing emission levels. The United Nations Economic Commission for Europe 
has through its "Convention on Long-range Transboundary Air Pollution'* focused on emissions 
reduction and through its latest protocol "The 1999 Gothenburg Protocol to Abate Acidification, 
Eutrophication and Ground-level Ozone" set emission ceilings for 2010 for four pollutants: 
sulphur, NOx, VOCs and ammonia [5]. 
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NOx Formation Mechanisms in Combustion 

In general there are three main mechanisms for NOx formation in combustion processes: thermal 
NOx, fuel NOx and prompt NOx [6]. Fuel NOx is formed from nitrogen contained 
in the fuel itself and prompt NOx is oxides formed quickly through the interaction between 
oxygen and nitrogen with active hydrocarbon species present. 

The mechanism for formation of thermal NOx was first described by Zeldovich [7] stating that at 
high temperatures the oxygen and nitrogen in the air would react with reactive radicals, such as 
O and N, to form NO, referred to as the Zeldovich mechanism. Zeldovich also stated that the 
mechanisms forming NO are highly dependent on the temperature reached in the O2/N2 mixture. 
A plot of the temperature dependency of the three mechanisms can be found in Air Pollution 
Control Engineering by De Nevers, page 449 [6]. 

Equations Describing the Formation of NO 

The formation of NO is well described in literature and for our purpose we choose to use the 
equations and assumptions given by Turns [8]. Based on the reactions in the Zeldovich reaction 
scheme Turns gives the following equation for the NO formation: 

Where kif = 1.82-10uexp(-38370/T) in [m3/mol*s], Kcq is the equilibrium constant for the 
equilibrium O2 <-► 20 at the given temperature, T given in Kelvin, P is pressure and R is the ideal 
gas constant. 
With the concentration of O radicals given by the equilibrium, assuming that [N2] and [O2] does 
not change over time and that the reverse reactions could be neglected over the time span of 
interest, integrating Eq. (1) from NO(t=o) = 0 to NO(t) = NO(t) gives the following expression for 
the NO formation as a function of time, given in [kmol/m3]: 

(K PV/2 

NO(t) = 2 k l f l - ^ U [N2][02]1/2t (2) 

The Silicon Process and Fume/NO Formation 

Silicon is mainly produced in submerged arc furnaces through high energy consuming chemical 
reactions. A high temperature zone underneath the electrodes, called a crater, produces silicon 
and a gaseous mixture of SiO and CO. The gases from the crater zone flow upwards in the 
furnace and participate in reactions in the outer reaction zone (charge). The two reaction systems 
are strongly dependent of each other and to maintain a process with a high yield, the balance 
between the crater reactions and the charge reactions are vital. Above the furnace surface excess 
gas from the furnace combusts with air and an amorphous Si02 (silica fume) is formed together 
with C02. 
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Both of these reactions are exothermic, forcing the silicon producers to let in cold air at the 
furnace top to cool down the off gas before it is sent to a bag house filter. 

The metal is drained from the furnace through tap holes located at the lower part of the furnace 
and tapping is done through one hole at a time. 

The gases from the crater would mainly rise up through the furnace, but sometimes there is a 
connection between the crater and the taphole, giving combustion of crater gases right outside 
the tapping channel 

NO and Silica Fume Measurements During Tapping 

Several continuous measurements of the fume concentration and NO content in the off gas from 
the tapping of silicon have been done. The typical behaviour is shown in Figure 2, a low base 
level curve but with peaks in both fumes and NO. 

Figure 1 : Fume and NOx measurements from tapping of silicon 

The peaks are connected to the use of an oxygen lance to enhance the metal flow from the 
furnace. Both oxygen lancing (opening the tapping channel) and combustion of crater gases 
outside the furnace produces Si02 fumes, releasing high amounts of energy to the surroundings. 

Chemical Analysis and Size Distribution of Fume 

Silica fume samples were collected for subsequent analysis in order to ensure that the measured 
fume contains mainly Si02 and not other elements from the carbon materials in the runner or tap 
hole. The fume was analysed by atomic absorption spectroscopy (AAS) and combustion analysis 
(LECO TCH600). The content of Si02 in the fume was measured to 97.16 wt%. 
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The fumes were also examined using a scanning electron microscope (SEM). The SEM used was 
a Zeiss Ultra 55 Limited Edition field emission microscope. The images were recorded at an 
acceleration voltage of 2 - 5 kV, with magnifications 2 k - 50 k. From the SEM images, the 
particle size distribution and mean particle diameter where estimated by measuring and counting 
~1000 particles in several images. The silica particles where perfect spheres with a size 
distribution of 0.001-3 urn, with 70-90% of the particles being < 0.05 um. Based on this we also 
assume that the formed particles are vitreous. 

Stoichiometric Combustion of the SiO/CO Gas - the NO Formation Hypothesis 

A possible explanation for the observed correlation between formation of fume and NO is to 
assume that the energy released from the combustion heats up the air surrounding the particles, 
which then forms NO through the Zeldovich mechanism. 

We imagine a three step reaction chain in forming both fume and NO as shown in Figure 2. 
Combining Ulrich's particle growth theory [9] with an additional chemical reaction forming NO 
we assume that Si02 is initially formed as a gas which in turn condenses to small droplets. These 
droplets collide and as time progresses, form a solid particle. 

Figure 2: Reaction model for fume and NO 

Step one: SiO and CO gas from the furnace (or SiO from the oxidation of metal) reacting with 
O2 to form Si02 and CO2 gas. Already at this stage we assume that the energy released is 
sufficient for NO formation. 
Step two: The Si02 gas condenses to liquid droplets which collide into bigger and bigger 
droplets as described by Ulrich. The condensation into droplets is a highly exothermic reaction. 
Step three: As the temperature drops the collisions between droplets will no longer result in new 
particles and the growth suspends. We now have an off gas of fume particles and a gas mixture 
consisting of NO, CO2 and excess N2/O2. 
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NO Formation Time Based on Stoichiometric Combustion of the Furnace Gasçfl 

Based on the reaction chain in Figure 2 we set up a combustion model in HSC Sim [10] 
assuming that the gas mixture inside the silicon furnace consists of equal amounts of SiO and CO 
[11]. The model is set up to feed the reactions with just sufficient amounts of air to have a 
stoichiometric combustion and NO formation as measured. The furnace gas enters at 1600 °C 
and in the end the hot gas mixture is diluted with cold air. 

Looking at Figure 3 we imagine that the second step produces a "cloud" of SiOî fume, and 
C02/NO/N2 and that the NO content in this "cloud" is calculated to 12946 ppm. 
To calculate the formation time of the NO we rearrange Eq. (2) to ppm basis and solve for the 
time, using the achieved temperature from the model and a pressure of one atmosphere1. 

XNo[PPm]*p ,3 
NO(t)*R*T K ' 

Figure 3: Combustion model and calculated results 

Growth Time for Particles as Measured 

The measured off gas particle concentration together with the growth theory for Si02 particles 
described by Ulrich enables us to calculate the growth time for the given mean particle size. 
Ulrich gave the following equation for particle growth in a cloud of uniform particles, given that 
the Knudsen number2 is greater than 10 and that the initial nuclei are already formed: 

N = (6.8x10"12 * c * T* * CJ * t)~* \ y 31 (4) 

N is the particle concentration, c is the number of successful collisions given by a sticking 
coefficient and Co defines the number of silica molecules/cm3. 

1 T given in Kelvin, R given in [atm*m3/kmol*K] and assuming 0 2 and N2 concentrations are constant equal to that 
in air 
2 The Knudsen number (JE») being a dimensionless number defined as the ratio between the mean free path 
(distance travelled between collisions) and the particle diameter. 
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Using the equation for the specific surface area, SA = 3/(pR), where p is the particle density and 
R is the particle radius, Ulrich also deduced an equation for the S A as a function of the above 
parameters, given as 

SA = 1.81xl08(T* *c*C0 *t)~' \ m Y \ (5) 

Solving both equations for Co and combining them gives us an expression for the particle growth 
time: 

SA,/2 

t = l . V " 6/5 ( 6 ) 

(l.8M08*TJ *B6/5*C*N 

B is the first part of Eq. (4), equal to 6.8xl0"12 [m3/s*T1/2] as given by Ulrich, and N is the 
particle concentration in the end gas mixture. 

Choosing peak values in fume concentration we now calculate the growth time for the SiC>2 
particles, assuming a diameter of 55 nm, density equal to 2200 kg/m3 and at the temperature 
equal to the "cloud" temperature, we get the results shown in Table I. 

Table I: Growth times of particles and calculated NO formation per particle. Sticking coefficient 
= 0.3 

Fume concentrations 
[mg/Nm3l 

4400 
6000 
8700 

Calculated growth time of 
particles [sec] 

0.028 
0.021 
0.014 

Measured NO 
[ppml 
110 
133 
210 

Moles of NO formed 
per fume particle 

2.14E-019 
1.90E-019 
2.07E-019 

Comparing the formation time of NO from Eq. 3 to the growth time of the Si02 fume particles 
we see that they are in the same order of magnitude. 

Descriptive Modeling of NO Formation from a Particle 

A CFD model calculating the NO formation was set up using the COMSOL Mulitphysics 
software [12] together with the equation for the NO formation given by Eq. (1). 

The model simulates a particle experiencing the calculated "cloud" temperature over the time 
span for the fume particle growth, assuming that the particle is surrounded by air and with no 
velocity field present. Instead of a heat source term the particle itself is given a temperature 
profile. 
As a suited temperature profile for the particle we used the suggested combustion temperature 
profile given in Air Pollution Control Engineering by De Nevers, figure c) page 454 in [6] 
assuming that the particle is rapidly heated by the chemical reactions forming it and then looses 
heat to the surroundings over time. 
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Table II shows the CFD model results for each of the calculated growth times connected to the 
different fume concentration. The last row of Table II shows the CFD model result for the 
growth time of the NO formed in Step 2 in Figure 3. 

if we compare the calculated amount of NO per fume particle given in Table I with the modeled 
NO formed in Table II we see that the results are within the same order of magnitude. 

Table II: Results of the CFD simulations 
Fume concentration [mg/Nm3] 

4400 
6000 
8700 

Growth time of NO "cloud" 

Calculated growth time [sec] 
0.028 
0.021 
0.014 
0.0429 

mol NO formed 
6.07E-19 
4.62E-19 
3.18E-19 
9.38E-19 

Discussion of Results 

NO Forming Expressions 

In the rate expression for NO formation (Eq. (2)) we have assumed that the content of O2 and N2 
is at a constant level equal to that in air. If however the content of O2 is lower the rate of NO 
formed would decrease. This would affect the total amount of NO formed as well as increasing 
the time of the NO formation in the combustion model (Eq. 3). 
At a constant temperature of 4563 K, both the CFD model and Eq. (2) give a rate reduction of -
6 % when reducing the O2 content with 2.5 %. 
However, taking into consideration the low amount of furnace gases compared to the inlet of air 
in the tapping area, it is reasonable to believe that the content of O2 in the heated air is close to 
21 % and constant. 

Combustion at Stoichiometric Conditions 

The assumption that the combustion of the furnace gases happens at stoichiometric conditions 
defines the temperature at which the particle grows (Eq. (6)), the NO formation rate (Eq, (2)) 
and the growth time for the NO in the "cloud" (Eq. (3)). 
An alternative situation would be to dilute the combustion with more air. The consequence of 
dilution is an end gas mixture with higher content of O2/N2 and a reduced "cloud" temperature. 
Calculations show that reduced temperature only has a minor consequence for the fume particle 
growth time, but the formation time for the NO "cloud" is highly affected. 

As we see from Table I the measured amount of NO formed per fume particle is fairly equal and 
independent of the amount of fume formed. This suggests that each particle "experiences" 
somewhat equal conditions during growth. The similar results from the CFD model, based on 
parameters assuming stoichiometric combustion, and the measured NO formation per particle 
given in Table 1, indicate a situation where each particle experiences conditions close to a 
stoichiometric combustion. 
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Conclusions 

The Si02 fume and NO formation during tapping of silicon have been measured. Using particle 
growth theory and fume properties, the growth time for the particles has been calculated. 

Measured results for fume and NO have been theoretically calculated in a stoichiometric 
combustion model. The achieved model temperature is used in NO formation theory to calculate 
the formation time of the measured NO. 

The calculated formation times and combustion temperature were used in a CFD modelling. The 
model simulates a fume particle experiencing a combustion temperature profile, which in turn 
was used to model the NO formation. The modelled results show NO formation in the same 
order of magnitude as the measurements. 

Based on the correlation seen in Figure 1 between the amount of Si02 fume and NO formed it is 
therefore plausible that the combustion of SiO-gas to form Si02 particles controls the formation 
of NO. This is also supported by the calculations showing that the amount of moles NO formed 
per fume particle are reasonably equal, independent of the amount of fume formed. 

Given the known consequences of NOx, an increased effort to understand and explain the 
emissions is needed. In this respect this study has been able to describe NO formation in the 
silicon process in a new matter. 
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Abstract 

Because of its negative environmental effect the attention towards NO emissions increases. This 
again leads to new demands from the authorities for better surveillance and control of emissions. 
Earlier and recent industrial measurements towards FeSi- and Si-metal furnaces reveal quite high 
NO-emission. The NO is believed to be produced in the combustion zone above the furnace 
surface, mainly as thermal NO. 
In order to expand the knowledge on NO-formation in silicon metal production, a pilot scale 
experiment in a 440 kVA silicon furnace has been carried out. The experimental set-up was 
designed with a view to be able to copy and manipulate the formation mechanisms for NO by 
controlling the flow of false air into the off-gas system. 
The resulting NO-values corresponding to the different air inlet to the fUmace top, show 
significantly differences between the different air inlet geometries. 

Introduction 

NOx is the common notion for the two gases nitric oxide (NO) and nitrogen dioxide (NO:). 
Since combustion of fuels, such as gasoline, diesel, bio diesel, propane, coal, and ethanol, forms 
NOx the dominating contributors to NOx emissions are the on-/offshore transportation industry 
and power generation based on fossil fuels [1]. 

NOx is considered an environmental harmful gas because of its impact on air pollution. NO 
would easily oxidize to N0 2 in the presence of ozone and N0 2 would further, in the presence of 
hydrocarbons and ultraviolet light, react to tropospheric ozone and nitriate aerosols. The latter 
being a source for ambient air particulate matter, PM2.5 [2]. 
Other known environmental concerns regarding NOx are formation of acid rain when combined 
with oxides of sulphur (SOx), deterioration of water quality through eutrophication (which leads 
to oxygen depletion) and global warming through formation and accumulation of N20 in the 
atmosphere [3]. 
Exposure to NOx has also a known effect on the respitory system, both with respect to long term 
and short term exposures [4]. 

These consequences of NOx emissions have therefore led to the need for international attention 
and cooperation in reducing emission levels. The United Nations Economic Commission for 
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Europe has through its "Convention on Long-range Transboundary Air Pollution" focused on 
emissions reduction and through its latest protocol "The 1999 Gothenburg Protocol to Abate 
Acidification, Eutrophication and Ground-level Ozone" set emission ceilings for 2010 for four 
pollutants: sulphur, NOx, VOCs and ammonia [5]. 

NOx Formation Mechanisms in Combustion Processes 

NOx formation in combustion processes are described by three major formation processes: 
thermal NOx, fuel NOx and prompt NOx [6]. Fuel NOx is formed from nitrogen contained in the 
fuel itself and prompt NOx is oxides formed quickly through the interaction between oxygen and 
nitrogen with active hydrocarbon species present. 
The mechanism for formation of thermal NOx was first described by Zeldovich [7] stating that at 
high temperatures the oxygen and nitrogen in the air would react to form NO via reactive 
radicals, such as O and N. Zeldovich also stated that the mechanisms forming NO is highly 
dependent on the temperature reached in the O2/N2 mixture. The temperature dependency for all 
three mechanisms can be seen in Figure 1 below. 

Figure 1: Temperature dependency in NOx formation mechanisms. From [7] 

The Silicon Process and NOx Formation 

Silicon is mainly produced in submerged arc furnaces. A simple principle sketch of the silicon 
process with energy recovery utilization is given in Figure 2. The silicon process is a high energy 
intensity process and therefore demands production equipment that can withstand high 
temperatures. 
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Figure 2: The silicon process. From [8] 

The chemical reactions inside the furnace could be divided into an inner and outer reaction zone, 
The inner reaction zone, called the crater, produces silicon and a gaseous mixture of CO and SiO 
from the chemical reaction between quarts and SiC. The gaseous mixture will then rise up 
through the charge materials. The charge is considered the outer reaction zone, with chemical 
reactions like SiC production and SiO condensation, both vital to maintain a process with a high 
silicon yield. Figure 3 shows a cross section of the furnace with 2 of the 3 electrodes together 
with the material/gas flow patterns. 

Figure 3: Cross section of a silicon furnace. From [9] 

A reaction scheme of the two reaction zones are showed in Figure 4, this scheme giving 100% 
silicon yield from the process. 
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Figure 4: Reaction scheme with 100% silicon recovery. From [8] 

In addition to the CO gas a real furnace always have some SiO gas escaping through the furnace 
top. These two gases combust with O2 and produces CO2 and amorphous Si02 (also called silica 
fume). 
Setting y equal to the silicon recovery of the process, in other words the number of moles silicon 
produced per mole Si02 added, 0 < y < 1, the overall process reaction becomes: 

Si02(s) + (l+y)C(s) = ySi(l) + (l-y)SiO(g) + (l+y)CO(g) (1) 

The SiO combustion is a highly exothermic reaction forcing the producers of silicon to let in cold 
air to the furnace surface to cool down the off gases before sending them to the off gas system. 
This combination of hot combustion products and the inlet of air are believed to be one of the 
main sources for NOx generation in silicon production. The correlation between the silica fume 
generation from the process and NOx generation is showed in Figure 5 where measurements of 
the two was conducted towards the off gas of a 93 MVA silicon furnace in Norway. 

Figure 5: Silica fume and NOx measurements at a 93 MVA silicon furnace 
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The Pilot Scale Experiment 

Based on the observations from the industrial measurements and the hypothesis that the NOx 
generation is influenced by where the combusting furnace gases meet cold air, a new off gas 
hood was build to fit the pilot scale silicon furnace. The hood was made with two adjustable 
rings with holes, giving the possibility to control the height of the air inlet above the charge 
surface. 
The pilot scale furnace with the installed hood is showed in Figure 6. 

Figure 6: The pilot scale silicon furnace with hood and air inlet rings. 

Each ring contains 50 holes with a diameter of 3.5 cm and is adjustable sideways, enabling the 
amount of inlet air to be reduced to a minimum if wanted. Design wise the rings where made in 
such that it was not possible to completely close the inlet of air, but when closing a ring the air 
inlet from that region was reduced to a minimum. 

The main target for the experiment was to measure the difference between having one ring open 
and one ring closed. To gain a dataset which could cover any periodic behavior each ring 
constellation (one closed/one open) was kept for an entire charge cycle/run. At the end of the 
experiment other ring constellations where tested, like both closed and one closed/one lA way 
open. In total there are 6 different ring configurations with data available, both rings open, both 
rings closed, top ring open/bottom ring closed, top ring closed/bottom ring open, top ring closed/ 
bottom ring Vi way open, top ring Vi way open/bottom ring closed. 

The silicon pilot furnace was operating with charge materials for 44 hours, producing with a 
silicon yield of 62 %. It was tapped 13 times, giving a total of 87 kg's of silicon. 
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Measurements and Results 

The chemical analysis, temperature and amount of off gas where measured right after the 
furnace. To analyze the off gas a Testo 350XL [10] was used and the measurements where done 
continuously throughout the experiment. The TESTO 350XL measures NO and measurements 
are done with an electrochemical measuring cell with an accuracy of 2 ppm from zero to 40 ppm 
and 5% of measured value for measurements above 40 ppm. 

Figure 7 show the NO measurements for the entire experiment. 

Figure 7: NOx measurements for the entire experiment. 

As we see from the time chart the beginning of the experiment has a low NO formation, but with 
a lot of peaks in NO. Most of these peak measurements are connected to gas channels forming in 
the charge material, causing SiO gas to flow to the surface and combust. When a situation like 
this occurred the channel was covered with a small amount of fresh charge material. The general 
low NO formation could be explained by the fact that the chemical reactions within the furnace 
still is at an initial stage. 
One time period is unique in that way that during this run there was no new raw materials added 
to the furnace. In this time period, 5 of May from 21:44 to 01:01, the NO formation is very high. 
As the furnace process tends to stabilize the level of NO increases and the behavior of the NO 
emission becomes more like the industrial behavior we see in figure 5. 

Summarized results 

In analyzing the results for the different ring constellations two limitations have been done. First 
of all the data for the run on the evening 5 of May has been removed since this run was not 
normal compared to the rest of the runs. Second of all, the electric power was shut off during 
tapping, so any data registered at electroc load below 130 kW are also removed from the 
resulting dataset. 
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Using the measured off gas amount the Testo results has been recalculated to grams/hour. 
Table I below shows the results for all 6 ring configurations and Figure 8 shows the same data. 

Table I: Measured emissions in grams per hour. Temperature in Celsius. 

Figure 8: Measured NO emissions for the different ring configurations 

Discussion 

Measured Results Compared to Ring Configuration 

Both the level and the difference of the different ring constellations are surprisingly high. 
Particularly interesting are the results showing that the NO level rise with a decreasing amount of 
air let into the furnace. This shows the ability to form NO even at a low supply of N2 and O2 
One explanation might be that at a low inflow of air the overall velocity field through the hood is 
reduced, forming "hot spots" of air heated by the SiO combustion and still containing enough N2 
and 0 2 to form NO. In that respect the velocity fields inside the hood will have a substantial 
effect on the NO formation. 

Conclusions 

Based on the data acquired from our experiment we can conclude the following for the pilot 
scale silicon furnace: 
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- Having the inlet of cold air close to the charge surface produces more NO than moving it 
higher towards the off gas channel. 

- Decreasing the inlet of air to the combustion chamber increases the amount of NO 
produced substantially. 

- Based on the NO results there is reason to believe that the velocity fields inside the hood 
influences the NO formation significantly. 

Understanding the mechanisms in NO formation connected to the silicon process is of vital 
importance for working towards reduced emissions. In that respect this study shows that the NO 
emissions could be influenced by the air inlet design in the off gas system. A better 
understanding of the connection between the velocity fields above the furnace surface and the 
NO formation is needed. 
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Abstract 

In this paper, we describe the current status and research progress on the utilization of typical 
industrial solid wastes in China. We propose a creative method called "eco-utilizing wastes** with 
an aim of both integration and increment but without second-time waste and pollution, in terms 
of the characteristics of typical industrial solid wastes, such as titanium-bearing blast furnace 
slag, high-silicon iron tailing and boron-enriched slag as well as oil shale. 

Situation of Typical Industrial Solid Wastes in China 

Though mineral resources in China are abundant, most of these are low grade ores. Moreover, 
the distribution of mineral resources is asymmetric, which causes the increase of cost and 
decrease of the economic benefit. Over-exploitation of mineral resources results in a large 
number of solid wastes. The accumulation of solid wastes not only means the waste of valuable 
resources, but also causes environment deterioration. There exist some problems in the current 
practice of the disposal of industrial solid waste, such as only emphasizing the final results and 
causing new pollution and waste [l\ So the research and development of a high value-added 
method has a high practical relevance to our nation. Based on the present status and research 
progress of industrial solid wastes in China, a creative new idea and method for eco-utilization of 
solid wastes is proposed in this paper. 

Titanium-Bearing Blast Furnace Slag 

The reserve of vanadium titano-magnetite deposit is rich in China, accounting for over 36% in 
the world. There are more than four million tons of titanium-bearing blast furnace slag (nearly 
0.8 million tons Ti02) produced by iron and steel industries every year. Non-treated titanium-
bearing blast furnace pulled into the Yangtze River not only results in the loss of precious 
vanadium titano-magnetite resources, but also causes environmental pollution and potential 
catastrophes. 
Currently, the utilization of titanium-bearing blast furnace slag is classified into two parts: partial 
and overall utilizations. The former uses titanium-bearing blast furnace as raw material to refine 
titanium resources. Although the technique is valid with a clean, low cost and high productivity, 
the difficulty in purifying products and the low economic value of acquired perovskite material 
should not be ignored. The latter overall one is indeed to consider titanium-bearing blast furnace 
slag as the whole not only used for constructional materials but also for ecological utilization. 
Note that, for titanium-bearing blast furnace slag, traditional re-utilization processes aiming at 
preparation of dam concrete, ceramic wall brick and floor tile as well as glazed brick l^ is 
resource-consuming heavily. In order to efficiently utilize titanium resources and diminish 
influence of those solid wastes on environment deterioration, ecological utilization methods have 
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been proposed in this respect As illustrated by our recent works, our groups have reported some 
ecological methods to utilize precious titanium resources from titanium-bearing blast furnace 
slag, such as photocatalysis material, antibacterial material, and plant nutritional material etc. 
The chemical composition of titania-bearing BF slags is shown in Table 1. 

Table I Chemical Composition of titania-bearing BF slags (wt %) 
Chemical composition 

A slag 
Bslag 
Cslag 

TiQ2 

21.51 
16.03 
1.84 

SiQ2 

15.55 
24.94 
32.61 

AI2O3 
14.11 
14.89 
8.82 

Fe2Q3 

0.43 
0.57 
0.61 

CaO 
24.60 
32.12 
42.50 

MgO 
7.65 
7.47 
6.67 

Notes: A slag is from Panzhihua Iron and Steel Corporation of China; B slag is from Chengde 
Iron and Steel Corporation of China; C slag is from Maanshan Iron and Steel Corporation of 
China 

Photocatalysis Material 

Our groups have achieved some progresses in the photocatalytic activity of titanium-bearing 
blast furnace slag. They are (1) photocatalytic degradation of dye Reactive Brilliant Red X-3B, 
Méthylène Blue and Nitrobenzene and O-Nitrophenol, (2) photocatalytic reduction of Cr(VI} (3) 
relationship between photocatalytic activity and concentrations and particle sizes of Ti02 in slag 
considered here, (3) effects of doping ions and intense magnetic field, (4) photocatalytic activity 
of perovskite, diopside and spinel, and (5) comparison photocatalytic activity with nanoscaled 
titania powders. For instance, Fig. 1 shows time-dependent photocatalytic degradation of 
Méthylène Blue on titanium-bearing blast furnace slag under UV light irradiation. 

Fig. 1 Photocatalytic Degradation Rate of Méthylène Blue with Titanium-bearing Blast Furnace 
Slag 

Antibacterial Material 

Escherichia coli (ATCC8099) were used to check the antibacterial activities of titanium-bearing 
blast furnace slag. We selected the coli bacteria (106CFU/ml) as the object to investigate. In 
order to form well-proportioned liquid film, the bacteria liquid was uniformly coated on nutrient 
agar in sterile Petri dish. Subsequently, the samples were put in sterile Petri dish and then the 
whole was placed in incubator for 18 h at 37 °C to observe bacterial growth. The results confirm 
antibacterial properties of titanium-bearing blast furnace slag from Panzhihua Iron and Steel 
Corporation. Furthermore, the comparison of antibacterial property of titanium-bearing blast 
furnace slag under different lights is presented in Table 2. 
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Table II Antibacterial Property of Titanium-bearing Blast Furnace Slag under Different Light 

Lighting conditions 
Sample 1 

Thickness of antibacterial ring(mm 
Sample 2 Blank sample Average 

Natural-light 
Sun-light 
UV-light 

3.1 
4.4 
4.1 

3.2 
3.9 
4.3 

3.15 
4.15 
4.2 

Sialon 

It is very expensive to synthesize TiN/Sialon multiphase electroconductive ceramics by pure 
nitride and oxide. From the perspective of utilizing resource and effectively reducing 
manufacturing cost, TiN/Sialon was fabricated by sintering with titanium-bearing blast furnace 
slag at ambient pressure. We already investigated their microstructures, mechanical properties, 
electrical conductivity, oxidation resistance and electro-discharge machining performance, as 
illustrated in Table III. 

Table III Comparisons of combination properties among TiN/ß'-Sialon, MoSJ2 and SiC 

Properties 
Bulk density /g-cm"3 

Flexure strength /MPa 
Hardness /GPa 

Linear expansion coefficient 
rcl 

Room temperature resistivity 
/Q-cm 

Oxidation resistance /mg-cm"2 

MoSi2 
Pressureless sintering 

SiC TiN/ß'-Sialo* 

6.24 
150 
11.8 

8.1X10-6 

3xl0-5 

0.3 (1200°C*00h 
) 

3.14-3.18 
470 
28.0 

4.0X10*6 

0.2-300 

0.1 (1350°C>60K> 

3.01 
120 
9,62 

6.0* 10'6 

5.0xl0*3 

13,2 (1200°CX2h 
) 

Foam Glass-ceramics 

Titanium-bearing blast furnace slag has been used to synthesize foam glass and foam glass-
ceramics. Importantly, this kind of materials is found to exhibit a desired heat-insulating property 
and the utilization ratio of blast furnace slag is over 30 percent among raw materials. Without the 
affixion of nucleation agent, the synthesized sample shows best property but with a less cost. The 
main, minor and less crystalline phases of the glass-ceramic are P-type quartz, diopside-
hedenbergite and magnesium titanate, respectively. The physical and chemical properties of the 
prepared sample and ordinary foam glass-ceramics are presented in Table 4, 

Table IV Physical and chemical properties of the prepared sample and ordinary foam glass-
ceramics 

Material 

1 sample 1 
sample 2 

| ordinary foam glass-

Volume 
density 
/kgm"3 

255.3 
257.6 
767-

Aperture 

/mm 
4.81 
4.79 

Compression 
strength 
/MPa 
19.1 
17.5 
9-18 

Water 
absorption 

/% 
10 
10 

5-20 

Thermal 
conductivity 
/W-(m-k)-1 | 

0.12 
0.13 
029 
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Compound Fertilizer for Plant Nutrition 

With titanium-bearing blast furnace slag as a major raw material, a solid compound fertilizer was 
synthesized by melt method. This method enhances its dissolution, transforming nutritional 
elements into a form preferably absorbed by plants. The results show that the dissolution rate of 
titanium is over 88%. 
The effects of solid compound fertilizer on growth condition, character, yield and nutritional 
components of soybean were investigated by agricultural cultivation experiment. The results 
show that compound fertilizer has two advantages to increase the plant height, pitch number, 
main root length, the chlorophyll content and leaf dry weight of soya and to increase the pod 
number per plant, pod weight per plant, grain number of single plant and grain weight per plant. 
In the meanwhile, compound fertilizer has little effect on the weight, content of protein and 
amylum per 100 grains. These results found that compound fertilizer based on titanium-bearing 
blast furnace slag can promote growth of soybean plant and root system and enhance the yield of 
soybean by increasing the pod weight per plant, grain number of single plant and grain weight 
per plant. 

High-silicon Iron Tailings 

China's iron ore tailings mainly consist of high-silicon iron tailings and its weight reaches about 
80-83%. In general, high-silicon iron tailings don't contain associated elements and its average 
particle size is in the range from 0.04 mm to 0.2 mm. Most of high-silicon iron tailings in China 
located in Benxi, Anshan and Capital Iron and Steel Corporations. Chemical composition of iron 
ore tailings from Anshan is shown in Table 5. The mass accumulations of high-silicon iron 
tailings cause serious pollution and hazards to human's living environment. At the same time, 
high-silicon iron tailings as secondary resources have been attached importance by all the 
countries in the world. In recent years, the concept of converting iron ore tailings into value-
added products has been scrutinized closely[3]. 

S i 0 2 

73.27 

CaO 

3.04 

Table V Chemical composition of iron ore tailings (wt %) 

AI2O3 

4.07 

MgO 

4.22 

N a 2 0 

0.41 

K20 

0.95 

Fe 2 0 3 

11.60 

T1O2 

0.146 

S02 

0.25 

P2O5 

0.19 

MnO 

0.315 

Loss 

2.18 
Notes: Iron Ore Tailings from Anshan Iron and Steel Corporation of China 

Porous Glass 

The porous glass composite material is fabricated using a two-step method with iron ore tailings 
as raw material. In the first, the basic glass with uniform compositions is made via the iron ore 
tailings as the chief material. In the second, those obtained basic glasses are used to synthesize 
the high-performance porous glass composite material with appropriate additions of high 
aluminum bauxite, sodium carbonate, NaPC>3 and borax. 

SiC Ceramics 
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SiC powder is synthesized by the carbonthermal reduction method, with iron ore tailings as the 
main material and carbon as the reduction agent. The main crystalline phase of the prepared 
sample is p-SiC and impurities crystalline phases are FexSiy (FeSi or FesSis) and S1O2. And 
then, SiC ceramics are prepared by SiC powder with the additions of Y2O3 and AI2O3 through 
high temperature (1800-1850 °C ) sintering under high-purity argon atmosphere. Apparent 
porosity, bulk density, linear shrinkage, bulk shrinkage, hardness and compressive strength of 
SiC ceramic at 1850°C are found to be 25.19%, 2.49 g/cm3, 7.56%, 13.69%, 10.8 GPa, 190.42 
MPa, respectively. 

TiN/Si-tNi Multiphase Electroconductive Ceramic 

Si3N4 powder is synthesized by the carbonthermal reduction and nitridation method, with iron 
ore tailings as main material and carbon as the reduction agent. The main crystalline phase of the 
sample is p-SiC and impurities crystalline phases are FexSiy ( FeSi or FesSi3 ) and S1O2. 
TiN/Si3N4 multiphase electroconductive ceramic is fabricated by pressureless sintering under 
flowing nitrogen atmosphere and a powder bed from the S13N4 powder and high titania slag, with 
Y2O3 and AI2O3 as the additives. TiN/Si3N4 multiphase electroconductive ceramic sintered at 
different temperature all contains Si3N4, TiN, O -Sialon and FexSiy. For TiN/SisN4 multiphase 
electroconductive ceramic sintered at 1550°C using raw materials containing 25wt% T1O2, 
apparent porosity, bulk density, linear shrinkage rate, bulk shrinkage, hardness and flexure 
strength are 10.15%, 3.32 g/cm3, 8.62%, 20.63%, 8.97 GPa and 79 MPa, respectively. 

Precipitated Silica (SiOr/iH?Q) 

Silica (SiC>2*wH20) is a kind of ultra micro powder and widely used in the field of rubber, oil, 
coating, printing and medicine. Via chemical precipitation utilizing iron ore tailings and sodium 
hydroxide as starting materials, precipitated silica was successfully demonstrated. The SiC>2 
purity in the precipitated silica was 92.3% by X-ray fluorescence analysis. It chemical formula is 
hydrated silicon oxide through FT-IR analysis. The structure of precipitated silica was 
amorphous by XRD analysis. The SEM and TEM micrograph showed that their shapes were 
nearly spherical and the average grain diameter was less than 150 nm. Here we further 
summarize some properties: the specific surface area of 108 m2/g, pH of 5.5-6.0 in the 
suspending liquid, and 6.16% loss on ignition at 1000'C. 

MCM-41 

Owing to the high content of useful SiÛ2 and Fe2C>3 in iron ore tailings, it makes perfect 
economical sense to recover these minerals for industrial applications.To synthesize mesoporous 
materials through the natural iron ore tailings not only reduces the cost but also improves the 
potential pollution that is caused by the stacking problem of massive ore tailings of iron. The 
mesoporous material is synthesized by hydrothermal synthesis method, which has the advantage 
of easier process and controllability. 
Experiments demonstrated that for synthesized mesoporous materials the surface area, BJH pore 
volume and pore wall thickness of sample was 527 m2/g, 1.339 cc/g and 0.93 nm, respectively. 
The pore structure of MCM-41 was well-ordered in a tetrahedral silicon-oxygen network and 
symmetrical hexagonal structure with a pore diameter range between 2 and 3 nm. 

Boron-rich Slag 
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After pyrometallurgical treatment, paigeite was turned into two products: pig iron containing 
boron and boron-rich slag. B2O3 grade of boron-rich slag was higher than that of paigeite .The 
highest content of B2O3 was up to 17%, which was much higher than the standard content of 
first-class boron rock which has a grade of 12%[41. 

Borax 

To prepare for borax, we adopted the technology route of molten sodium treatment-heating 
crystallization-water leaching treatment on basis of boron-rich slags as raw materials reacted 
with sodium carbonate at high temperature. During reaction, the molten slag was turned into 
sodium-modified slag after heat treatment. And then, it was leached by water at atmospheric 
pressure or at high pressure. Comparing with previous carbon-alkali process, this current process 
without kiln gas of CO2 eliminates the need for boron roasting process and saves energy. It 
provides a theoretical basis for extracting boron from ludwigite with a high leaching rate of 
boron up to 85%. 

q-Sialon-AIN-BN Composite Ceramic Material 

By investigating the main chemical composition and content of boron-rich slag, we proposed a 
method of comprehensive utilization of boron-rich slag with an integrated, ecological and value-
added aim. Based on its composition, the slag can be easily used to synthesize (Ca, Mg)-a-sialon 
by carbothermal reduction-nitridation (CRN) through hot-press sintering. During this process, 
B2O3 is converted into h-BN phase that possesses lubricity, high corrosion resistance, high 
thermal conductivity and high electrical resistivity. Measurement demonstrates that the hardness, 
toughness and bend strength of hot-pressed slag a-sialon ceramic reach 17 GPa, 3.74 MPam1/2 

and 333.5 MPa, respectively. These properties are very close to those of chemical a-sialon 
ceramics prepared by expensive chemical agents as starting materials. This method has been 
proven to be effective for the overall utilization of boron-rich slag. 

Oil Shale Residue 

The rich reserves of the oil shale resource in China rank fourth in the world. Along with the 
growing shortage of oil and gas resources, the oil shale has been widely recognized as an 
important alternative energy resource. This stresses the enormous reserves and abundant 
comprehensive utilization level. Oil shale residue belonging to kaolinite series is a subsidiary of 
waste, which is produced during the process of the dry distillation of oil shale. Aluminosilicates 
is the major mineral phase in oil shale residue (see Table 6). The other main components of oil 
shale residue are Si02, AI2O3, Fe203, which are contained in quartz and kaolinite 
(Al2Si205(0H)5) and nepheline (NaAlSi04), and Fe-based materials, respectivelyI5]. 

Si02 

64.8 
A1203 

20.6 

Table VI Chemistry composition of oil shale (wt %) 
Fe203 

8.20 
K20 
1.26 

MgO 
1.09 

Ti02 

0.962 
Na20 
0.934 

CaO 
0.777 

SO3 
0.775 

P2O5 
0.292 

MnO 1 
0.124 I 

Glass-ceramics 
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Fig. 2 SEM micrograph of glass-ceramics at various crystallization temperatures 

One of the applications for oil shale residue is to synthesize the glass. As illustrated in Fig. 2, the 
main crystalline phase of the glass-ceramics is hedenbergite and the minor crystalline phase is 
anorthite consistent with the final phase of the fitted formula. The crystal of glass-ceramics 
forms fibrous fine crystal structure and the distribution of which is interlaced. Under the optimal 
condition of heat treatment, the produced glass-ceramics has the bulk density of 2.52 g'cm , the 
compressive strength of 506 MPa, the microhardness of 1020, the water absorption of 0.01, and 
the acid resistance of 0.02 as well as the alkali resistance of 0.01, respectively. Therefore, the 
performance of the glass-ceramics is better than that of ceramic tile, marble and granite, and 
decorative materials. 

Alumina 

With high activity and without roasting activation, oil shale residue can be used for preparing 
alumina directly by acid leaching. After extracting alumina from residue, the remaining waste 
with high-silicon can be used for extracting silica.The alumina produced by acid leaching main 
consists of prismatic-type Y-AI2O3, for which the extraction rate is 90.6%, the purity of the 
product is 91.7%, and the average particle size is 2um. After acid leaching process, the content 
of SiC>2 in the slag is 92.2%, which is excellent material for preparing for silica in order to 
further improve the utilization value of oil shale residue. 

Problems and Prospects 

1) Prospect of ecological utilization technology of solid wastes is bright, but the task is 
arduous; 

2) The composition of mineral resources in China is highly complex. With exploitation of low 
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grade ores, the components of tailings and slag are more complicated. Therefore, we should 
take an integrated strategy to solve related problems in terms of practical conditions; 

3) Based on our results, effectively utilizing the valuable elements in solid wastes can be 
expected to promote development of the ecological utilization method for industrial solid 
wastes in China. 
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Abstract 

The high temperature oxidizing-chloridizing roasting is one of useful methods to separate 
nonferrous metals from pyrite cinder and metallurgy slag. However, as one kind of main 
nonferrous metals in pyrite cinder and metallurgy slag, copper* s chlorination behavior is not 
demonstrated. In the present study, chlorination behaviors of CuO, CU2O and CuS at the 
temperature range of 1025-1175 °C in air by simulating the chloridizing roasting process of pyrite 
cinder and metallurgy slag have been investigated. It is shown that CU2O and CuS is much easier 
to remove, CuO is refractory to remove. In addition, the presence of Si02 and CaO increases the 
Cu removal rate from CuO while the presence of Si02, AI2O3, CaO and MgO decreases the Cu 
removal rate from Cu20. Fe304 influences the Cu removal rate from CuO and CU2O positively. 

Introduction 

As two kinds of significant secondary resources, pyrite cinder and metallurgy slag contain not 
only abundant iron but also considerable copper, lead, zinc etc. Millions of tons of pyrite cinder 
and metallurgy slag were discharged from nonferrous metal and chemical industries annually [1, 
2] in China. The pyrite cinder and metallurgy slag are formed by roasting of minerals at a high 
temperature, so the properties of them are distinctly different from the natural iron ores, and the 
iron in them is closely associated with copper, lead, zinc and other nonferrous metals. 
High-quality pyrite cinder and metallurgy slag containing high iron and low impurities can 
hardly be obtained, leading to their low utilization degree [3]. Chlorination is characterized by 
the high reactivity of chloridion, the high volatility and low melting point of metal chlorides, and 
the big differences in the formation of metal chloride. Therefore, chlorination is widely applied 
in extraction metallurgy. 
The authors have already developed the high temperature oxidizing-chloridizing reduction 
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roasting technology in grate-kiln to efficiently recover the valuable metals of iron, copper, zinc 
and lead [4]. However, the occurrences of nonferrous metals are complicated because of 
abundant iron oxides, silica and alumina in pyrite cinder and metallurgy slag, mainly existing in 
the form of oxides, sulfides, ferrites and silicates[5]. As one kind of main nonferrous metals in 
pyrite cinder and metallurgy slag, copper mainly exists in the form of CuS, CuO and CU2O. 
In the 1970s, Titi-Manyaka and Iwasaki[6] formulated the chlorination and chloridization 
behaviors of copper oxides by thermogravimetric analyses in CI2 and HCl atmosphere below 
1000°C, which clarified chlorination reaction steps and possible mechanisms. Masaki Kobayashi 
et al [7] have studied the chlorination of CuO with HCl-Ar mixture gas in the temperature range 
of 600 to 900 "C and found that chloridizing velocity of CuO increases with increasing the 
temperature, HCl partial pressure and the gas velocity. 
Few researches have been done on the chloridization behaviors of copper phases with CaCb 
additive while with the existing AI2O3, Si02, CaO, MgO and Fe304 by simulating system of 
chlorination of pyrite cinder and metallurgy slag in the temperature range of 1025-1175 °C in air. 
Thus, this work focuses on studying the chlorination behaviors of CuS, CuO and CU2O with the 
aim to understand their differences and the effects of AI2O3, Si02, CaO, MgO and Fe304 on the 
chlorination and to improve the high temperature oxidizing-chloridizing roasting technology. 

Experimental 

The chloridizing roasting tests were performed in a tube furnace (an open system in air) (see 
Figure 1) to simulate the chloridizing roasting in grate. Mixture of reagent grade powders were 
used to prepare briquettes (O10 mm* 12 mm) and the compositions of briquettes (0.22 mass% 
Cu) which used to investigate the effects of chlorination temperature, time and molar ratio of Cl 
to Cu (nci/ncu ratio) on Cu removal rate are shown in Table I. These compositions were 
determined to simulate the contents of pellet feed [4], which was composed of metallurgy slag 
and pyrite cinder. Table II, Table HI and Table IV present the compositions of briquettes which 
were used to investigate the effects of AI2O3, Si02, CaO, MgO and Fe304 dosages on the 
chlorination. 

Figure 1. Schematic Diagram of Tube Furnace 
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Sample No. 

No.l 

No.2 

No.3 

Fe203 

25.09 

25.15 

25.17 

Table I Chemical Compositions of Briquettes (mass %) 
Fe304 

65.57 

65.57 

65.57 

Si02 

6.43 

6.43 

6.43 

A1203 

1.21 

1.21 

1.21 

CaO 

0.51 

0.51 

0.51 

MgO 

0.41 

0.41 

0.41 

CaCl2 

0.45 

0.45 

0.45 

CuS 

0.33 

0 

0 

CuO 

0 

0.27 

0 

Cu20 

0 

0 

0.25 

Total 

100 

100 

100 

Effect of 

A1203 

Table II Chemical Compositions of Various Briquettes (mass %] 
F e A 

99.28 

98.03 

96.78 

95.53 

99.30 

98.05 

96.80 

95.55 

A1203 

0 

1.25 

2.50 

3.75 

0 

1.25 

2.50 

3.75 

CaCl2 

0.45 

0.45 

0.45 

0.45 

0.45 

0.45 

0.45 

0.45 

CuO 

0.27 

0.27 

0.27 

0.27 

0 

0 

0 

0 

Cu20 

0 

0 

0 

0 

0.25 

0.25 

0.25 

0.25 

Effect of 

Si02 

F e A 

99.28 

96.78 

94.28 

91.78 

99.30 

96.80 

94.30 

91.80 

SiOj 

0 

2.5 

5.0 

7.5 

0 

2.5 

5.0 

7.5 

CaCl2 

0.45 

0.45 

0.45 

0.45 

0,45 

0.45 

0.45 

0.45 

CuO 

0.27 

0.27 

0.27 

0.27 

0 

0 

0 

0 

Cu20 

0 

0 

o 
o i 

0.25 | 

0.25 ! 

0.25 

0.25 

Effect of 

CaO 

Table III Chemical Compositions of Varie 
Fe203 

99.28 

98.03 

96.78 

95.53 

99.30 

98.05 

96.80 

95.55 

CaO 

0 

1.25 

2.50 

3.75 

0 

1.25 

2.50 

3.75 

CaCl2 

0.45 

0.45 

0.45 

0.45 

0.45 

0.45 

0.45 

0.45 

CuO 

0.27 

0.27 

0.27 

0.27 

0 

0 

0 

0 

Cu20 

0 

0 

0 

0 

0.25 

0.25 

0.25 

0.25 

Effect of 

MgO 

)us Briq 
FeaOj 

99.28 

98.03 

96.78 

95.53 

99.30 

98.05 

96.80 

95.55 

uettes (mass %) 
MgO 

0 

1.25 

2.50 

3.75 

0 

1.25 

2.50 

3.75 

CaCl2 

0.45 

0.45 

0.45 

0.45 

0.45 

0.45 

0.45 

0.45 

CuO 

0.27 

0.27 

0.27 

0.27 

0 

0 

0 

0 

Cu20 

0 

0 

0 

0 

0,25 

0,25 

0.25 

0.25 

Table IV Chemical Compositions of Various Briquettes (mass %) 

Effect of Fe304 

F e A 

99.28 

66.19 

33.09 

0 

99.30 

66.30 

33.10 

0 

Fe304 

0 

33.09 

66.19 

99.28 

0 

33.10 

66.20 

99.30 

CaCl2 

0.45 

0.45 

0.45 

0.45 

0.45 

0.45 

0.45 

0.45 

CuO 

0.27 

0.27 

0.27 

0.27 

0 

0 

0 

0 

Cu20 | 

0 ! 

0 

0 

0 

0.25 

0.25 

0.25 

0.25 | 

When the experimental temperature of the tube furnace centre reached to the target value, ten dry 
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briquettes loaded in a corundum crucible were pushed into the corundum tube (<D50 mmx600 
mm). In order to simulate the rotary grate technology, five minutes were required for moving the 
corundum crucible into the centre of tube furnace. After staying in the centre for the setting time, 
the corundum crucible loaded with briquettes was drawn out immediately and cooled by nitrogen 
gas. The removal rate of nonferrous metals was worked out by Eq. (1) based on the chemistry of 
fired briquettes and dry briquettes. 

Rm=(M0xm0-Mlxmt)/(M0xm0)x\00 ( 1 ) 

Where Rm is removal rate (%), M0 is the content of nonferrous metals in dry green briquettes (%), 
m0is mass of dry green briquettes (g), Mtis the content of nonferrous metals in fired briquettes 
(%) and mt is mass of fired briquettes (g). 

Results and Discussion 

Chlorination Behavior of Cu Phases 

Figure 2 illustrates the effect of chlorination temperature on Cu removal rates from copper 
phases including CU2O, CuO and CuS. It can be seen that the Cu removal rates from CU2O, CuO 
and CuS increase with increasing the roasting temperature, especially CuO. The higher 
temperature favors the formation of HCl (see Figure 4), which promotes the chlorination of 
CU2O, CuO and CuS. CuO is an unstable compound and begins to decompose to CU2O at about 
1075°C in air [8, 9]. The higher the temperature is, the more CuO decomposes to form CU2O 
which is easier to remove by chlorination. So the effect of temperature is more important for 
chlorination of CuO. When the temperature reached 1175°Q the Cu removal rate from CuO 
decreased. The reasons may be that the volatilizations of CaCh and HCl dramatically increase 
with an increase in roasting temperature. The experimental results show that the Cu removal rate 
from CuS is the highest and the Cu removal rate from CuO is the lowest. But the thermodynamic 
calculation (see Figure 3. ) shows CuS is the most difficult to remove. According to the literature 
[10], CuS is oxidized to Cu20 at 422-585°C or above 1000°C S02, which is obtained from 
oxidation of CuS, can promote the formation of Ch [11] which is more effective agent than HCl 
[6]. So the Cu removal rate from CuS is the highest. 
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1025 1050 1075 1100 1125 1150 1175 

Temperature, *C 

Figure 2. Effect of Chlorination Temperature on Cu Removal Rates from Copper Phases 
(chlorinating for 10min, nci/ncu =■ 2.4:1) 
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Figure 3. Relationships between Gibbs Free Energy of Copper Phases Chlorination and 
Temperature 
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Figure 4. Gibbs Free Energy of The Formation of HCl by The Reaction of CaCl2 with Si02, 
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Fe203 and Fe304 

With extending the time, the Cu removal rates from Cu20 and CuS slightly increase, while the 
Cu removal rate from CuO increases from 41.91% to 50.34% (see Figure 5). With an extension 
of the roasting time, part of CuO decomposes to form Cu20 which is easy to chloridize. So the 
effect of time is more important for CuO. It gets obvious that the chlorination of CuO and Cu20 
happen simultaneously within 20min because of the low decomposition rate of CuO to Cu20, 
and the chlorination of CuO needs longer time than that of CuS and Cu20. Compared to CuO, 
the Cu removal rate from CuS is almost constant when the time exceeds 5min, which indicates 
the oxidation rate of CuS is much faster than the decomposition rate of CuO. 

5 10 15 20 
Tise, Bin 

Figure 5 Effect of Time on Cu Removal Rate from Copper Phases (chlorinating at 1125 °C and 
nci/ncu = 2.4:1) 

By fixing the temperature at 1125°Q a roasting time of 10min, the effect of Cl dosage was 
investigated. With increasing ratio of nCi/ncu, the Cu removal rates from Cu20, CuO and CuS 
dramatically increase (see Figure 6). It is probably the reason that the higher the nci/ncu ratio, the 
higher HC1 concentration for chlorination, which promotes the Cu removal from copper phases. 
When the nci/ncu ratio increases from 1.2 to 6.0, the Cu removal rates from CuO, Cu20 and CuS 
increase from 20.76%, 28.97% and 51.94% to 74.71%, 84.47% and 81.85%, respectively. 
Therefore, the Cu removal strongly depends on the amount of Cl addition, especially CuO and 
Cu20. 
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Figure 6. Effect of Cl Dosage on Cu Removal Rate from Copper Phases (chlorinating at U25*C 
for 10min) 

Effect of A12(X SiOz. CaO. MgO and Fe.Q4 on Chlorination of Cu Phases 

As shown in Figure 7, AI2O3, Si02, CaO and MgO decrease the Cu removal from CU2O while 
SK>2 and CaO increase the Cu removal from CuO, and AI2O3 does not have effect on the removal 
of CuO. The presence of SKD2 and AI2O3 contributes to the formation of more stable aluminate 
CU2OAI2O3 and silicate 2Cu20Si02 by reacting with CU2O. The presence of Si02 increases Cu 
removal from CuO as Si02 promotes the formation of HCl (see Figure 4). CaO, which captures 
the released Cl and reduces the HCl volatilization into air, results in the increase of Cu removal 
rate from CuO. However, CaCu203, which is produced by the reaction of CaO with CU2O [12], 
may reduces the removal of CU2O. In addition, the reaction of MgO with FciQ^ can reduce the 
reaction of CaCl2 with Fe203 and H20 from which HCl is produced, so the production of HCl 
decreases and the volatilization of CaCb into air increases. That is why Cu removal rate from 
CuO and CU2O decreases. 
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Figure 7. Effect of A1203, Si02, CaO and MgO Dosage on Cu Removal (chloridizing at 1125 °C 
for 10min, and na/nzn = 2.4:1; a-effect of Si02 on Zn removal, b- effect of AI2O3 on Zn removal, 

c- effect of CaO on Zn removal, d- effect of MgO on Zn removal) 

As shown in Figure 8, the presence of Fe304 increases the Cu removal rate from CuO and Cu20. 
Fe203 oxidized from Fe304 is easier to promote the formation of HCl (see Figure 4), so Fe304 
activates Cu removal from CuO and Cu20. Furthermore, oxidation of Fe304 provides more 
energy for chlorination reactions and decreases the oxygen concentration in the briquettes. The 
less oxygen concentration favors the CuO decomposes to Cu20 [9]. 

Figure 8. Effect of Fe304 Dosage on Cu Removal (chloridizing at 1125 8C for 10min, nci/nzn = 
2.4:1) 

Conclusions 

1. The thermodynamic equilibrium calculations and experiment results show that Cu20 is the 
easiest to remove, CuS is the most difficult to remove and CuO is in the middle in the high 
temperature oxidation-chlorination technology. Most of CuS are oxidized to oxides and then 
chloridized. In addition, the Cu removal strongly depends on the amount of Cl addition, 
especially CuO and Cu20. 
2. The experiment results indicate that the gangues (AI2O3, Si02, CaO and MgO) and Fe304 
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clearly influence Cu removal. The presence of A1203, Si02, CaO and MgO decreases Cu removal 
from Cu20. Si02 and CaO influence the Cu removal positively from CuO while MgO influences 
the Cu removal negatively from CuO. In addition, A1203 does not have a relevant effect on the 
removal of CuO. The existence of Fe304 increases the Cu removal from CuO and Cu20. 
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Abstract 

Eight typical metallurgical byproducts containing iron were selected based on the effect of the chemical 
composition, particle size, additives on the burnout degree of pulverized coal. Effect of three typical byproducts 
including fine iron ore, BOF dust and BOF sludge on combustion reactivity and combustion efficiency were 
investigated using TG-DSC method. The results indicated that the three additives have obvious catalytic effects 
on pulverized coal. By comparison, the relative active sequence of byproducts to the catalytic combustion can 
be described as follows: BOF dust>BOF sludgofine iron ore. Moreover, adding BOF dust as component of 
additives also shows significant catalytic effects on combustion efficiency during rapid heating process. 

Introduction 

China is the largest producer in the world with an annual output reaching over 6 billion tons. Solid wastes 
arising from iron and steel making increases the environment pressure in recently years. For instance, annual 
output of dust during the production of iron and steel making in China reach up to 5 million tons, which is close 
to 8%~15% of the amount of steel [1]. Another characteristic of these byproducts is they are finer particle which 
are just harder to deal with. Since some of solid wastes, including dusts, scales, and sludge, usually contain high 
iron content, sintering plants have traditionally been used to recycle byproducts in integrated steel plants in 
China. However these byproducts also have noticeable effects on sinter quality, sinter strength and productivity 
and, therefore, waste recycling is limited depending on the analysis of the waste materials [2]. Another method 
which is pre-treatment of byproducts in pelletizing process, increases of energy consumption and production 
cost. In addition, metallurgical byproducts often contain heavy metals and alkalis. For these reasons, recycling 
rate of the byproducts in China is very low. Therefore, how to recycle the byproducts in iron and steel making 
process is an important subject. 

Pulverized coal injection (PCI) is an effective technology to reduce blast furnace coke consumption and, 
therefore, cokemaking-related environmental problems [3]. Investigations have recently been made on the 
combustion properties of pulverized coal with admixtures, such as Shredded light fraction [4], plastic wastes [5], 
tyre powder [6], biomass [7], etc. The purpose of mixed injection is to enhance the combustion efficiency and 
deal with wastes. Besides, many studies have carried out to investigate the catalytic combustion behavior of 
coal [8-10], However, most of catalysts of coal combustion are chemical compounds, resulting in high cost of 
investment. 

Recent studies have suggested that Fe203has excellent catalytic effect in coal combustion process [10]. Other 
studies have shown that metallurgical dust can increase of the combustion degree of some coals by the "solid 
oxygen" supply from iron oxides and catalytic effects, respectively [11]. Owing to the high iron oxides in 
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metallurgical byproducts, this research is to examine the possibility of injection metallurgical byproducts as 
catalysts together with coal into the blast furnace, which is a closed loop recycling processes. The main 
objective is to provide the preliminary information on the combustion behavior of coal with metallurgical 
byproducts addition. 

Experimental 

Samples 
The fuel selected is a typical PCI coal, ground and sieved to -0.074mm. Table 1 presents the ultimate and 

proximate analysis of the pulverized coal, and Table 2 presents their ash composition. Anthracite is dried at 110'C 
in oven for 3 h. 

Table 1 Proximate and ultimate analysis of the coal (mass%) 

Proximate analysis result 

Mad Aad Vad FCad 
0.46 12.54 10.80 76.71 

Ultimate analysis result 

Cad Had Oad S»d Hrf 
78.22 2.49 4.86 0.52 0.91 

Table 2 Ash compositions analysis of coal (mass%) 

SiQ2 CaO A12Q3 MgO Fe2Q3 TiQ2 

58.22 ^10 27£> 055 412 2.84 

Eight typical metallurgical byproducts containing iron are selected. These include iron ore, sintering dust, bag 
dust, gravitational dust, BOF dust, EAF dust, BOF sludge and mill scale. The compositions of metallurgical 
byproducts are given in table 3. 

Table 3 Compositions of metallurgical byproducts (mass %) 

Iron ore Sintering dust Bag Gravitational BOF EAF BOF sludge Mill scale 

TFe 
Fe203 

CaO 
Si02 

MgO 
A1203 

Zn 
C 
S 
P 

64.4 
69.07 

0.5 
5.36 
0.43 
1.81 

0.053 
— 

0.208 
0.086 

39.9 
56.48 
14.6 
6.62 
3.83 
3.04 

0.047 
4.28 
0.485 
0.073 

dust 
34.9 

49.76 
3.8 
7.05 
3.32 
4.18 
2.92 
10.31 
0.511 
0.084 

dust 
39.6 

56.34 
3.5 

6.60 
2.99 
4.27 
0.53 
12.51 
0.281 
0.081 

dust 
39.6 
56.2 
8.9 

13.91 
4.74 
2.75 
0.41 
5.82 

0.095 
0.104 

dust 
32.25 
49.82 
27.20 
9.64 
0.88 
0.15 

21.86 
1.43 
1.08 

0.289 

48.38 
61.38 
11.25 
3.61 
5.49 
1.02 
0.25 
0.32 
0.220 
0.130 

73.87 
93.90 
0.05 
0.32 
0.18 
0.15 

0.046 
— 

0.45 
0.086 

2.2 Experimental method 

In order to screen metallurgical byproducts, additives are added to the dry pulverize coal (mass 2%, 4% and 
6%) respectively and ground physically for 30 min in a quartz crucible. Coal samples combustion in muffle 
furnace in the preparation experiment. The heating temperature is 850°Q the holding time is 30min. 

A thermogravimetric-analyzer couple d with Differential Scanning Calorimetry (NETZSCH, STA449C) are 
used to determine the combustion process of anthracite. The reference samples are 10±0.2mg at a heating rate 
of 15°C/min. The heating temperature range is from room temperature to 1000 *C. The atmosphere is air at a 
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flow rate of 50 L/min. 
The expand experiment is performed in by injecting pulverized coal into a specially designed heating furnace, 

as shown in Fig.l. This system is comprised of heating furnace, coal injection apparatus, air supply apparatus, 
solid residue collecting apparatus. The furnace temperature is 1100°Q and its heating rate is 3.6°C/min 

Results and discussion 

Selection of metallurgical byproducts 

Effect of metallurgical byproducts on burnout rate of pulverized coal is shown in Fig.2. It can be seen from 
Fig.2(a) that fine iron ore and bag dust can increase burnout rate of pulverized coal obviously, and sintering dust 
can increase burnout rate when the addition amount is blew 4%. However, there is no obvious improvement in 
burnout rate of pulverized coal with gravitational dust addition. It can be seen from Fig. 2(b) that BOF dust and 
BOF sludge can increase the burnout rate. BOF dust has best catalytic effect when the addition amount is 4%, 
while the* effect of BOF sludge is enhanced by increasing the addition amount. By contrast, there is negative 
effect on burnout rate with mill scale addition. However, EAF dust has no obvious effect on burnout rate of 
pulverized coal. 

Fig.2 Effect of metallurgical byproducts on burnout rate of pulverized coal 
In addition, for a stable operation of a blast furnace an increased input of zinc should be avoided [2], thus 

the amount of zinc of additives should very few. It can be seen from table 3 that the amount of zinc of bag dust 
and EAF dust are 2.92% and 21.86%, respectively. Such these dust should not use as additives of pulverized 
coal to avoid the negative effect of zinc on blast furnace. 

What's more, another significant indicator to the catalysts is particle size. The size distribution of 
metallurgical byproducts is given in table 4. It can be seen that the mean particle size is blew lOOum. The 
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relative particle size sequence of metallurgical byproducts can be described as follows: sludge < dust < iron ore 
< mill scale. Base on distribution in pulverize coal and catalytic effect, mill scale should been use as additives 
of pulverized coal combustion. 

Table 4 The size distribution of metallurgical byproducts (mass %) 

0-10 
10-50 

50-100 
100-200 

above 200 
Mean particle 

size /urn 

Iron 
ore 

0.30 
24.13 
39.44 
29.81 
6.32 

72.89 

Sintering 
dust 

53.80 
45.77 
0.42 
0.00 
0.00 

12.93 

Bag 
dust 

54.74 
45.24 
0.00 
0.00 
0.00 

12.01 

Gravitational 
dust 

35.98 
33.42 
18.74 
10.21 
1.65 

45.58 

BOF 
dust 

61.75 
38.12 
0.14 
0.00 
0.00 

10.79 

EAF 
dust 

59.59 
20.52 
9.42 
8.12 
2.40 

5.58 

Steel plants 
sludge 
99.94 
0.06 
0.00 
0.00 
0.00 

1.64 

Mill 
scale 
1.36 

12.37 
38.10 
41.26 
6.92 

97.73 

In conclusion, considering from chemical compositions, particle size, and additives on the burnout degree of 
pulverized coal, we choose iron ore, BOF dust, and steel plants sludge as additives. The zinc amount of these 
additives are blew 0.5%, particle size is blew 74um, and they have obvious positive effect on burnout rate. 

Effects o f metallurgical byproducts on coal combustion reactivity 
TG-DTG curves of combustion process of coal with iron ore, BOF dust, and steel plants sludge are shown 

in Fig. 3. It can be seen from the Fig. 3 that additives can improve the combustion process of coal above 500°C 
Three characteristic parameters of combustion, the ignition temperature, combustion rate and the burnout 
temperature, are disscussed on the following. 

Fig. 3 TG and DTG curves of coal samples during combustion process (a: iron ore, b: BOF dust, c: steel plants 
sludge) 

The ignition temperature is an important parameter describing the combustion reactivity. In this work, the 
ignition temperature is determined by TG-DTG methods [10]. The ignition temperature of coal is 543°C By 
contrast, the ignition temperature of coal with iron ore, BOF dust, and steel plants sludge are 533°Q 534°Cand 
534°Q respectively. That is, the reduction in the ignition temperature of coal with additives are about 10°C, 
which show that additives had a positive effect on decreasing the ignition temperature. Chemically, 
metallurgical byproducts contain 50%~70% Fe203 compound from compositions analysis. Studies conducted 
by many researchers [9, 10] have shown that Fe203 compound has catalytic effects on coal pyrolysis. It is 
found that catalytic pyrolysis resulted in the volatile matter released and pore structure developed Moreover, 
Fe203 compound can increase free radicals and functional group on the char surface, and therefore reduce the 
ignition temperature. 

The combustion rate reflects violence of the reaction between carbon and oxygen. It can be seen from Fig. 3 
that combustion rate of coal increase significantly above the ignition temperature when adding additives. 
Furthermore, the maximum combustion rate increase and its corresponding time shift to earlier. Fe203 

compound of metallurgical byproducts can accelerate the oxygen transfer between carbon and O2, therefore 
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improve the oxidation and combustion processes. In this work, the flammability index C [12] is used to 
evaluate the combustion characteristic, which can be described as follows: 

c - Ö ^ W (1) 

The larger value of index C, the better flammability. The characteristic parameters of blends with additives and 
coal-raw are obtained from combustion curves are listed in table 5. The flammability index C of coal-raw is 
6.38. By contrast, the flammability index C of coal with iron ore, BOF dust, and steel plants sludge are 7.02, 
7.05 and 7.01, respectively. The result also further shows that additives improve reaction rate between the 
corresponding time of the ignition temperature and the maximum combustion rate. 

Burnout behavior is the other important parameter describing the combustion reactivity, The shorter the 
burnout time, the better combustion reactivity. From table 5, it can be seen that the burnout temperature of 
coal-raw is 775 °C. However the burnout temperature of coal with iron ore, BOF dust, and steel plants sludge are 
739°C 723°Cand 732°Q which decrease by 36°CX 52°Cand 43°Q respectively. Besides, the burnout index Df is 
used to evaluate the bumout characteristic, which can be described as follows [9]: 

D (ffc^U (2) 

The larger the D f , the better the burnout behavior. As shown in table 5, the burnout index Df of coal-raw is 
14.68. However the burnout index of coal with iron ore, BOF dust, and steel plants sludge increase to 19,0 K 
20.39 and 19.72, respectively. The results indicate that the burnout temperature and burnout time reduce, and 
combustion become concentrated and shorten with additives addition. 

Table. 5 Effects of metallurgical byproducts on the combustion reactivity of coal 

Samples T ^ C Tf/°C Ttl°C At,/2/min /„/min 'M" 6 , , f , 
(%/min) (106%'min'l-K'2) (*10"5) 

Anthracite-raw 
Iron ore fines 

BOF dust 
BOF sludge 

635 
634 
631 
632 

775 
739 
723 
732 

543 
533 
534 
534 

Efife^Mmetallurgiçan)ywoduçts on 

14.67 
12.80 
12.35 
12.53 

40.00 
39.93 
39.73 
39.80 

4.25 
4.56 
4.59 
4.57 

coal combustion efficiency 

6.38 
7.02 
7.05 
7.01 

14.68 
19.01 
20.39 
19.72 

As we all know, the main function of coal injection in blast furnace is providing neat \6x raceway, wnVcn1" 
result in saving coke. Thus, in addition to investigate the metallurgical byproducts on combustion reactivity, but 
also need to study the effects of additives on heat release and its rate of coal combustion. In this study, DSC 
measurements are carried out to estimate the heat release rate. DSC results of coal samples during combustion 
process are shown in Fig. 4. It can be observed that additives have no obvious effect under 400 °C However, the 
shape of curves changed, indicate that heat release rate speed up after adding additives above 400 °C The closed 
area of DSC curves and baseline peak area are obtained, and the total values of enthalpy can be calculated using 
Eq. (3) as follows: 

Aß 
k\h{t)dt = ks ^) 

Where h{t) is the ordinate value ofDSC(mW),k is a constant, m0 is an initial mass of samples (mg), and S 

is the peak area between the DSC profile and baseline. Using the above data and Eq. (3), a comparison of the 
heat release AH is shown in Fig. 5(a). The heat release AH of coal is 12.16K KJ/g. By contrast, the heat 
release of coal with iron ore, BOF dust, and steel plants sludge are 11.91KJ/g, 12.22 KJ/g, 11.98KJ/g. It 
shows that BOF dust has positive effect on heat release, but the other additives have negative effect on heat 
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release. It can be speculated that fine iron ore and BOF dust absorb heat» result in the total heat release amount 
decrease. However the BOF sludge has more than 5% carbon which can release heat during combustion, result 
in making up the loss of heat release« 

Fig. 4 DSC curves of coal samples during combustion process 
In order to remove the interference of absorbing heat of the metallurgical byproducts on the combustion 

efficiency, combustion efficiency can be modified as follows: 

Aß' = - ^ - (4) 
(\-x) 

Where x is the content of additives (%), Using the above data and Eq. (4), a comparison of the combustion 
efficiency is shown in Fig. 5(b). It can be seen from Fig. 5(b) that combustion efficiency of per unit of fuel 
increase by 2%~5% with these three metallurgical byproducts addition. By comparison of Fig. 5(b), it indicates 
that the release heat of pulverized coal increase with byproducts addition. However, the most compounds of 
additives can absorb heat, resulting in restraining the improvement. When the additives contain some of carbon, 
it can make up the loss of heat release during combustion. 

Fig. 5 Combustion efficiency of different coal samples 
From the results and analysis mentioned above, it can be seen that fine iron ore, BOF dust and BOF sludge 

can decrease the ignition of pulverized coal, increase combustion rate and burnout behavior. Adding BOF dust 
can increase combustion efficiency obviously. By comparison, the relative active sequence of byproducts to the 
catalytic combustion can be described as follows: BOF dust>BOF sludge>fine iron ore. 

Effects of metallurgical byproducts on combustion behavior of pulverized coal during rapid 
heating process 

From above results, it can be seen that BOF dust has best catalytic effect on combustion process, thus the 
effect of BOF dust on combustion behavior of pulverized coal during rapid heating process is investigated. 
Effect of different amount of BOF dust on burnout rate of pulverized coal during rapid heating process is shown 
in Fig. 6. It can be seen that from Fig. 6 that the burnout rate increase with BOF dust addition. What' s more, 
with the increase the amount of additive, the burnout rate of pulverized is increased obviously. The burnout rate 
increase by 8% when the adding amount of BOF dust is 1%. The above results indicate that BOF dust can 
improve pulverized coal combustion behavior also during rapid heating process. 
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Fig.6 Effect of BOF dust on burnout rate of pulverized coal during rapid heating process 
In order to obtain more effective and low-cost catalyts of pulverized coal combustion, the BOF dust is 

added with different proportinoal chemical compounds as the composite catalysts (total mass 0.6 %), The 
catalyst numbuer is shown in table 6. The A, B, and C are transition-metal and alkaline-earth compounds which 
have high catalytic activity. The burnout of pulverized coal with different composite catalysts addition is shown 
in Fig. 7. From Fig. 7, it can be seen that the burnout rate increase by 3,0%~8.5% with these catalysts addition. 
What's more, the maximum burnout rate increases by 8.56% with 3# catalyst addition. By comparison of Fig.6, 
the effect of composite catalyst which has 20% BOF dust is better than the chemical compounds. It is clear that 
exploiting composite catalysts with metallurgical byproducts containing iron is reasonable and feasible in 
mechanism and effect. 

Table 6 Compositions of composite catalysts 
st number 
0# 
1# 
2# 
3# 
4# 
5# 
6# 

Compound A 

— 
50% 
40% 
30% 
20% 
10% 
— 

Compound B 
— 
30% 
30% 
30% 
30% 
30% 
30% 

Compound C 
— 
20% 
20% 
20% 
20% 
20% 
20% 

BOF dust 
— 
_ 
10% 
20% 
30% 
40% 
50% 

Fig.7 The effect of composite catalysts on pulverized coal combustion 

Conclusions 

Eight typical metallurgical byproducts containing iron were selected based on the effect of the chemical 
composition, particle size, additives on the burnout degree of pulverized coal. The three typical byproducts 
including fine iron ore on combustion behavior the pulverized coal have been investigated using the 
thermogravimetry-differential thermogravimetry (TG-DTG) and differential scanning calorimeter (DSC).The 
results are show: 1) The three additives, including iron ore, BOF dust, and steel plants sludge, have improved 
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combustion reactivity of coal. The reduction in the ignition temperature of coal with additives are about 10°C. 
2) The release heat of pulverized coal increase with byproducts addition. However, the most compounds of 
additives can absorb heat, resulting in restraining the improvement. When the additives contain some of carbon, 
it can make up the loss of heat release during combustion. 3) By comparison, the relative active sequence of 
byproducts to the catalytic combustion can be described as follows: BOF dust>BOF sludge>fine iron ore. 
4) Moreover, adding BOF dust as component of additives also shows significant catalytic effects on combustion 
efficiency during rapid heating process. Exploiting composite catalysts with metallurgical byproducts 
containing iron is reasonable and feasible in mechanism and effect. 
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Abstract 

The present work studied the production of Fe-Si-Mn alloy from adjusted converter slag by 
thennodynamic analysis. The results showed that solubility of SiC>2 in the molten slag increased 
with increment of temperature, and it is about 80% at 1800 *C. With increment of Si02 content, 
tf(Mno> and a(CaO) decreased, and a(FeO) increased to the maximum when wCSiCh) is about 30%. 
As a result, the reduction of the slag was in the order of Fe-»Mn-*P before SiÛ2 reduction, the 
reduction order was Fe—>P—>Mn—»Si when SiÛ2 content in the slag was from 46.4% to 54.2%, 
and changed to Fe-»Si-+P->Mn when Si02 content exceeded 54.2%. The mass fraction of Si in 
the alloy phase increases with increasing of w(Si02) in the slag, and the mass fraction of Si in 
the alloy reached to 62.2% at 1800 °C 

Introduction 

Ferroalloy production is a high energy consumption and high pollution industry11*21. If ferroalloy 
production could be produced from molten slag by addition of carbon-reducing agent, the 
valuable metal and oxide in the slag can be recycled, most importantly, if the high-temperature 
resource carried by molten slag can be made full use in the field of ferroalloy production, the 
power consumption of ferroalloy production could be cut down greatly. 
Converter steel slag is a kind of byproduct in steelmaking processing increasing rapidly with the 
increment of crude steel, but the utilization ratio is low. Most heat recovery research is still in the 
experimental stage except the heat recovery of blast furnace slag by water quenching method, at 
present13"41. It is of great significance for enterprises to energy saving and emission reduction if 
the molten steel slag could be utilized directly. Not only the reuse methods of liquid steel slag 
material can be promoted, but also the use of heat carried in the slag could be achieved. 
The basicity of converter slag is high and the activity of SiC>2 is low so the reduction of SiOj in 
the slag is little. The compositions of slag and metal phases were calculated by Factsage program 
on different conditions to explore the reduction of converter slag for recovery of valuable metals 
and an efficient new way to use the high-temperature heat combining with the current reuse and 
research status of converter slag. Further, the improvement of components activity in slag and 
the increase of Si concentration in the metal were also dicussed. 

Thermodynamic Calculation 
Most of the thermodynamic calculation is under the Equilib module, one part of the international 
software Factsage and the pressure is set P=latm, the amount of carbon is set as variable mass% 
of the raw slag and modifier. Different modifier content of Si02 (30%, 40%, 50%) in slag, 
reducing temperature and the addition of carbon were investigated by taking a factory converter 
slag (composition shown in Table.I) as raw slag. 
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CaO 

45 

Table I 

Si02 

16 

Composition of Converter Slag 

FeO 

15 

MgO 

15 

A1203 

3 

(mass%) 

P2O5 

1 

MnO 

5 

Results and Discussion 

Solution Behavior of SiQ2 
Fig.l shows the solution of modifier SiC>2 in CaO-MgOSiCh-FeO system at different 
temperature. As shown in Fig. 1 in the slag system the solubility of SiC>2 rapidly increased but 
began to be flatten since 1750 °C with increasing temperature. That is because the melting point 
of silicon dioxide is about 1750 °C and the content of SiC>2 eutectic compounds decreased. There 
are a variety forms of the silicon in the steelmaking slag and the simplest structure of silicate is 
the silicon-oxygen tetrahedron SiOj", around which the bonds are unsaturated and SiC>2 will 
further polymerize to produce more complex silicon-oxygen tetrahedron by adding more. The 
addition amount of modifier SiC>2 must be less than its solubility in the slag system, or the extra 
Si02 will be suspended in the liquid slag as free solid form instead of eutectic solid solution 
increasing slag viscosity. 

T/°C 
Fig. 1 Solubility of (Si02) at Different Temperature 

The mass fraction of SiCh (%) The massfractionofSi02(%) 
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Fig. 2 Activity of Components at Different Temperature 

Activity of Components in Slag 
The basicity of converter slag is high and the activity of Si02 is low. Fig.2 shows the activity of 
components at different temperature 1600°C and 1700'C respectively. The activity of Si02 and 
CaO were indicated by circles, MnO and FeO were indicated by triangles. Initially, the 
concentration of Si02 in the slag was 16 mass% at various teperature and the activity of it was 
very small. The activity of Si02 increased slowly in the mass fraction interval from 16 to 30 
mass%. It was clear that the activity increased heavily as the mass fraction of Si02 was beyond 
30 mass%. The value of Si02 was almost the same to the activity diagram of Si02 in the Si02-
MnO-Al203-CaO system16,71. In order to increase the reactivity of Si02, the more modifier must 
be added to the initial slag. The activity of FeO at first increased as the increase of Si02 but then 
decreased. The alkalinity of slag was high at first, part of FeO existing in the slag system as 
calcium ferrite. Due to the affinity between Si02 and CaO is much stronger than CaO and FeO, 
most of FeO in the calcium ferrite was replaced by Si02, so the activity of FeO increase; 
however, fayalite phase dominated the slag phase as the concentration of Si02 continued to rise, 
it was thus clear that the activity of FeO droped The activity of MnO and CaO in the slag kept 
decreasing as the increase of Si02 till to the end of the calculation, the addition of Si02 result in a 
decrease in the activity of CaO and MnO. Yuanxi Zou published an idea which was similar to 
us18'91. Thus, it can be concluded that the activity of other components is affected by the addition 
of Si02. On comparing (a) and (b) the activity of Si02 in the slag phase increase as the 
temperature gets higher. 

Effect of Temperature on Selective Reduction 
The variations in the composition of metal phase are shown in Fig.3; here [mass% M] denotes 
the concentration of M in the metal phase. Different components keep the same reduction order 
when (Si02) is 50 mass% after modified in the slag. It is clear that all the FeO was reduced to 
metallic Fe. Subsequently, P205 were reduced preferentially followed by MnO and Si02 leading 
to a decrease in the concentration of Fe. This result indicated that Si02 is thermodynamically 
more stable than MnO in this slag system. The concentration of Mn in the metal phase increased 
in the carbon content interval from 0 to 2, however after 2, the Si02 phase dominated the slag 
phase and only the concentration of Si increased. It is well known that Si02 addition to MnO 
result in a significant increase of MnSi03, and the formation of MnSi03 has two aspects impact 
on the slag. On one hand MnSi03 has low melting point (1243 'C), leading to a increase 
reactivity which promote the reduction of Si02, on the other hand the formation of MnSi03 result 
in significant decrease in activity of MnO. The concentration of P2Os was diluted in the slag by 
modifying to decrease the concentration of P in the metal phase, which will be good for the 
refine of alloy. On comparing (a) and (b) the concentration of Si in the metal phase increase as 
the temperature gets higher. 
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The conten t of C (%) The content of C (%) 
Fig. 3 Compositions of Metals in Ferro-alloy for Different Carbon Content 

Affect of Temperature on Reduction Rate of Si 
The variations in the recovery rate of Si are shown in Fig.4; here the SiC>2 30 mass% in the slag 
was indicated by diamonds, circles represent the data points resulting from the reduction of 40 
mass% SiC>2 and the triangles denotes the 50 mass% SiC>2 in the slag. It was clear that the 
recovery rate of Si increased heavily as the mass fraction of SiC>2 rose, according to Fig.2 that the 
activity of SiC>2 increase as its mass fraction got up. The addition of SiC>2 result in an increase in 
the activity of SiC>2 and the volume fraction of liquid phase in the slag. Consequently, the 
reduction rate of SiC>2 in the CaO-SiC>2-FeO-MgO slag increase with increasing SiC>2 content. 
When the weight of modifier SiC>2 was set as 50 mass%, the recovery of Si could be as high as 
51% at 1800°C. The results indicate that increasing activity of SiC>2 and that of temperature 
improved seletive reduction of SiÜ2 from CaO- Si02-FeO-MgO oxide system. 

T/°C 
Fig. 4 The Relationship between Reduction Rate of Si and Temperature 

Conclusions 
The favorable conditions for the production of Fe-Si-Mn alloy from converter slag were 
conculated.The following conclusions were obtained. 
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(1) Thermodynamic behavior of slag is closely related with the temperature and slag 
composition. The addition of SiC>2 to the slag system led an increase in the activity of SiOa and a 
decrease of CaO and MnO, but the activity of FeO in slag increased at first then decreased. 
(2) The reactivity between carbon and silica was improved by increasing the temperature and the 
concentration of Si increased to about 50 mass% in the metal phase. 
(3) When the weight of modifier Si02 was set as 50 mass%, the recovery of Si could be as high 
as51%atl800°C. 
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Abstract 

Electric arc furnace (EAF) stainless steel dust has been classified as a hazardous waste by 
various government regulatory agencies as it releases heavy metals to environment. The 
solidification of EAF dust is to stabilize the hazardous components to the amorphous 
silica-alumina-based clays. The process of solidification is investigated and the softening 
temperatures of dust and additive clay mixtures are measured for economical thermal 
treatment. The results indicate that the mixture of dust and local clay with the ratio of 1:1 has 
the lowest softening temperature 1100 °C and it could pass the toxicity characteristics leaching 
procedure (TCLP) test for the environmental regulatory limits after thermally treated at 
softening temperature for 15 min. Major phases of thermal solidification product clinker are 
CaAl2Si208, (Fe, Cr)203, (Fe, Mg)(Cr, A1)204 and Al6Si20i3. 

Key words: Stainless steel dust; Thermal solidification; Softening temperature; Heavy metals 

Introduction 

The yield of stainless steels in China arrived to 10 million tons in 2006 and more than 0.2 
million tons of stainless steel dust are produced annually. Approximately 1-2 wt.% of scrap 
charged to an electric arc furnace (EAF) enters the off-gases and then is converted into the 
dust and reported to the bag-house. The disposal or landfill of the dust becomes a serious 
environmental problem in China due to the increased production of stainless steels in recent 
years. The dust contains elements such as chromium (Cr), nickel (Ni), lead (Pb), zinc (Zn), 
cadmium (Cd) and their solubility in leaching media exceeds the environmental regulatory 
limits [1]. Even though easily feasible for low-grade MgO, it is not appropriate to stabilize the 
heavy metals from the heavily contaminated soils after the dust landfillJ2]. Several dust 
treatment technologies have been developed and they can be divided into two types. One is to 
recover the metals from the dust [3, 4] and another is to stabilize hazardous components 
present in the dust [5, 6]. Recycling of the dust generated in EAF is a remediation option for 
cleaner production. Direct recycling of EAF stainless steel dust was developed to recover the 
metal value from the dust and protect the environment [7], but it was only suitable for the dust 
with high contents of Ni, Cr and Fe. As for the dust with low valuable metal content, thermal 
solidification is an appropriate choice for the dust treatment. 
Solidification technology has been widely used for the treatment of inorganic wastes and 
contaminated soils before final disposal. Conner [ 8 ] summarized the solidification 
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technologies and indicated that fly ash was one of the most common binders in waste 
stabilization. Rodriguez-Pinero [9] described the chromium behave in the solidification of a 
steel industry waste using a common fly ash from a pulverized coal power station as the 
binder and indicated that the stabilization of Cr(VI) present in the waste required a reducing 
pretreatment with ferrous sulfate to attain the toxicity characteristics leaching procedure 
(TCLP) leachates within the limits. The TCLP tests had a low metal content and alkalinity, 
wchich could be used to estimate the metal concentration leached by typical acid rain and 
ground water. Pisciella [5] stabilized the hazardous materials by vitrification of EAF dust and 
other industrial wastes. Hassett [10] made use of coal combustion by-products for the 
solidification of hazardous wastes. Pelino [1] developed a vitrification process to immobilize 
the hazardous elements in EAF dust by mixing the dust with cullet and sand. He pointed out 
that the stability of the product was influenced by the glass structure which depended on the 
Si/O ratio. It seemed that the trivalent chromium in the thermally treated dusts could be 
gradually oxidized to hexavalent chromium when exposed to atmospheric oxygen. But the 
chromium was bound in the matrix in various silicate or spinel phases and the oxidation 
reaction ceased within 12 months [11]. The thermal behavior of the EAF dust from stainless 
steel and carbon steel operations was determined and a thermal process for the stabilization of 
the dust by vitrifying with clay was developed [12]. Furthermore, recycled sewage sludge 
solidified using converter slag solidification technology was used as an effective landfill 
cover [13]. The key point for the thermal solidification of EAF stainless steel dust is the 
processing temperature, which deals with the consumption of power. The temperature of dust 
vitrification by swirling-flow furnace was very high [14], which is inappropriate for 
economical treatments of the dust. But it was found that EAF stainless steel dust softened 
above 1600 °C. This temperature is too high to process the solidification of the dust 
economically. Therefore, it is necessary to reduce the melting temperature of the dust by 
adding certain modifying ingredients. Silica and alumina are additives that readily modify the 
melting temperatures of ceramic ware. They are also effective glass forming substances which 
help immobilize the heavy metals present in the EAF stainless steel dust. 
The objectives of this study are to find a low cost additive for the solidification of EAF 
stainless steel dust, to optimize the compositions of the dust/additive mixture and process 
conditions and to ensure that the clinkers of solidification accord with environmental 
regulation for TCLP test. The mixture of the dust and additive was investigated and the 
softening temperature was measured. The thermal processes of solidification were detected 
using Thermo-Gravimetric Analyzer (TGA), Differential Thermal Analysis (DTA) and 
Fourier Transform Infrared Spectroscopy (FTIR). The products of solidification clicks were 
characterized by TCLP for the leachability of hazardous materials, X-ray Diffraction (XRD) 
for crystal phases and Scanning Electron Microscope (SEM) for morphology. 

Experimental 

Two types of EAF stainless steel dust samples used in this study were obtained from a 
stainless steel plant, a dry fine powder newly acquired from the bag-house and a wet stockpile 
agglomerate located in the open air. The stockpile dust was so wet and inapposite to be 
processed in the experiments that was dried for 24 h at 100 °C and crushed down in a 
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rod-roller. Since the dusts were formed in air at high temperature, all the metal elements 
within them were oxidized. Elemental analysis of the dust samples was performed using 
X-ray Fluorescence (XRF) and Inductively Coupled Plasma (ICP). The compositions of the 
samples are given in Table I. Low cost local clay was used as the additive for the 
solidification of EAF stainless steel dust. The main chemical compositions of the clay are 
given in Table II. The clay was spread on the floor, dried for a few days, and then split using a 
sample splitter before processing. In order to determine the effect of chemical composition on 
softening temperature, pure alumina and silica were used in the study. 

Chemical 
composition 

1 Bag-house 
dust 

Stockpile 
1 dust 

SiCb 

5.14 

5.45 

Table I Chemical Com] 

A1203 

0.64 

0.66 

CaO 

9.02 

9.14 

Cr203 

16.3 

15.1 

Fe203 

51.3 

48.0 

Mn02 

4.41 

4.67 

oositi 

NiO 

6.25 

6.70 

Dnof 

PbO 

0.29 

0.16 

Dust 

ZnO 

0.96 

0.93 

MgO 

3.63 

3.48 

/mass% 

Ti02 

0.08 

0.12 

P2O5 

0.30 

0.62 

Na20 

0.60 

0.53 

C 

0.70 

0.60 

CdO 

0.01 

0.01 

K20 

0.72 

1.47 

Table II Chemical Composition of Clay 
Chemical composition 

[ (%) _ 
SiOz 

54.13 

A1203 

14.37 

Fe203 

6.82 

CaO 

3.63 

MgO 1 

2.74 1 

The EAF stainless steel dust and the additives such as alumina, silica or clay were mixed in 
different dust/additive ratio, and then molded into the brick and dried at room temperature for 
three days. A muffle furnace was used to heat the bricks in the rate of 4 °C «min"1 to a given 
temperature and then kept for 15 min. A K-type thermocouple was used to detect the 
temperature of the bricks and to control the process. The softening temperatures of bricks 
were measured by checking the volume changes of the clinkers in the thermal processing. The 
ratio of EAF stainless steel dust to clay in the mixture was ascertained according to the lowest 
softening temperature [15] in the consideration of economical solidification. The ieachability 
and thermal characteristics of the clinkers were inspected after thermal treatment. 
It was found in our previous investigations [16, 17] that the EAF stainless steel dust sinters 
without melting at high temperature over 1300 °C and softens above 1600 °C. The melting 
temperatures of the dust have to be lowered down for economical solidification by addition of 
additives. The processing temperatures of solidification depend on the softening temperature 
of dust and additive mixture. The densities of clinker change in the thermal process. They are 
small at low temperature in the beginning of solidification and will increase with the increase 
of temperature. The volume of thermally treated clinkers increases under softening 
temperature and decreases sharply at softening temperature. In this consideration, the 
softening temperatures can be determined by measuring the sharp volume changes after the 
clinkers cooled down. 

TGA was used to monitor the weight change of the mixtures as a fimction of temperature and 
time in thermal processes of the solidification and the thermal behavior of clinker. DTA was 
used to detect the temperature changes caused by chemical or physical reactions as a function 
of temperatures and time in the sample thermal treatment. FTIR was used to identify gaseous 
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species evolution during the thermal processes of the mixtures and clinkers. The clinkers 
produced through thermal solidification were subjected to leaching tests as specified in the 
US Environmental Protection Agency (EPA) regulations for solid waste. The tests involved 
breaking down the clinkers and selected some small particles less than 10 mm in diameter as 
samples, and then followed by leaching at room temperature for 24 h (longer than 18h, so 
stricter than TCLP) in a buffered solution of acetic acid and acetate (pH value 5.0). ICP was 
used for the elemental analysis of the leachate to compare the results with EPA regulations. 

Results and Discussion 

Figure 1 shows the results of volume changes of dust/clay mixtures with the temperature. It 
can be seen by comparing Figure la with Figure lb that the bag-house dust/clay and stockpile 
dust/clay mixture samples had the same thermal characteristics. The softening temperatures of 
the mixtures with 40%, 45%, 50% and 55% dust were 1280 °C, 1200 °C, 1100 °C and 1180 °C 
respectively. The main concern for thermal solidification of EAF stainless steel dust is the 
energy consumption. The processing temperature of thermal solidification is dependent on the 
softening temperature because only thermally treated over this temperature can the hazardous 
materials present in the dust be immobilized. The mixture of dust and clay with the ratio of 
1:1 had the lowest softening temperature for the thermal solidification in the present study. 
Therefore, the composition of the mixture could be determined in this way and 1100 C was 
confirmed as the thermal processing temperature. The main chemical composition of clay is 
silica and alumina. The softening temperatures were measured in dust/silica/alumina ternary 
system for extending the thermal solidification technology to general additives. Figure 2 
shows the computer analysis of the softening temperature profile. The isotherms in the figure 
indicated that the softening temperatures were lower in the compositional region of 35-37% 
silica, 18-20% alumina and 45-50% EAF dust. 

Figure 1 Volume of Dust/Clay Mixture at Different Temperature 
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Figure 2 Profile of Softening Temperature 

The thermal process of solidification was analyzed with TGA, DTA and FT1R after dry 
mixtures were prepared by weighing and combining equal amounts of EAF stainless steel 
dust and local clay. Figure 3 shows the diagram of TGA/DTA/FTIR of the mixture in the 
thermal process. TGA/DTA highlighted that the weight loss of the mixture was 6.5 wt.% after 
the temperature reached up to 1200 °C. 2% weight loss in the temperature range of 580-800 °C 
was caused by the decomposition of CaCC>3. Above this temperature range, the weight losses 
were also observed due to the volatilization of zinc and lead, accompanied by an endothermic 
effect in the DTA trace. FTIR analysis showed that the water evaporated at about 120 °C and 
small amounts of HC1, S0 2 and HF were detected at high temperature over 950 °C. SiF was 
also detected and it resulted from the reaction of HF and SiC>2 at high temperature. 

Figure 3 TGA/DTA/FTIR Profile of Mixture in Thermal Process 

The major crystal phases of thermal solidification products clinkers identified by XRD were 
(Fe, Cr)304, (Fe, Cr)203, Fe203 with minor amounts of anorthite and quartz (see .Figure 4). 
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Most (Fe, Cr)304 present in the dust was oxidized into (Fe, Cr)203 and Fe203. The clinker 
appeared visually porous and had a sinter-like texture. SEM examinations for the clinkers of 
bag-house dust (Figure 5a) and stockpile dust (Figure 5b) indicated that extensive liquefaction 
and evolution of gaseous phases had occurred during thermal process. The formation of large 
vesicles within the clinker was resulted from gases evolution from the liquefied regions of 
sample. Although the quartz particles retained in original angular morphology, the 
liquefaction and vitrification occurred .and calcite completely disappeared. The heavy metals 
within the dust were packed in this way and distributed in the (Fe, Cr)304 and (Fe, Cr)203 

phases, while some Mn, Zn, AI, Mg and Ti were distributed in silicate phase. Clinkers were 
also subjected to thermal analysis as shown in Figure 6. It can be seen from the 
TGA/DTA/FTIR results that the clinker was very thermally stable (Figure 6). The weight loss 
of the clinker was less than 0.5% when the temperature reached up to 1200 °C. There were no 
significant reaction appeared on the DTA curves and only traces of moisture and carbon 
dioxide were detected by FTIR. 

Figure 4 XRD of Thermal SolidificationProduct 

Figure 5 SEM of Thermal Solidification Products 

458 



Figure 6 TGA/DTA/FTIR Profile of Solidification.Product 

In order to assess the stabilization of the hazardous elements present in the EAF stainless steel 
dust after thermal solidification, clinkers of bag-house dust and stockpile dust were subjected 
to US EPA TCLP test. Table 111 shows the leaching results of the tests for the clinkers, which 
were thermally solidified at 1100 °C for 15min. It was observed that the heavy metals released 
to the solution were in the concentration limits of the regulatory for the solid waste disposal. 
But it would be noted that the amounts of Hg and Se in the solutions were below the detection 
limit of the instrumentation (0.0024 ug-L"1). 

Table niContent of TCLP Leachate /ug-L'1 

Element 

EPA regulation 

Bag-house 
clinker 
Stockpile 

1 clinker 

As 

5.0 

0.002 

0.04 

Cd 

0.5 

0.002 

0.02 

Cr 

5.0 

0.31 

0.54 

Cu 

10 

0.3 

0.3 

F 

150 

0.15 

0.40 

Ni 

10 

0.31 

0,40 

Pb 

5.0 

0.05 

0.03 

Zn 

10 

0.4 

0.2 

Se 

1.0 

<0.0024 

<0.0024 

Hg ] 
0.2 1 

<0.0024 

<0.0024 

Conclusions 

This study was conducted to develop a novel thermal solidification process of EAF stainless 
steel dust. A local clay, low cost and easily available, was mixed with the dust as the additive 
in the ratio of 1:1. The clinkers were obtained after the mixture was treated at 1100 °C for 15 
min and exceeded the US EPA leaching quality. Lower softening temperatures, crucial 
parameter that affected the quality and the leaching results of clinkers, could be achieved in 
the compositional region of 35-37% silica, 18-20% alumina and 45-50% EAF dust based on 
the profile of softening temperature on alumina-silica-EAF dust mixtures. The final products 
of solidification were porous sinter-like textures and the major phases were (Fe, Cr)3C>4, (Fe, 
Cr)2C>3 that packed the heavy metals. The characteristic of final products clinkers was 
thermally stable and no significant reaction occurred in the further thermal processes when 
temperature reached up to 1200 °C. 
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Abstract 
Electrolytic Manganese Residue (EMR) was used as the main material to prepare 
cementing material activator for the utilization of the residue from electrolytic 
manganese dioxide (EMD) or electrolytic metallic manganese (EMM) production. 
The effects of chemical activation, thermal activation and mechanical activation on 
retarding activity and excitation activity of EMR were investigated according to the 
setting time and activity index of EMR-slag cementing material. The results showed 
that the EMR exhibited good activating performance after being ball-milled for 18 
min and then treated for 1-2 hours at temperature range of 350-450 °C The optimal 
properties of cementing material activator were achieved at the weight percent ratio 
30 : 3 : 5 of EMR/Ca(OH)2/cement clinker. 

Introduction 

Many hazardous industrial solid wastes such as blast furnace slag, fly ash, 
steelmaking slag, chromic slag and electrolytic manganese residue [1] are generated 
in China and their amounts increases every year. The accumulation of the solid wastes 
during past years is very huge and they could be hardly recycled effectively as a 
sustainable resource. 2.35 billion tons of industrial solid wastes have been produced 
up to now [2]. It is estimated that they would exceed 3.3 billion tons by the end of 
2015 [3]. On the other hand, the quick development of Chinese infrastructural 
construction needs more cementing materials. The production of traditional building 
materials_consumes lots of natural resource such as clay and limestone and discharges 
at least 1 ton CO2 and other pollutants per ton clinker [4]. Therefore, it is necessary to 
develop new types of cementing materials instead of clinker [5,6]. 
Electrolytic manganese residue(EMR) is a kind of solid waste from filtering 
procedure after sulfuric acid leaching of manganese carbonate ore, Mn(>2 oxidative 
deferrization and lime neutralization. By the end of 2009, 130 kt of Electrolytic 
manganese was produced and about 480-560 kt of residue was discharged to the 
environment. The deposited EMR occupied fertile land, threatened crop, polluted 
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environment, limited the development of corporation and became one of the serious 
local water pollution sources [7,8]. Recycle and complex reutilization of EMR were 
fundamental solutions to its environmental contamination. 
Preparation of chemical products and building material are two ways for EMR recycle 
and complex reutilization. DE Jianqi [9] used EMR to make fertilizer based on 
abundant MnS04, iron compounds, Cu and other trace elements. Chen Bo and PAN 
Qijing [10] used EMR to make manganese dioxide by precipitation, pyrogenation and 
electroanalysis, the recovery of Mn reached 85.4%. Ke Guojun [11] substituted the 
EMR calcinated at 750 °C and 850 °C for part of cement clinker to make cementing 
material. Feng Yun and Liu Fei [12] studied the feasibility of substituting dried EMR 
for gypsum and found that EMR could be used to completely replace gypsum as 
retarder in Portland cement. 
EMR has the properties of both gypsum and hydraulic industrial solid wastes [13-15] 
due to its main chemical components that contains CaS(V2H20, SiC>2 and a small 
amount of AI2O3, Fe2C>3, Mn02, and etc [11, 16]. High moisture of 20% to 30% water 
in EMR makes it hard for cementing material making. Meanwhile calcium sulfate in 
EMR which appeared in the form CaS04'2H20 has low activity. Besides ofthat, other 
contents such as SiC>2 and AI2O3 have low hydration rate. Therefore EMR could not 
be used to prepare chemical activator for cementing materials applied in construction 
field until it is modified to promote its contents activity and mixed with other 
appropriate auxiliary-activators [17,18]. 
In this research, the effects of treating temperature and time, ball milling time, types 
of auxiliary-activators and mixture ratio on EMR's retarding activity and excitation 
activity were investigated according to setting time and activity index of blast furnace 
slag cementing material modified by EMR. The preparation of cementing material 
activator making with EMR was studied and EMR admixture was obtained. 

Materials and Methods 

Raw Materials 

EMR and fly ash was taken from Xiangtan EMD Group CO. LTD. S75 (A7>55, 
A8>75 ) Blast Furnace Slag was taken from Hunan Valin Xiangtan Steel CO. LTD. 
Cement clinker was taken from Hunan Pingtang Cement Plant. The chemical 
composition of used raw materials in the experiment was given in Table I. The milling 
was carried out by a planetary ball mill(Model: QM-3SP2, Nanjing NanDa Instrument 
Plant, China). 

Table I. Chemical Composition of Raw Materials /% 
Material 

EMR 
Blast furnace slag 
Cement clinker 

Si02 

30.60 
32.15 
22.13 

A1203 

6.83 
16.82 
5.41 

Fe203 

7.19 
0.97 
3.62 

CaO 
17.10 
37.94 
66.33 

MgO 
0.94 
8.76 
0.68 

S03 
24.50 
2.56 
0.5 

MnO 
5.45 
0.34 

Loss 
5.45 
0.09 1 
0.38 
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Wet EMR was dried to consistent weight at 80 °C in a vacuum drying oven and 
artificially broken to pass through a 16 square mesh sieve. Milling of broken EMR 
was undertaken for 6 min at 580 rmp using 2 mm diameter steel balls with the 
weight percent ratio of ball to EMR fixed at 3.8. The pretreated EMR was 
characterized by a median size (X50) of 0.568 urn and BET surface area 13,14 m2/g. 
Finally, The pretreated EMR was treated at 350 °C in the muffle furnace for 1 h and 
cooled down naturally to prepare modified EMR. 
The blast furnace slag was artificially broken to pass through a 16 square mesh sieve. 
Then milling of broken slag was undertaken for 30 min at 580 rmp using 2 mm 
diameter steel balls with the weight percent ratio of balls to EMR fixed at 3.8, The 
slag was characterized by a median size (X50) of 5.67 urn and BET surface area 
4.6677 m2/g. 
The clink was artificially broken to pass through a 16 square mesh sieve. Then milling 
of clinker was undertaken for 30 min at 580 rmp using 2 mm diameter steel balls with 
the weight percent ratio of balls to EMR fixed at 3.4. The clinker was characterized by 
a median size (X50) of 16.42 um and BET surface area 2.2699 m2/g. 

Chemical. Thermal and Mechanical Activation on EMR 

The modified EMR, CP Ca(OH)2, CP CaO, clinker were mixed to prepare EMR 
mixture and the mixture was added into the slag and fly ash according to the 
composition and ratio as Table II left part to obtain slag or fly ash-slag cementing 
material modified by different compositions of EMR mixture. The modified EMR, CP 
Ca(OH)2 and clinker were mixed according to L9(3 4) orthogonal table (Table III) to 
prepare EMR mixture. The EMR mixture was added into slag with the weight percent 
ratio of EMR to slag fixed at 3 : 7 to obtain slag modified by different ratios of EMR 
mixture. The two kinds of modified slag's 7 days activity index (A7) and 28 days 
activity index (A28) were determined. They were used to evaluate EMR's excitation 
effect on the slag and choose the optimal composition and ratio for EMR mixture. 
Some of pretreated EMR was treated at 120 *C, 250 °C, 350 °C, 450 'C, 550 °C and 
750 °C for 1 h respectively and cooled down naturally in the muffle furnace to obtain 
the thermally activated EMR. Another pretreated EMR was treated at 350 °C for 0 h, 
0.5 h, 1 h, 2 h, 4 h, 6 h, 8 h respectively and cooled naturally in muffle furnace. The 
EMR thermally activated in different time was obtained in this way. Finally, EMR's 
retarding activity and excitation activity were evaluated to choose the optimal treating 
temperature and time. 
The broken EMR was milled for 6 min, 12 min, 18 min, 24 min and 30min 
respectively at 580 rmp using 2 mm diameter steel balls under weight percent ratio of 
balls to EMR fixed at 3.8 to obtain a mechanically activated EMR. Finally, the EMR's 
retarding activity and excitation activity were evaluated to determine the optimal 
milling time. 

Characterization and Evaluation of EMR Activities 
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ASAP 2010 volumetric adsorption analyzer produced by Micromeritics Instrument 
Corp. was used to determine BET surface area. LS601 laser diffraction size analyzer 
produced by Zhuhai Omec Instruments Corp. was used to measure particle size. ISO 
Vicat apparatus was used to determine the water requirement of normal consistency 
for cementing materials. 
Retarding time and strength were EMR's main activation factors of cementing 
materials. They were defined as EMR's retarding activity and excitation activity and 
evaluated indirectly in following method. 
Thermally or mechanically activated EMR, CP Ca(OH)2 and cement clinker were 
mixed to prepare EMR mixture. Some of the mixture was added into blast furnace 
slag as an activator to obtain a modified slag. The weight percent ratio of 
EMR/Ca(OH)2/cement clinker/slag was fixed at 20 : 3 : 7 : 70. 7 days activity index 
(A7) and 28 days activity index (A28) of modified slag_were measured according to 
GB/T18046-2000 [19] to evaluate EMR's excitation function on the slag. Another 
mixture as a retarder agent was added into cement clinker and blast furnace slag to 
make EMR-slag cement. The weight percent ratio of EMR/Ca(OH)2/cement 
clinker/slag was fixed at 10 : 3 : 40 : 47. This cementing material's setting time was 
measured according to GB/T 1346-2001 [20] to evaluate EMR's retarding function on 
slag cement. 

Results and Discussion 

Chemical Additives on EMR Excitation 

Alkaline medium is required for the CaS04 in EMR to activate cementing material. 
Hydrating rate of the hydraulic components in EMR such as activated SiC>2 and AI2O3 
could be accelerated by the Alkaline medium. Lime, white lime and clinker were 
chosen as auxiliary-activators for EMR to make cementing material admixture for 
they were cheap and had been widely applied in industry. 
The effect of different chemical additives on EMR's excitation activity A7 and A28 
was presented in Table IL S75 slag's activity indexes in sample 3-6# were obviously 
promoted with alkali added as compared to that of sample l-2#. The sample 5# and 6# 
with Ca(OH)2 added had higher A7 while the sample 2# and 6# with Ca(OH)2 added 
had higher A28. It indicated that Ca(OH)2 and clinker had more effective 
auxiliary-activation effect on EMR than CaO, Ca(OH)2 was better for EMR to 
increase the slag cementing material's early strength and clinker was better for EMR 
to increase its later strength, the excitation effect of EMR on slag was guaranteed with 
Ca(OH)2 and clinker added at the same time as sample 6#. Sample 2# with fly ash 
partly substituted for slag had lower activity indexes than Sample 1#. It illustrated that 
it was better.for EMR to activate slag than to activate fly ash. 

Ratio of Materials on EMR Activation 

The EMR mixture was composed of EMR, Ca(OH)2 and clinker according to above 
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experiment. Its ratio of them on activation performs was studied using orthogonal 
experiment. 
The values of four levels for every factor were based on our early exploratory single 
factor experiments and literature [21]. The samples' A7 and A28 were presented in 
Table III. The optimal levels group for A7 was A1B2C4, its weight percent ratio of 
Ca(OH)2/cement/clinker EMR was 3 : 4 : 30. The optimal levels group for A7 was 
A1B3C4, its weight percent ratio of Ca(OH)2/ cement/clinker EMR was 3 : 6 : 30. 
The final optimal weight percent ratio of Ca(OH)2/cement/ clinker EMR was fixed at 
3 : 5 : 30 to guarantee the best early and later excitation of EMR on slag. The 
importance order of three factors was studied by rang analysis in the orthogonal table 
and_based on A7 was EMR, Ca(OH)2 and clinker. The importance order of three 
factors based on A28 was EMR, clinker and Ca(OH)2. It indicated that EMR was the 
most important activator, Ca(OH)2 had more effective activation effect on slag's early 
activity than clinker while clinker had more effective activation effect on slag's later 
activity than Ca(OH)2. It certified the result in former experiment. 

Table II. Effect of Chemical Additives on EMR Excitation Activity /% 
No. 
1# 
2# 
3# 
4# 
5# 
6# 

EMR 
20% 
20% 
20% 
20% 
20% 
20% 

Clinker 
— 
— 

10% 
— 
— 
5% 

CaO 
— 
— 
— 
5% 
— 
— 

Ca(OH)2 

— 
— 
— 
— 
5% 
5% 

Fly ash 
— 

20% 
— 
— 
— 
— 

Slag 
80% 
60% 
70% 
75% 
75% 

J2ÎL 

A7 
73 
67 
86 
80 
106 
94 

A28 
89 
86 
92 
87 
85 
92 

Treating Temperature on EMR Activities 

The gypsum was found to have five crystal phases [22-24] CaS04'2H20, 
CaSO40.5H2O, CaS04(III), CaS04(II) and CaS04(I), which had different 
microstructures and macroscopic properties. The crystal pattern of gypsum would 
transform in heat treatment processes. However, EMR had not only gypsum but also 
other compounds such as Si02, Al203, Fe2(>3, MgO, and MnO. Effect of temperature 
on gypsum's crystal pattern was significant for us to study the thermal activation of 
EMR. It was found that the gypsum in EMR did not have the same transformation 
rules as pure gypsum. 
Setting time of EMR-slag cement was provided in Table IV. It was found that the 
setting time shortened with the increase of treating temperature. The slag cementing 
material added with raw EMR had the longest initial setting time 6 h while other slag 
cementing material added with thermally activated EMR had shorter ones. The initial 
setting time was almost steady when the treating temperature was over 350 °Q but the 
final setting time still shortened to some extent. Although all of the samples' setting 
time accorded with Chinese national standard well, 3 h initial setting time would be 
more suitable for application. 
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Table III. Orthogonal Experiment for the Ratio of EMR Admixture 

No. 

Î 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

I CD 
X (2) 
I (3) 
I (4) 

I (1) / 4 
I (2) / 4 
I (3) / 4 
I (4) / 4 

R 

Optimal level 
Importance 

| order 

Factors 

A 
1 
1 
1 
1 
2 
2 
2 
2 
3 
3 
3 
3 
4 
4 
4 
4 

A7 
366 
304 
314 
335 
91.5 
76 

78.5 
83.75 
15.5 

C a ( O H ) 2 

3g 
3g 
3g 
3g 
4g 
4g 
4g 
4g 
5g 
5g 
5g 
5g 
6g 
6g 
6g 
6g 

A28 
326 
309 
316 
300 
81.5 

77.25 
79 
75 
6.5 

B 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 

A7 
325 
342 
328 
324 

81.25 
85.5 
82 
81 
4.5 

A7 
Al B2 C4 

C > A > B 

Clinker 
2g 
4g 
6g 
8g 
2g 
4g 
6g 
8g 
2g 
4g 
6g 
8g 
2g 
4g 
6g 
8g 

A28 
289 
317 
328 
307 

72.25 
79.25 

82 
76.75 
9.75 

C 
1 
2 
3 
4 
2 
1 
4 
3 
3 
4 
1 
2 
4 
3 
2 
1 

A7 
306 
322 
310 
381 
76.5 
80.5 
77.5 

95.25 
18.75 

EMR 
15g 
20g 
25g 
30g 
20g 
15g 
30g 
25g 
25g 
30g 
15g 
20g 
30g 
25g 
20g 
15g 
A28 
287 
323 
293 
338 

71.75 
80.75 
73.25 
84.5 
12.75 

A28 
Al B3 C4 

C > B > A 

Activity 
index | 

A7 
83 
98 
89 
96 
68 
74 
91 
71 
71 
91 
72 
80 
103 
79 
76 
77 

A28 1 
64 
89 
82 
81 
74 
73 
97 
65 
76 
85 
72 
83 
75 
70 
77 
78 

EMR had low effective sulfate solubility and gypsum hydration rate when it was 
untreated or just treated under 300 °C The sulfate could make such thin AFt layer by 
reacting with C4AH13 slowly that the EMR-slag cementing material had long setting 
time. The sulfate and gypsum had higher solubility and hydration rate after EMR 
treated at 300 °C to 600 °C Plenty of AFt formed quickly and grew up as acicular 
crystals, which overlapped among cement particles in reticular structure and made 
slurry set normally and the setting time of EMR-slag cementing material short. The 
sulfate's solubility was still higher than that of EMR treated under 400 °C although the 
gypsum had the lowest hydration rate after treated above 600 °C AFt enwrapping 

466 



layer formed so quickly that the setting time of EMR-slag cementing material was 
much shorter. 

Table IV. Effect of treating temperature on EMR retarding activity 

NO. 

1 
2 
3 
4 
5 
6 
7 

T/°C 

None 
120 
250 
350 
450 
550 
750 

Water requirement of 
normal consistency 

0.292 
0.304 
0.314 
0.312 
0.320 
0.328 
0.364 

Initial setting 
time(min) 

360 
250 
240 
165 
170 
170 
160 

Final setting 
time(min) 

430 
290 
290 
300 
280 
270 
225 

Activity indexes of modified slag were presented in Figure 1, As viewed from the A7 
dates, the activity of slag modified by raw EMR or by the one dried at 120 °C was 
higher than that of the slag modified by the one treated at higher temperature. This 
means that the latter had lower early strength than the former. As viewed from the 
A28 dates, the activity of slag modified by thermally activated EMR was higher than 
that of the slag modified by raw EMR, particularly the EMR treated at 350 °C and 
450 °C illustrated stronger effective excitation effect on slag. 
It was found that sustaining existence and high concentration of Ca2+ and SO42" not 
only kept the fast formation of AFt phase steady, but also provided Ca2+ saturation for 
Ca(OH)2 nucleation in cement hydrating process [25]. The nucleation of Ca(OH)2 
could accelerate the hydration of C3S and C2S. EMR had higher sulfate solubility and 
gypsum hydration rate after treated at 300 °Cto 600 °C which could provide plenty of 
Ca2+ and S04

2" for the production and agglomeration of AFt and C-S-H. A compact 
hydration product was obtained for the cement particles were packed tightly. This 
made A28 of slag modified by these EMR higher. On the other hand, sulfate solubility 
and gypsum hydration rate in raw EMR were lower so that its sulfate excitation effect 
on slag was not obvious and A28 of slag modified by these EMR was very low. 
The thermally treated EMR had not only good retarding activity but also obvious 
excitation effect on the slag. It could promote the strength of slag cement and be used 
to make retarding and excitation addict for cementing material. 

Figure 1. Effect of Treating Temperature 
on EMR Excitation Activity 

Figure 2. Effect of Treating Time on 
EMD Residue Excitation 
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Treating Time on EMR Activities 

Treating time is one of primary influence facts during EMR thermal modification 
and should be taken into account except for the treating temperature. 

Table V. Effect of treating time on EMR retarding activity 

No. 

1 
2 
3 
4 
5 
6 
7 

Thermal time(h) 

0 
0.5 
1 
2 
4 
6 
8 

Water requirement of 
normal consistency 

0.316 
0.316 
0.316 
0.316 
0.320 
0.320 
0.324 

Initial setting 
time (min) 

220 
225 
165 
190 
185 
245 
220 

Final setting 
time (min) 

295 
315 
265 
305 
285 
315 
305 

The experimental data for setting time of EMR-slag cement was provided in Table V. 
It was seen that the setting time shortened first and then prolonged with the extension 
of treating time. The initial setting time of slag cementing material added with EMR 
treated for 1 h to 4 h accorded with the application preference in China. Activity 
indexes of modified slag were presented in Figure 2. The slag modified by EMR 
treated for 1 h to 2 h illustrated highest activity up to 90 for A28. 
The effect of treating time on EMR activity, as well as the effect of treating 
temperature discussed before, could be understood by analyzing the formation of 
different gypsum crystal. CaSO4*0.5H2O was dehydrated to form CaSO^III) step by 
step with the extension of treating time, meanwhile CaSO^III) crystal particles grew 
up and integrated. This made its activity higher. But excessively prolonging treating 
time not only caused the crystal particles agglomerating but also led alkali or other 
sulfate decomposed. Thus, EMR activity was weakened and A28 of slag modified by 
this EMR declined. 

Milling Time on EMR Activities 

The particle size of EMR was very small and easy to agglomerate for dehydration 
after thermal treatment. Therefore, mechanical activation would not only increase its 
surface area by reducing its particle size but also promote its activity by increasing its 
crystal defects. 
The effect of milling time on EMR retarding and excitation activities was presented in 
Table VI and Figure 3. The median size (D50) of EMR particles decreased first and 
increased afterwards with milling time prolonged. Its decrease illustrated that the 
agglomerated EMR particles were separated by ball milling. But the separated 
particles were agglomerated again by mechanical power under excessively extending 
the milling time this resulted in the D50 increasing again and made.EMR particles' 
surface area increases by mechanical activation. On one hand, the surface area 
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increased with particle size decrease as sample 1# to 3#. The surface area got larger 
with surface roughness and cracks of EMR particles by the milling. It was the reason 
for that sample 4# and 5# had the bigger D50 than sample 1# on the same surface area. 
It was found that the initial setting time of EMR-slag cementing material decreased 
firstly and later increased, A28 of the slag modified by EMR increased firstly and 
decreased later, both of them reached the peak with the EMR milled for I8min. The 
activity of gypsum in EMR was promoted with particle size decrease and surface area 
increase. The gypsum's solubility and hydration rate were also improved. It increased 
A28 and shortened the setting time. Besides ofthat, it was mentioned in Ke Guojun's 
research [26] that the dispersed small quartz particles could make the AFt form on its 
surface. These prevented it from deposited on the cement particles and greatly 
accelerated the C3A's hydration rate. In this experiment, the Si02 in milled EMR had 
small particle size, large surface area and high activity. The AFt was absorbed on its 
surface and the hydration rate of C3A in EMR-slag cementing material was improved 
indirectly. It shortened the setting time and promoted the sample's strength. 

No 

1# 
2# 
3# 
4# 
5# 

Table VI. Effect of Ball Milling Time on EMR Retarding Activity 
Ball milling 

time(min) 

6 
12 
18 
24 
30 

D50 

(nm) 

568 
476 
372 
647 
641 

BET surface 

area (m2/g) 

13.14 
15.94 
16.66 
15.90 
15.98 

Water requirement of 

normal consistency 

0.312 
0.311 
0.306 
0.296 
0.294 

Initial setting 

time (min) 

270 
230 
150 
290 
240 

Final setting 

time (min) 

360 
320 
310 
360 
315 

Figure 3. Effect of Ball Milling Time on EMR Excitation 

Conclusions 

EMR has good retarding and excitation functions after chemical, thermal and 
mechanical activation. The modified EMR contributes to both increasing slag 
cementing material's strength and adjusting its setting time. The following 
conclusions are drawn from this study. 
(1) The activity indexes of the slag are promoted with EMR added. EMR could be 
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used to prepare activator for slag cementing materials after chemical activation. The 
excitation of EMR improves with clinker and Ca(OH)2 mixed. The optimal weight 
percent ratio of EMR/Ca(OH)2/ cement clinker for making cementing material 
activator is 30 : 3 : 5. 

(2) The setting time of EMR-slag cementing material prolongs with residue content. 
It is better to use as much residue as possible in cementing material admixture on the 
promise of accordance with the Chinese GB and treated at low temperature. Therefore, 
350 °C and lh are the best parameters for EMR thermal modification based on high 
residue content utilization, energy-saving and habit of using 3h initial setting time 
cementing material in China. 

(3) The retarding and excitation activities of EMR are influenced by its particle size 
and surface area determined by mechanical activation. Small particle size and lager 
surface area result in high hydration rate for EMR components and contribute to 
better excitation performance on slag. Eighteen min is the optimal milling time for 
EMR mechanical activation. 
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Abstract 

In this paper, the desulfuration of pyrite cinder pellets was carried out. Phase analysis 
shows that most sulfur of pyrite cinder exists in the form of elementary sulfur. Most 
sulfur was removed in preheating stage. 81.25% sulfur was removed and the average S02 

concentration of exhaust gas was 1365ppm when the pellets were preheated at 950°C for 
9 min. The final product, assaying 62.42wt%Fe and 0.02wt%S content at 96.88% 
desulfuration was achieved under the conditions of preheating at 950*C for 9 min and 
roasting at 1200°C for 15 min, which can be used as the burden for blast furnace. 

Introduction 

Pyrite cinder, as a subsidiary product of sulfuric acid production by roasting of pyrite 
ores, was solid waste in sulfuric acid enterprises. According to the statistics, the annual 
production of pyrite cinder is about 15 million tons in China. Besides, there is lots of 
pyrite cinder deposited for many years [1-3]. The pyrite cinder consumed in the cement 
and other industries as auxiliary additives only accounts for less 30% of its total 
discharge and the left is stored in waste pond, occupying much land and polluting 
environment in China [4-5]. Moreover, pyrite cinder contains iron between 30-63% 
which can be utilized as a cheap raw material for ironmaking by sintering or pelletizing 
processes, which can not only prevent pollution but also provide cheap raw materials for 
ironmaking [6-7]. However, compared to traditional iron ore concentrate, pyrite cinder 
possesses higher sulfur content. 

There are extensive researches carried out on the utilization of pyrite cinder [8-11], such 
as high grade pyrite cinder containing over 60wt%Fe can be directly used to produce 
oxidized pellets, and lower grade pyrite cinder can only be used directly to produce sinter 
or to prepare oxidized pellets only after being upgraded. However, the researches about 
the desulfuration of pyrite cinder pellets are very few. Therefore, the desulfuration of 
pyrite cinder pellets was studied in this paper. 
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Experimental 

Raw Materials 

The raw materials include the pyrite cinder and bentonite. Their chemical compositions 
of materials are documented in Table 1. The iron grade of the pyrite cinder is 63.34%Fe, 
which is suitable for pelletizing feed. However, the sulfur content is 0.64%, which is 
much higher than traditional iron concentrate. The particle size of pyrite cinder 89.54% 
passes 0.074mm. The sulfur content distributions in pyrite cinder are given in Table 2. 
The sulfur of pyrite cinder exists in the form of elementary sulfur. The particles 
morphology of pyrite cinder under SEM is depicted in Figure 1. It can be seen that pyrite 
cinder particles possesses high porous rough surface. 

Table I. Chemical Compositions of Raw Materials 
Types 
Pyrite 

cinder/% 
Bentonite/% 

Fetotai 

63.34 

3.88 

FeO 

15.9 

A1203 

1.60 

16.34 

CaO 

0.85 

1.98 

MgO 

0.23 

2.02 

Na20 
0.024 
2.40 

K20 
0.19 
2.00 

Si02 

6.58 
54.85 

P 
0.017 
0.028 

S 
0.64 
0.029 

LOI 
0.75 
12.08 

Table II. Sulfur Content Distributions in Pyrite Cinder 
Types 

Content/% 
Distribution/% 

Sulfate 
0.07 
10.94 

Elementary sulfur 
0.56 
87.50 

Sulfide 
0.01 
1.56 

Total 
0.64 
100 

(a) Pyrite cinder 1000X (b) Pyrite cinder 2000X 
Figure 1. Morphological Photographs of Pyrite Cinder under Scanning Electron 

Microscope (SEM) 
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The quality of bentonite is excellent due to higher content of montmorillonite of 90.5%, 
higher swelling volume of 15.8mL/g and water adsorption of 416% and fine size of 
86.72% passing 0.074 mm. 

Experimental Procedure 

The experiment flow sheet includes main procedures, such as mixing pyrite cinder with 
bentonite at a given ratio, pelletizing in a disc pelletizer, drying in the oven, preheating 
and roasting in a tube furnace to make roasted pellets. 

Green pellets were made from the mix of pyrite cinder and bentonite in a disc pelletizer 
of 0.8m in diameter and 0.2 m rim depth, rotational speed at 38 rpm and inclined at 47° to 
the horizontal. The green pellets were then sized between 12 and 16mm. Dried pellets 
were obtained under the condition of drying the green pellets in the oven at 105°C for 2h. 
Eight dried pellets were preheated and roasted in a tube furnace of 50mm in diameter and 
600mm width. The sulfur content of preheated pellets and roasted pellets was tested. The 
flow rate of air was lL/min, and the SO2 concentration in exhaust gas was calculated by 
the sulfur content in pellets at different time in preheating and roasting stages. 

Green pellets were made under the following conditions: mixing pyrite cinder with 
1.5wt% dosage bentonite and pelletizing for 13min at 13% moisture in disc pelletizer. 
The green pellets were dried in the oven at 105°C for 2 h. The sulfur content of green 
pellets and dried pellets are 0.64wt%, and the sulfur cannot be removed by drying in the 
oven. 

Results and discussions 
Preheating and Roasting 

Preheating Temperature. Figure 3 illustrates the effects of preheating temperature on the 
S content of preheated pellets and desulfuration. S content of preheated pellets reduces 
from 0.15% to 0.058%, and the desulfuration increases from 76.56% to 90.94% when the 
temperature is elevated from 850°C to 1000°C. The higher the preheating temperature 
was elevated, the lower S content of preheated pellets was obtained. The reason is that 
sulfur of pyrite cinder exists in the form of elementary sulfur, which was oxidized into 
SO2 to exhaust when pellets were preheating in the air. 
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Figure 3. Effects of Preheating Temperature on S Content of Preheated Pellets and 
Desulfiiration (Preheating for 15 min) 

Preheating Time. The effects of preheating time on S content of preheated pellets and 
desulfiiration are presented in Figure.4. As the preheating time exceeds from 9 min to 18 
min, the S content of preheated pellets decreases from 0.12% to 0.085%, and the 
desulfiiration climbs from 81.25% to 86.72%. Compared to preheating temperature, 
preheating time possesses less influence on S content of preheated pellets and 
desulfuration. 

Figure 4. Effects of Preheating Time on S Content of Preheated Pellets and Desulfuration 
(Preheating at 950*C) 

Roasting Temperature. It can be seen from Figure 5 that with an increase in roasting 
temperature, S content of roasted pellets drops significantly from 0.036% to 0.018%, and 
the desulfuration (including preheating process) increases from 94.38% to 97.19%. In 
summary, increasing temperature can improve the desulfuration significantly in 
preheating and roasting process. 
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Figure 5. Effects of Roasting Temperature on S Content of Roasted Pellets and 
Desulfuration (Preheating at 950°C for 9 min and roasting for 15min) 

Roasting Time. Figure 6 demonstrates the effects of roasting time on S content of roasted 
pellets and desulfuration. The S content of roasted pellets reduces from 0.022% to 
0.020%, and the desulfuration (including preheating process) increases slightly from 
96.56% to 96.88% when roasting time extends from 9 min to 15 min. However, the S 
content of roasted pellets remains unaffected when roasting time prolongs to 18 min. It 
can be concluded that roasting time brings about slight impact on reducing S content of 
roasted pellets in roasting process. 

Figure 6. Effects of Roasting Time on S Content of Roasted Pellets and Desulfuration 
(Preheating at 950°C for 9 min and roasting at 1200V) 

The roasted pellets, assaying 62.42wt% iron grade and 0.02wt% S content at 96.88% 
desulfuration was achieved under the conditions of preheating at 950°C for 9 min and 
roasting at 1200°C for 15 min , which meets the requirement of the burden for blast 
furnace. 
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SO? Concentration of Exhaust Gas 

Figure 7 shows S02 concentration of exhaust gas in preheating and roasting process. The 
SO2 concentration of exhaust gas drops noticeably when time increases from 0 to 12 min. 
The SO2 concentration of exhaust gas reduces slightly from 105ppm to 42ppm when time 
is exceeded from 12 to 24 min. Moreover, the SO2 concentration of exhaust gas in 
preheating stage is much higher than that in roasting stage. In preheating stage, the 
average SO2 concentration of exhaust gas is 1365ppm, much higher than that of 132ppm 
in roasting stage. It can be conclude most sulfur of pyrite cinder was removed in 
preheating stage, which agrees with the results of Fig.4 that 81.25% sulfur was removed 
when dried pellets preheating at 950°C for 9 min. 

Figure 7. SO2 Concentration of Exhaust Gas in Preheating and Roasting Process 
(Preheating at 950 °C for 9 min and roasting at 1200°C for 15 min) 

Conclusions 

(1) Most sulfur of pyrite cinder exists in the form of elementary sulfur, and the sulfur 
cannot be removed when the green pellets dry in the oven at 105 °C. The sulfur can be 
removed in preheating and roasting stage. Desulfuration effects of preheating stage are 
superior to those of roasting stage. Compared to the average SO2 concentration of 
132ppm in roasting stage, the average SO2 concentration of exhaust gas is higher of 
1365ppm in preheating stage. 

(2) The final product, assaying 62.42wt%Fe and 0.02wt% S content at 96.88% 
desulfuration, was obtained under the conditions of preheating at 950°C for 9 min and 
roasting at 1200°C for 15 min, which met the requirement of blast furnace burden. 
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Abstract 

With the rapid development of iron and steel industry, the supply of iron ores can not meet 
the present demand for iron and steel industry in China. Large reserves of oolitic hematite 
have been discovered with low iron grade (30% ~ 45%) and high phosphorus content (0.4% ~ 
1.8%). Traditional processes for utilization of this ore are characterized as either high cost or 
low dephosphorization. In this study, sodium salts-modified paigeite (SSMP) was added to 
enhance on the dephosphorization of high-phosphorus oolitic hematite by using reduction 
roasting followed by magnetic separation. Various parameters, including the amount of SSMP, 
reduction time, reduction temperature, grinding fineness and the magnetic field intensity were 
investigated. As a consequence, a magnetic concentrate of metallic iron powder with total 
iron grade of 93.2% and phosphorus content of 0.08% was obtained under the optimal 
conditions. The results also provide a potential avenue for the comprehensive utilization of 
paigeite ore. 

Introduction 

Oolitic hematite is currently recognized as one of the most refractory iron ore resources in the 
world. Over 4.0 billion tons of reserves of such resources have been found in China, and 
more than 10 billion tons in the long-term. This kind of ore is characterized as low iron grade 
(30%~45% TFe) and high phosphorus content (0.4%~1.8% P), as well as fine particle size 
distribution of ferrous minerals (the size distribution varies from 5~30 urn, even less than 2 
urn) and the complex association between iron and other gangue elements [1-5]. The unique 
structural characteristics of the high phosphorus oolitic hematite make it difficult to obtain 
high iron recovery and good dephosphorization efficiency by using the conventional 
processes [1,2]. Traditional processes are characterized as high cost and low 
dephosphorization for oolitic hematite beneficiation [9-15], 
The methods reported for dephosphorization of oolitic hematite mainly include physical 

* Corresponding Author: Dr. Tao Jiang, jiangtao@csu.edu.cn 
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séparation, flotation, magnetic roasting-magnetic separation and reduction roasting-magnetic 
separation, etc. [8-12]. Chemical leaching and bio-leaching are also used to treat high 
phosphorus content iron ore [6, 7]. Currently, dephosphorization from oolitic hematite ore 
was widely studied by reduction roasting in the presence of additives followed magnetic 
separation and the dephosphorization was improved. For an example, a magnetic concentrate 
with 85% total iron grade and 0.2%~0.5% phosphorus content was obtained when reduced at 
1150-1300°C with addition of burnt lime [13], and also a metallic iron powder with 93.84% 
total iron grade and 0.083% phosphorus content was obtained when reduced in the presence 
of sodium salts, however, a smelting problem of the materials during reduction roasting 
causes difficulties in practice [13,14]. 
Aiming to eliminate the fusion problem resulted from the addition of sodium salts, a new 
additive of sodium salts-modified paigeite (SSMP) was developed to enhance the 
dephosphorization of oolitic hematite. The effects of SSMP dosage, as well as reducing 
temperature and time, magnetic separation, on the ephosphorization were investigated. 

Experimental 

Materials 

The oolitic hematite ore used in this study was taken from Hubei province of China. The 
chemical compositions were given in Table I. The XRD pattern presented in Figure 1 shows 
that the ore mainly contains hematite (Fe203), quartz (SiCk), talc (Mg3(Si40io)(OH)2), 
chlorite and calcite, etc.. The chemical phase and distribution of elements presented in Tables 
II, III indicate that hematite (limonite) is the main iron-bearing mineral, accounting for 97.7%, 
and apatite is the main phosphorus-bearing mineral which takes the percentage of 95.5%. 

Table I. Main Chemical Composition of the Oolitic Hematite Ore (mass fraction, %) 
Total iron grade 

43.20 

P 

0.90 
Si02 

19.47 
A1203 

7.27 

MgO 

0.75 

CaO 

3.90 

Na20 

0.11 

S 

0.02 

LOI* 

4.03 
LOI*-Loss On Ignition 
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Figure 1. XRD Pattern of the Oolitic Hematite Sample 
Table II. Chemical Phase and Distribution of Iron in Oolitic Hematite Ore 

Occurrence phase 
Fe content /% 

Fraction/% 

hematite(limonite) 
42.04 
97.74 

ferrosilite 
0.79 
1.84 

siderite 
0.16 
0.37 

sulfide 
0.02 
0.05 

Total iron 
43.01 
100.00 

Table III. Chemical Phase and Distribution of Phosphorus in Oolitic Hematite Ore 
| Occurrence phase 

P content /% 
Fraction/% 

apatite 
0.85 

95.51 

iron-containing minerals 
0.019 
2.13 

others 
0.021 
2.36 

Total P 
0.89 

100.00 

Methods 

The Experimental flowsheet is shown in Figure 2. The ground oolitic hematite was 
agglomerated after thoroughly mixed with a certain amount of SSMP. The reduction roasting 
tests of dry agglomerate were carried out in a vertical furnace at the given temperature for a 
given period. Lignite was used as the reductant. Reduced agglomerate was subjected to low-
intensity magnetic separation after crushed and ground, and the magnetic product was 
metallic iron powder. Subsequently, the recovery of iron and the dephosphorization ratio can 
be calculated as follows: 

r = ^ x l 0 0 % ^ = ^ . x l 0 0 o / o (I) 

Where: y is the magnetic recovery of Fe, %; n is the dephosphorization ratio, %; mi is the 
weight of reduced agglomerate, g; mo is the weight of magnetic product, g; a is the iron grade 
of reduced agglomerate, %;ß is the iron grade of magnetic product, %; Po is the phosphorus 
grade of magnetic product, %; Pi is the phosphorus grade of reduced agglomerate, %, 

Coal — 

Magnetic Product 

1 
Metallic iron powder 

Oolitic hematite 

Grinding 

i i 
Agglomeration 

1 ♦ 
Reduction roasting 

; 
Crushing and Grinding 

+ 
Magnetic separation 

► 

J J M T aQQiiive 

Non-magnetic product 

1 
Tailing 

Figure 2. Experimental Flowsheet 
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Results and Discussion 

Effects of SSMP Dosage on the Magnetic Separation and Dephosphorization Ratio 

The results shown in Figure 3 evaluate the effect of SSMP on the magnetic separation and 
dephosphorization ratio. Experiments were performed under the condition of reduction 
roasting at 1050°C for 60min, grinding fineness of 93.5% undersize 74 urn and magnetic 
field intensity lOOOGs. 

Figure 3. Effects of SSMP Dosage on Magnetic Separation 

It can be observed that the presence of SSMP improved the quality of the magnetic product 
effectively. The total iron grade of magnetic product without SSMP is only 70.2% and 
phosphorus grade is 0.67% , and the iron recovery is 64.8% and dephosphorization ratio is 
61.1%. With increasing of the dosage of SSMP from 10% to 40%, the quality of magnetic 
product is gradually improved. Adding 35% SSMP, the iron grade of metallic iron powder 
reaches 92.6%, and the phosphorus grade goes down to 0.12%, 93.3% dephosphorization 
ratio is obtained correspondingly. 

Effects of Reduction Temperature on Reduction and Magnetic Separation 

Effects of reduction temperature on quality of magnetic product and the recoveries of iron 
and dephosphorization ratio are shown in Figure 4. SSMP dosage is 35%, and reduction time 
is fixed at 60min. Grinding fineness is 93.5% undersize 74 urn and magnetic field intensity is 
lOOOGs. 
The roasting temperature had significant effects on phosphorus grade of the magnetic product 
and dephosphorization ratio. It can be seen that the grade of iron and iron recovery increase 
obviously with reduction temperature increasing from 900°C to 1050°C, and P grade 
decreases to 0.10%, however, these indexes turn into the opposite direction when reduced at 
1100°C~1150°C and P grade increases accordingly. It can be concluded that the appropriate 
roasting temperature range is 1050°C tollOO°C. 
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Figure 4. Effects of Reduction Temperature on Magnetic Separation 

Effects of Reduction Time on Reduction and Magnetic Separation 

The phosphrous content and total iron grade of magnetic product are given in Figure 5 as a 
function of reduction time under the conditions of 35% SSMP dosage, reduction temperature 
1050°C, grinding fineness of 93.5% undersize 74 urn and magnetic field intensity lOOOGs. 

Figure 5. Effects of Reduction Time on Magnetic Separation 

The results indicate that the grade of iron, iron recovery and dephosphonzation ratio increase 
significantly with increasing of reduction time from 45 min to 60 min. At the same time, the 
phosphorus grade of the magnetic product decreases to 0.10%. With the reduction time 
increases from 60min to 75min, the grade of iron and iron recovery increase from 90.3% to 
92.5% and from 85.6% to 88.2% respectively, and the phosphorus grade is as low as 0.09%. 
The proper reduction time of 75min is recommended at 1050°C. 
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Effects of Grinding Fineness on Magnetic Separation 

The effect of grinding fineness on the quality of magnetic product and the recovery of iron 
and dephosphorization ratio are shown in Figure 6. Reduction tests were performed with 35% 
SSMP under the condition of reduction temperature 1050°C for 75min, and magnetic field 
intensity lOOOGs. 

Figure 6. Effects of Grinding Fineness on Magnetic Separation 

The results in Figure 6 show that the grade and recovery of iron are influenced obviously by 
the grinding fineness. When grinding fineness of undersize 74 urn increases from 79.3% to 
95.8%, iron grade and recovery of magnetic product increases from 90.2% and 75.7% to 
92.6% and 88.5% respectively, meanwhile, phosphorus grade decreases from 0.10% to 0.08%, 
and dephosphorization ratio goes up to 95.5% correspondingly. There is no significant 
improvement in the results with smaller particle size. Therefore, 95.8% undersize 74 urn is 
the proper grinding fineness. 

Effects of Magnetic Field Intensity on Magnetic Separation 

Figure 7 shows the effect of magnetic field intensity on the quality of magnetic product and 
the recovery of iron and dephosphorization ratio when oolitic hematite was reduced at 
1050°C for 75min in the present of 35% SSMP and grinding fineness of 95.8% undersize 74 
urn. 
The result shows that the recovery of iron and dephosphorization ratio increase with the 
rising of magnetic field intensity, and the iron grade is not significantly changed. 93.2% of 
total iron grade of metallic iron powder, 88.5% and 94.5% of the iron recovery and 
dephosphorization ratio is achieved respectively. The phosphorus grade of the magnetic 
product is only 0.08% under lOOOGs magnetic field intensity. The appropriate magnetic field 
intensity is about lOOOGs. 
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Figure 7. Effects of Magnetic Field Intensity on Magnetic Separation 

Metallic Iron Product Properties 

The main chemical composition of the metallic iron product presented in Table IV was 
obtained under the following optimal conditions: 35% dosage SSMP, reducting temperature 
1050°C, reducting time 75min, grinding fineness of 95.8% undersize 74 urn, magnetic field 
intensity: lOOOGs. 

Table IV. Main Chemical Compositions of the Metallic Iron Product (mass fraction, %) 
Total iron grade 

[ 93.24 

P 

0.08 

Si02 

2.33 

A1203 

0.45 

Na20 

0.31 

CaO 

0,21 

MgO | 

0.61 J 

Conclusions 

(1) The new SSMP additive has an obvious effect on the recovery of iron and 
dephosphorization of oolitic hematite. 
(2) The optimum conditions of direct reduction process to treat the high phosphorus oolitic 
hematite are as follows: the ground oolitic hematite was agglomerated after thoroughly mixed 
with 35% SSMP under the condition of reduction temperature 1050°C for 75min, grinding 
fineness of 95.8% undersize 74 urn and magnetic field intensity lOOOGs. 
(3) A metallic iron product with iron grade of 93.2% and phosphorus content of 0.08% was 
obtained under the optimal conditions, at the same time, the recovery of iron was 88.5%, and 
the corresponding dephosphorization ratio was up to 94.5%. 
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Abstract 

Conventional ferronickel smelting has five main steps: Drying, calcination, prereduction, 
smelting and refining. In the scope of the current work, smelting experiments were conducted 
using Sivrihisar latérite ores (1.26% Ni) of Turkey. The ore samples previously subjected to 
drying, calcination and prereduction stages were smelted in alumina crucibles in a laboratory-
scale horizontal tube furnace under argon atmosphere. Smelting experiments were performed at 
1500, 1550 and 1600 °C. The amount of excess coal used in prereduction step was another 
variable. Sivrihisar latérite ore is a limonitic one with low MgO composition. Therefore, MgO 
was added to the smelting charge as a flux. The effects of experimental variables on metal Ni 
content and slag composition were investigated. 

Introduction 

There are three main latérite ore bodies in Turkey. Two of them are located in western region of 
the country, named as Gordes and Caldag reserves. The third one, recently found in Sivrihisar 
region at the beginning of the millennium, is in central Anatolia. Certain hydrometallurgical and 
pyrometallurgical studies have been conducted by using Gordes and Caldag latérites [1-7]. 
Currently, Caldag reserves are operated by European Nickel, while hydrometallurgical treatment 
of Gordes latérites are performed by META Nickel & Cobalt Co. Mining facilities have been 
continued especially in Yunusemre location of Sivrihisar by the same company. This ore body 
has an average Ni content of 1.26% and it is a limonite type latérite containing relatively low 
MgO content and high iron content. Industrial scale pyrometallurgical treatment of Sivrihisar 
latérites will hopefully be performed in a short while. In this respect, a ferronickel plant will 
probably be established in Yunusemre region by META Nickel & Cobalt Co. in couple of years. 

Last year, a project dealing with laboratory-scale ferronickel production from Sivrihisar latérites 
was supported by The Scientific and Technological Research Council of Turkey (TUBITAK). 
This project involves drying, calcination, prereduction and smelting stages of ferronickel 
production. Up to now, the first three stages of ferronickel production were studied. The readers 
are addressed to the related work for drying, calcination [8] and prereduction [9]. 

In the current study, smelting of Sivrihisar latérites was investigated. The ore samples previously 
subjected to drying, calcination and prereduction stages were smelted in alumina crucibles in a 
laboratory-scale horizontal tube furnace under argon atmosphere. Smelting experiments were 
performed at 1500, 1550 and 1600 °C. The amount of excess coal used in prereduction step was 
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another variable. Due to the nature of the ore, MgO was added to the smelting charge as a flux. 
The effects of experimental variables on metal Ni content and slag composition were studied. 

Experimental 

As explained in the previous stages [8] of the current project, representative samples prepared 
from run of mine ore (ROM) were first subjected to drying and calcination. The ore samples 
calcined at the optimum conditions were then prereduced using reductant coal. The degree of 
reduction of nickel, iron and cobalt to their metallic form were examined as well as the extent of 
conversion of Fe3+ into Fe2+. The results were discussed in the related work, in detail [9]. The 
prereduced calcines produced at the optimum conditions were used as the main charge materials 
in smelting experiments. 

A laboratory-scale horizontal tube furnace was used in the smelting experiments. In each run, 
charge materials were mixed and charged into alumina crucibles with dimensions of 60 mm 
length, 32 mm height and 25 mm width. In each experiment, charge mixture was heated to 
predetermined temperature and it was held at that temperature for predetermined time. At the end 
of this period, the furnace was cooled down to room temperature using its cooling program. 
From the start of the experiment till the shutdown of the furnace, argon gas was sent into the 
system with an average rate of 10 cc/min. A schematical picture of the experimental setup is 
given in Figure 1. 

Figure 1. Schematical View of the Experimental Setup 

Sivrihisar latérite ore is a limomtic one indicating that its MgO composition is very low. MgO 
content of the calcined ore was reported as 1.44% [9]. Therefore, MgO was added to the 
smelting charge to obtain a suitable slag composition satisfying desired Si02/MgO ratio, which is 
very important in ferronickel smelting. In each run, at the end of pyrometallurgical treatment as 
described above, alumina crucible was taken out of the furnace and crushed carefully. Solidified 
metal and slag particles were collected and subjected to chemical analysis. Metal and slag 
particles were first examined using SEM-EDS. For more accurate chemical analysis of metal and 
slag particles, ICP and XRF were applied, respectively. 
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Results and Discussion 

Smelting experiments were performed at 1500, 1550 and 1600 °C. In the runs conducted in the 
scope of this work, no coal addition was made. Although not included in this paper, the 
experiment conducted with the addition of coal produced a metal bullion, which was very poor 
as well as the nickel content was concerned. In the prereduction stage, use of around 50% excess 
coal was decided as the optimum coal content considering the degree of reduction of nickel and 
iron as well as the extent of conversion of Fe3+ into Fe2+ [9]. Therefore, this preliminary smelting 
experiment clearly showed that use of coal in smelting stage is not advised under optimum 
prereduction conditions. As indicated previously, Sivrihisar latentes are almost devoid of MgO 
so it was added to the smelting charge such that MgO wt./Total charge wt. ratio was adjusted as 
0.20. In all runs, charges were waited at the predetermined temperature for 40 minutes. The 
effect of temperature on metal nickel content is illustrated in Figure 2. 

Temperature (Q 

Figure 2. Variation of Metal Ni Concentration (%) with Temperature 

The results showed that an increase in experiment temperature led to an increase in nickel 
content of iron-nickel alloy. Ni content was reported to increase from 8.95% to 9.66% when the 
temperature was increased from 1500 to 1550 °C. A further increase in temperature to 1600 °C 
produced an iron-nickel alloy having a nickel content of 10.12%. Apart from this slight increase 
in metal nickel concentration, the highest distribution term, defined as [Ni wt in metal / (Ni wt in 
metal + Ni wt in slag)]* 100, was obtained at 1550 °C. At this temperature, this distribution term 
was calculated as 97%. Corresponding values at 1500 and 1600 °C were reported as 89% and 
95%, respectively. Normally, the use of recovery concept is more appropriate to evaluate the 
extent of nickel presence in metal. On the other hand, mass balances regarding to nickel input to 
the smelting system and nickel output from the system gave slightly different values for each 
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run. These variations were mostly attributed to certain variations created in proceeding 
calcination and prereduction stages as well as the mass losses while collecting the metal and slag 
particles from the crushed crucible. The extent of error created due to mass losses is more 
pronounced since the total charge weight was 15.40 grams in each run and therefore the weights 
of metal and slag particles is only a few grams. Due to these difficulties encountered, both the 
nickel weight in metal and the distribution term defined above were evaluated instead of 
recovery. 

The variation of slag NiO composition with temperature is shown in Figure 3. Although not 
given here, the slag weights were not very much different from one another. Therefore, NiO 
content of the slag is a valuable tool to analyze nickel losses. The highest nickel loss was 
reported at the run conducted at 1500 °C. NiO content of the slag was reported as 0.162% at this 
temperature. NiO composition was found to be less than 0.100% at higher temperatures. NiO 
values were obtained as 0.048% and 0.085% for 1550 and 1600 °C, respectively. The lowest 
nickel loss was reported at the experiment conducted at 1550 °C. As indicated in the previous 
paragraph, the run performed at this temperature produced the highest distribution term. 
Correspondingly, the highest %Ni/%NiO partition and metal/slag wt. ratio values were obtained. 
Therefore, for the experimental system under consideration, 1550 °C was determined as the 
optimum temperature for smelting. It was also inferred that 50% excess coal use at the 
prereduction stage led to formation of iron-nickel alloy having nickel content of around 10%, 
which is less than the minimum amount to be present in raw ferronickel. 

Figure 3. Variation of Slag NiO Concentration (%) with Temperature 
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Regarding to slags obtained at the end of these experiments, one of the most important points to 
be mentioned is the variation of A1203 content with temperature. The extent of interaction of 
alumina crucible with metal-slag system was reported to be directly proportional with 
temperature. This behavior was clearly observed especially at the end of the run conducted at 
1600 °C. Some parts of the bottom and side walls of alumina crucible turned down to brown like 
color, indicating the chemical reaction(s) between the crucible and the system. The chemical 
analysis of the slags produced clearly showed a great increase in AI2O3 composition when the 
experiment temperature was raised. As graphically shown in Figure 4, the slag obtained from the 
run conducted at 1500 °C was reported to contain 14.07% AI2O3. Alumina compositions of the 
slags produced at 1550 and 1600 °C were found as 22.45% and 38.33%, respectively. Although 
the numerical values are not included in the scope of the current work, this increase in AI2O3 
content took place with a decrease in FeO and Si02 compositions yielding lower SiC^/MgO 
values. Therefore, for the system under consideration, it was inferred that excessively high 
temperatures like 1600 °C must be avoided not to increase the extent of interaction between the 
crucible and the system. 

1500 1550 
Température (Q 

1600 

Figure 4. Variation of Slag AI2O3 Concentration (%) with Temperature 

As indicated previously, nickel content of the iron-nickel alloy was reported as ~10% even at 
1600 °C when 50% excess coal was used at the prereduction stage. In an effort to upgrade nickel 
content and to evaluate the degree of change in nickel composition, prereduced calcines were 
first produced with different excess coal additions and then subsequently smelted at 1550 °C for 
40 minutes. Prereduced calcines were produced using 37.5%, 25%, 12.5% and 0% excess coal, 
Prereduction experiments were conducted at 1000 °C for 40 minutes, as described in related 
work, in detail [9]. As the excess coal amount was reduced from 50% to 0%, nickel content of 
the iron-nickel alloy was reported to increase from -10% to -34%. The variation of nickel 
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composition with excess coal used at prereduction stage is shown in Figure 5. The distribution 
term values were found to be comparable in [12.5%,50%] interval. As the excess coal content 
was decreased from 50% to 12.5%, a slight decrease in distribution term from 97.3% to 93.5% 
was noted. On the other hand, nickel recovery was very poor when no excess coal was used at 
the prereduction stage. The distribution term was reported as 51.6% for this experiment. Very 
small amount of metal beads were formed, although their nickel composition was around -34%. 
Therefore, it was concluded that excess coal practice at prereduction stage is a must to obtain the 
desired degree of recovery of nickel at smelting for the experimental system used in the present 
study. It was also inferred that production of raw ferronickel having nickel content higher than 
20% is possible using Sivrihisar latentes. 

Excess coal used at prereduction stage 
Figure 5. Variation of Ni Concentration (%) with Excess Coal Used at Prereduction Stage 

The similar behavior was observed in the variation of slag NiO content (Figure 6). In 
[12.5%,50%] interval, NiO composition were reported to stay below 0.100%. The lowest NiO 
content was obtained as 0.048% when 50% excess coal was used at the prereduction stage. There 
was a slight increase in slag NiO composition while excess coal was decreased from 50% to 
12.5%. The maximum value of NiO was reported when no excess coal was used at the 
prereduction stage. For this run, NiO composition of the slag was reported as 0.464% indicating 
that considerable amount of nickel oxide was remained in the system as unreduced. These results 
were in agreement with the findings related to metal Ni content, as described in the previous 

As indicated previously, Sivrihisar latentes are limonite type containing very little amount of 
MgO. Therefore, addition of fluxes like magnesia or dolomite is necessary in smelting stage of 
ferronickel production to obtain desired slag properties. In the laboratory-scale present study, 
smelting charges were prepared such that MgO wt./Total charge wt. ratio was fixed as 0.20. The 
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experiments conducted with this ratio gave satisfactory results indicating that smelting of 
ferronickel from Sivrihisar latérites is possible. 

0.000 
o% 12.5% 25% 37.5% 

Excess coal used at prereduction stage 
50% 

Figure 6. Variation of Slag NiO Concentration (%) with Excess Coal Used at Prereduction Stage 

One of the most important parameters in ferronickel smelting like the other pyrometallurgical 
systems is the amount of fluxes to be charged to the system. The metallurgical purpose of the 
system must be satisfied with a high production rate. In order to increase the production rate, the 
amount of slag should be decreased as much as possible. In most of the pyrometallurgical 
systems, a great portion of the slags are coming from the fluxes added to the furnace at various 
stages of the process. Therefore, the weight of the slag produced in the process can be decreased 
by decreasing the amount of fluxes. This is especially important in ferronickel smelting, in which 
substantial amount of slag is produced. Therefore, experiments were conducted to analyze 
whether the amount of magnesia to be added can be decreased or not. For this purpose, charges 
were prepared and smelted such that MgO wt./Total charge wt. ratio was adjusted to 0.10, 0.15 
and 0.20, respectively. These runs were performed with prereduced calcines having reduced with 
25% excess coal at the prereduction stage. Charges were smelted at 1550 °C for 40 minutes. 
Although the detailed results are not included in the scope of this work, it was found that metal 
and slag weights were comparable "when the ratio was reduced from 0.20 to 0.10. Metal nickel 
concentration was reported as 19.77% when the ratio was fixed to 0.20. There was an increase in 
nickel content when the ratio was reduced. Metal nickel content values were noted as 25.51% 
and 23.82% for the ratios 0.15 and 0.10, respectively. These results showed that higher nickel 
concentration values can be obtained with lower MgO wt./Total charge wt. ratio values for the 
metal-slag system under consideration. This result was very important especially to determine 
the necessary amount of magnesia to be added during smelting of Sivrihisar latérites. A charge 
having lower MgO wt./Total charge wt. ratio value and a batch with no MgO addition were also 
smelted. On the other hand, the chemical analysis of the metal and slag samples has not been 
determined yet. The detailed results will be included in a future work. However, it is important to 
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mention that very aggressive slags were created in these runs such that other than the brown like 
appearance on the crucible walls described before, the alumina crucible was found to stick to the 
bed material in the furnace. Therefore, lower MgO additions and/or zero MgO addition should 
not be preferred. Studies on flux addition are currently continued. 

Conclusions 

Smelting behavior of Sivrihisar latérite ores of Turkey was investigated. Experiments conducted 
to study the effect of temperature showed that 1550 °C was the optimum temperature for 
smelting. 50% excess coal used at the prereduction stage yielded -10% Ni in the metal produced. 
Nickel content of the metal was successfully upgraded when excess coal amount was lowered to 
around -25%. On the other hand, excess carbon practice should be applied at prereduction stage 
to obtain desired nickel recoveries at the end of smelting. It was therefore concluded that 
production of raw ferronickel from Sivrihisar latérites is possible with acceptable recoveries. A 
decrease in MgO wt./Total charge wt. ratio from 0.20 to 0.10 was reported to be beneficial to 
increase the nickel composition of the raw ferronickel produced. However, lower MgO additions 
and/or zero MgO addition caused formation of aggressive slags. Studies on flux addition are 
currently continued and will hopefully be discussed in a future work, in detail. 
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Abstract 

Limestone and burnt magnesite were added to vary MgO content and basicity (CaO/Si02 ratio) of 
pellets for investigating their influences on the properties of spéculante pellets. At fixed MgO 
content, the addition of limestone does not affect on the properties of green balls significantly, The 
addition of burnt magnesite has obvious influence on the quality of green balls, especially on the 
thermal shock temperature. Without burnt magnesite, the thermal shock temperatures are about 
400°C, and, the thermal shock temperature increases to 600-630°C by adding burnt magnesite. 
For preheated pellets, when the burnt magnesite is added, the compressive strength will be 
decreased. For roasted pellets without burnt magnesite, the calcium additives can form binding 
phase of calcium-ferrite, and suitable liquid phase will improve recrystallization of hematite, but 
excessive liquid will destroy the structure of pellets, so the compressive strength of pellet increases 
firstly and then decreases. When adding burnt magnesite, the compressive strength will increase as 
the basicity increases. When the basicity is more than 0.2, the compressive strength of the pellets 
various MgO content and basicity is above 2500N/pellet and then MgO-bearing fluxes can be 
added to prepare pellets with good high temperature properties. 

Introduction 

With the rapid development of the steel industry in China, oxidized pellets, possessing good 
mechanical and metallurgical properties, are becoming indispensable burdens for blast furnace 
ironmaking [1-3]. However, this has resulted in the shortage of domestic iron concentrates, so 
many Chinese steel plants begin to use imported hematite concentrate to prepare pellets. 
Compared with magnetite pellets, the hematite pellets require high roasting temperature and 
narrow roasting temperature range (1300-1350°C) and possess low compressive strength [4,5].l 

Many researches have been conducted on how to acquire high mechanical strength pellets from 
hematite concentrates. Some effective solutions have been developed. It has been shown that 
blending magnetite into hematite pellets feed is not only able to reduce the preheating and roasting 
temperatures but also to improve the compressive strength of preheated and roasted pellets[3,6]. 
Adding additives to generate fluxed pellets is another choice[6,7]. Generally pellets plants in 
China produce high strength pellets by blending magnetite with hematite, but as the 
hematite/magnetite ratio increases the influence of magnetite will be weakened tremendously. 
The fluxed pellets by adding CaO flux require lower roasting temperature than acid pellets and 
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possess good reducibility, but the pellets are known for their poor high temperature properties like 
softening-melting characteristics and high reduction swelling[8-10]. Earlier studies made it clear 
that the addition of MgO improved the high temperature properties and descreased reduction 
swelling! 11,12]. So the aim of this research is to find the suitable basicity and MgO to produce 
quantified pellets. 

In this paper, efforts have been made to understand the effects of MgO and CaO additives on the 
quality of spéculante concentrate pellets. The properties of green balls were examined. The cold 
compressive strength and porosity of roasted pellets were tested. 

Experimental 

Raw Materials 

One kind of spéculante (PFFT from Vale, Brazil), bentonite, limestone and burnt magnesite (BM) 
were used for preparing balls with various MgO content and basicity. PFFT, limestone and burnt 
magnesite were ground separately in laboratory ball mill to get the required specific surface areas 
or fineness for pelletizing. The chemistry and physical properties of all the raw materials used are 
shown in Tables I and II respectively. 

Contents 
PFFT 

Bentonite 
Limestone 

[ BM 

Table I Chemical Compositions of Raw Materials (mass %) 
TFe 

66.90 
2.34 
0.14 
0.39 

Si02 
1.93 

53.75 
1.28 
4.96 

A1203 
1.02 
14.59 
0.18 
0.14 

CaO 
0.28 
2.68 
54.53 
3.25 

MgO 
0.028 
3.84 
0.20 
85.57 

K20 
0.012 
0.96 

0.0052 
0.040 

Na20 
0.032 
3.01 

0.0094 
0.030 

P 
0.016 
0.029 
0.0036 
0.064 

S 
0.010 

-
0.025 
0.060 

LOI 1 
0.58 
12.60 
40.59 
4.80 

Table II Size 

Materials 

PFFT 
Limestone 

BM 

Distributions and Specific Surface Areas of Finely Ground Feeds Used for Balling 
Size Distribution/mass % 

+0.074mm 
3.10 
11.69 
11.36 

-0.074+0.045mm 
12.73 
8.89 
7.06 

-0.045+0.038mm 
10.46 
5.72 
3.40 

-0.038mm 
73.71 
73.70 
78.18 

SSA 
cm2/g | 
1460 
3982 
3852 ] 

Experimental Procedures 

Balling was conducted in a laboratory balling disc pelletizer with a diameter of 1000 mm, a rim 
height of 200 mm and a tilting angle of 45°. Green balls were made in the disc at 24 rpm each batch 
from 4kg feed. Bentonite dosage was fixed at 1.2% (mass fraction). The mass of fluxes were 
determined by the requirements of basicity and MgO content. During balling, green pellets were 
screened at 10 mm and 12.5 mm to get qualified green balls. Before roasting, pellets were dried in 
the hot air oven at 110 °C for 5-6 h to ensure that all balls are completely dried. Roasting of dry 
pellets was carried out using electrically horizontal tube furnace in two stages: first a preheat cycle 
and then a roasting cycle. 
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Method for determination of porosity was using Beckman air pycnometer and wax coating of 
sample. Volume measurements were made using the Beckman air pycnometer on uncoated sample, 
after wax coating and on ground sample to -200 meshes. From the weight of the sample the 
corresponding densities pa(uncoated sample), pt(coated sample), pm(-200 mesh) are calculated and 
the three porosities are determined from the following: total porosity=!(l-pt/pm)x100%; open 
porosity=(l-pt/pa)xl00%; closed porosity=s(pt/pa-pt/pm) *100%. 

Results and Discussion 

Effect of Basicity and MgO on Green Balls 

The effect of basicity on the properties of green balls is shown in Figure 1, All the properties of 
green balls can meet the required standard. The wet drop strength and crushing strength do not 
change obviously as the basicity increases. However, when adding burnt magnesite, the wet drop 
number increases and the crushing strength decreases. The thermal shock temperatures of green 
balls are about 400°C, while adding burnt magnesite in the pellet feed thermal shock temperatures 
of green pellets augments dramatically up to 600-630°C. The MgO in the burnt magnesite was 
hydrated into colloid Mg(OH)2, which can be used as a binder due to its huge specific surface areas 
and strong hydrophil icity, so the wet drop strength and the thermal shock temperatures increases 
with higher dosage of burnt magnesite. 

Figure 1 Effects of Basicity on the Wet Drop Number and Crushing Strength of Green Balls 
(Balling at 8.5% moisture for 12min) 

Effect of Basicity and MgO on Preheated Pellets 

Preheating time was fixed as 10min and preheating temperature was respectively 1100°C and 
1150°C. Effects of basicity and MgO content on preheated pellets were illustrated in Figure 2, 
When burnt magnesite was added, the basicity has no efficient effect on the compressive strength 
of preheated pellets, no matter at 1100°C or 1150°C. This state is paradoxical with the former state, 
the curve of compressive strength of pellets preheated at 1100°C is almost flat, but the 
compressive strength of preheated pellets at 1150°C increases first then drops, the trend is much 
like the roasted pellets' curve as shown in Figure 3(a). 
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However, the compressive strength of the preheated pellets adding burnt magnesite is much lower 
than those at natural MgO of 0.08%. This is due to the endothermic decomposition of 
Mg(OH)2,which was formed during balling. At 1100°C and 1150°C, MgO can not react with 
Fe203, there are unmineralized fluxes hinder the micro crystallization of hematite, which decrease 
the compressive strength of preheated pellets. 

Figure 2 Effects of Basicity and MgO on Compressive Strength of Preheated Pellets 
(Preheating for 10min, at 1100°C (a) and 1150°C (b)) 

Effect of Basicity and MgO on Roasted Pellets 

The temperature and time of preheating was set at 1100°C, for 10 min. The temperature of roasting 
was 1250°C, and the time was 10 min. Figure 3(a) shows that without burnt magnesite addition, 
the compressive strength of the roasted pellets increases to the peak 5290N/pellet and then drops a 
little, when adding burnt magnesite the compressive strength increases as the basicity increases. 
The compressive strength decreases with the increase of MgO content. 

Figure 3 Effects of Basicity and MgO on Compressive Strength and Open Porosity of Roasted 
Pellets 

The microstructures of roasted pellets are shown in Figure 4. Figure 4(a) indicates that with no 
additives the main mineral of pellets is hematite, so the compressive strength is determined by the 
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recrystallization of hematite. Figure 4(b) shows that with adding limestone, CaO reacts with Fe20? 
and Si02, respectively, and calcium-ferrite and intergranular liquid slag phase are formed, at this 
roasting temperature. A proper amount of liquid phase can improve the solid diffusion and 
enhance the recrystallization of hematite, but too much liquid phase will destroy the structure of 
pellets [3]. That is the reason that the strength of roasted pellets increases firstly and then decreases 
a little with the increase of basicity. Figure 4(c) indicates that when adding burnt magnesite, MgO 
react with Fe20.i and form magnesium ferrite, which cannot become liquid phase at the roasting 
temperature. Besides, MgO can also holdback the recrystallization of hematite and cause the 
strength of roasted pellets to be decreased when increasing the content of MgO. 

(a) (b) (c) 
Figure 4 Microstructures of Roasted Pellets (H—Hematite; CF—Calcium ferrite; 

MF—Magnesium ferrite; S—Liquid slag phase; Si—Free SK>2 crystalline): 
((a) No additives; (b) Basicityl.2 with adding limestone; (c) Basicity 1.2 and MgO 3.0%) 

The total porosity of the pellets varying basicity and MgO content arranges 25-27%. the open 
porosity of the pellets drops (see Figure 3(b)), and the close porosity increases with the increase of 
basicity. Figure 5 indicates that with the additives adding, the outer layer of the pellet is denser 
than the middle layer and central field. The strength development is a linear function of the degree 
of densification; the porosity which can be used to indicate the degree of densification increases 
with the MgO/CaO increases [13, 14]. The degree of densification and thickness of outer layer 
which can determine the strength of the pellets are dependent upon the open porosity of pellets. 
When the basicity increases, the more liquid phase formed causes the open porosity decreases, the 
compressive strength increases. That is why there is a linear relationship between pellet 
compressive strength and open porosity in the strength versus basicity curve (Figure 6). 

(a) (b) (c) 
Figure 5 Micro structures of Roasted Pellet with MgO 2.0% and Basicity 1.2 

((a) Outer layer; (b) Middle layer; (c) Inner layer) 
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Figure 6 The Relationship between Cold Compressive Strength and Open Porosity of Roasted 
Pellets 

Conclusions 

(1) The basicity which is varied by adding limestone makes no obvious effects on the quality of 
green pellets. While adding burned-burnt magnesite, the drop number and thermal shock 
temperatures of green pellets increase and the crushing strength decreases, because the MgO in 
burned-burnt magnesite will hydrated into Mg(OH)2 which is also a binder during balling. 

(2) The compressive strength of preheated pellets has no significant change with the increase of 
basicity. When adding burnt magnesite, the compressive strength of preheated pellets decreases 
sharply, because unmineralized MgO hinders the micro-crystallization of hematite and the 
formation of solid calcium ferrite. For the roasted pellets without adding burnt magnesite, the 
compressive strength increases firstly and then drops with the increase of basicity. The reaction of 
CaO with Fe203 and Si02 will form binding phase of calcium-ferrite and liquid slag phase, and the 
suitable liquid phase will improve the recrystallization of hematite, but the excessive liquid phase 
will destroy the structure of pellets. 

(3) When adding burnt magnesite, the compressive strength of roasted pellets increases with the 
increase of basicity, because of the existence of MgO there is no excessive liquid phase formed, as 
the basicity increases, that is helpful to improve the compressive strength of roasted pellets. 
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{ft) wnen ourni magnesue was aaaea xne compressive sircngm 01 roasica pcucis decreases, 
because the magnesium-ferrite formed by MgO and Fe2C>3 can not become liquid phase at roasting 
temperature. 

(5)There is a linear relationship between pellet compressive strength and open porosity in the 
strength versus basicity curve, because the degree of densification and the thickness of the outer 
layer which determine the strength of roasted pellets are dependent upon the open porosity of 
roasted pellets. 
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Abstract 
Modified humic acid (MHA) has been developed by Central South University (CSU) and 
authorized in China. It has been reported that MHA is an effective binder for oxidized pellets 
prepared from spéculante concentrates. In this research, effects of MHA binder on roasting 
behaviors of the spéculante pellets are studied. MHA is an organic binder, containing much carbon, 
hydrogen, oxygen, etc. During the roasting, MHA can provide some heat because of combustion of 
hydrocarbon, which is beneficial for the recrystallization of Fe2Ü3 in the spéculante pellets at high 
temperature. Simultaneously, part of hematite particles within the pellets are firstly reduced to 
magnetite, then, magnetite is oxidized into secondary hematite, which obviously improves the 
roasting performance of spéculante pellets. 

Introduction 

Oxidized pellets have been widely used in steel production as a kind of high quality burden for 
blast furnace ironmaking [1]. In recent years, production of oxidized pellets is developing very fast, 
Therefore, the supply of high quality magnetite concentrates, which is the most suitable for pellet 
production, becomes scarce. It is imperative to pursue new alternative materials for oxidized pellet 
production [2]. Spéculante concentrates have attracted widespread attention due to the advantages 
of high total Fe grade and low impurity content. However, due to the poor ballability and firing 
performance, spéculante has not yet been widely applied into pellet production [3,4]. 
Many researches have been done to solve the above difficulties in balling and roasting when 
spéculante is used in pellet production. But, the mass percentage of spéculante in the mixture, as 
reported, is not in excessive of 20% yet [4]. Otherwise, the quality of finished pellets becomes 
inferior. To solve the above problems, effective measures already in use include: a) adopting 
appropriate pretreatment to improve the ballability of them [5-8]; b) adding some 
carbon-containing materials into the mixtures [4, 9]; c) using superior bentonite or new binders 
instead of traditional bentonite [10-13]. 
MHA binder, invented by CSU and authorized in China [14], has been proven to be an effective 
binder for preparing iron ore pellets. The authors have studied and reported the process parameters 
for preparing oxidized pellets from 100% Brazilian specularite concentrates, using MHA binder 
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instead of bentonite [15]. The quality of green balls, preheated and roasted pellets meet the 
requirements for the blast furnace ironmaking. Based on the previous research, this study further 
focuses on effects of MHA binder on the roasting behavior of spéculante pellets and provides 
theoretical basis for putting the novel MHA binder into the spéculante oxidized pellets. 

Experimental 

Materials 

Specularite and bentonite Characteristics of Brazilian spéculante concentrates and bentonite used 
in this study are reported in Reference [15]. 

MHA binder MHA binder, extracted from Liling lignite of Hunan, China, is a kind of organic 
macromolecule compounds. The chemical compositions, LOI, main function groups and infrared 
spectrum of MHA binder are also reported in Reference [15], of which the TG-DSC curve is 
presented in Figure 1. 

Figure 1. TG-DSC curve of MHA binder 

It can be seen from Figure 1 that, combustion and degradation reactions of organic matters occur 
during the heating of MHA binder. Because crystal water in MHA binder is decomposed, the 
endothermic peak appears at 119°C. From 458"C, strong exothermic peak began to emerge until 
the temperature was close to lOOO'C, which is the result of thermal decomposition or combustion 
of organic compounds in MHA binder. It can be observed from TG curve, the weight change is 
large at this stage. The results show that the thermal stability of MHA binder is good and its 
decomposition temperature range is relatively wide. 

Anthracite In this study, the proximate analysis of anthracite is listed in Table I. 
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Fixed carbon 
82.56 

Table I. Proximate analysis of anthracite /% 
Volatile 

8.00 
Ash 
7.74 

Moisture 
1.70 

It can be seen from Table I that the fixed carbon, volatile, ash content of anthracite is separately 
82.56%, 8.00%, and 7.74%, so that the anthracite can give out much heat and the amount of 
residual is low after burning. 

Method 

Specularite green balls with certain proportion of binder are prepared in a disc pelletizing machine 
with the diameter of 1000mm. Green balls of 10-12.5mm in diameter are selected to dry at 105*0 
for 4 hours and used for the subsequent experiments. Roasting tests are carried out in a vertical 
tube furnace, of which the inner diameter is 88mm. Temperature is controlled by an intelligent 
temperature controller. The mixture of N2 and O2 gas is led into from the bottom, and the mixed 
gas flow rate remains a constant. The oxygen content can be adjusted by changing the N2 and O2 
flow, and the roasting equipment is shown in Figure 2. In each test, ten dried pellets are selected 
and tiled in the hanging basket, and then roasted according to the set temperature and time. After 
roasted, the pellets are cooled to room temperature in N2 flow. Finally, FeO content, compression 
strength and microstructure of the roasted pellets are measured. 

1. hand cranking device; 2. furnace wall; 3.hanging basket; 4. silicon molybdenum rods; 
5. air inlet; 6.air bottle. 

Figure 2. Schematic diagram of high temperature shaft-kiln for roasting 

Results and Discussion 

For identifying the different behaviors of MHA binder in specularite oxidized pellets, the change \ 
of pellet compressive strength, FeO content and microstructure are investigated. 

Effects of oxygen content on the roasting of MHA binder pellets 

During the roasting process, oxygen content has great influence on the roasting behaviors of 
specularite pellets with reductive materials. 
FeO content in the specularite pellets with reductive materials not only derives from reduction of 
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Fe203 by reductive materials, but also results from the decomposition of Fe203 at higher 
temperature. Whether Fe2<I>3 is decomposed or not is apparently affected by oxygen content and 
roasting temperature, according to the following equation of Fe2C>3 decomposition: 

6Fe2O3=4Fe3O4+O2(AG=140380-81.38T) (1) 

The equation of oxygen content and Fe203 decomposition temperature can be expressed as: 

lnpo2=-70649.22/T+40.96 (2) 

The decomposition temperature at different oxygen content is calculated and the results are given 
in Table H. 

Table II. Relationship between oxygen content and decomposition temperature of Fe2C>3 

Oxygen content/% 

Decomposition 

temperature/°C 

0 

1203 

1 

1278 

5 

1334 

10 

1360 

15 

1375 

20 

1389 

Fe203 can be decomposed at 1203 °C in inert atmosphere. The decomposition temperature 
gradually goes up with the increase of oxygen content and the conversion from Fe2C>3 to Fe3Û4 is 
more difficult. At this point, FeO in the pellets mainly derives from the reduction of Fe203 by 
reductive materials [9,16]. 
As for specularite pellets with bentonite, internal FeO only derives from Fe203 decomposition. 
Taking the three kinds of specularite pellets with 1.0% MHA binder, 1.0% anthracite and 2.0% 
bentonite as research objects, effects of oxygen content on roasting consolidation of MHA binder 
pellets are studied by investigating the changes of compressive strength and FeO content of them 
under conditions that the gas flow is 10L/min, roasting temperature is 1280°C and the roasting 
time is 12min. The results are plotted in Figure 3. 

Figure 3. Effects of oxygen content on compressive strength and FeO content of different pellets 
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It can be seen from Figure 3 that, effects of oxygen content on the compressive strength and FeO 
content of the MHA pellets are as like as the anthracite pellets, that is, the compressive strength 
both firstly drops down then goes up while the FeO content decreases with the oxygen content 
increasing. Compared with anthracite pellets, the compressive strength of MHA binder pellet is 
greater while FeO content is relatively less. Combining the TG-DSC curve of MHA, it can be seen 
that the organic components in MHA binder can be thermally decomposed and bum in the roasting 
process of spéculante pellets. However, the anthracite can release more heat because of its higher 
fixed carbon content, which results in the melt phenomenon inside the pellets. The pellet porosity 
obviously increases due to the combustion of carbon, which decreases the compressive strength of 
roasted pellets [17]. When oxygen content reaches 10%, the compressive strength of the two 
pellets both reaches the minimum. As for the bentonite pellets, the consolidation of Fe203 
recrystallization is little affected by oxygen content. 
Because MHA binder and anthracite both contain fixed carbon and volatile substance, FeO can be 
produced because of reduction of Fe203 in the roasting process of spéculante pellets. At the same 
time, when the oxygen content is low, the decomposition temperature of Fe203 is low, also 
producing partial FeO. Comparatively speaking, the reduction atmosphere in the anthracite pellets 
is relatively stronger and FeO content is greater. As for bentonite pellets, in inert atmosphere, FeO 
only derives from the decomposition of Fe203. When the oxygen content increases, the 
decomposition temperature of Fe203 goes up, so that decomposition amount of Fe203 becomes 
less. 
The microstructures of the roasted pellets with 1.0% MHA at different oxygen content are given in 
Figure 4. 

Figure 4. Microstructures of MHA pellets at different oxygen content 
A-N2, B-10%O2, C-20%O2 

1-primary hematite; 2-secondary hematite; 3-magnetite. 

From Figure 4, many magnetite particles are clearly observed in the pellets roasted in N2 

atmosphere, and most particles have been recrystallized and interconnected with each other. At the 
same time, separate primary hematite particles are also observed. Its consolidation strength mainly 
depends on the recrystallization connection of magnetite and primary hematite particles. 
When the oxygen content increases to 10%, magnetite is nearly not observed in the pellets. During 
the roasting, magnetite is oxidized into secondary hematite particles. The pores between particles 
are enlarged, the crystal connection is relatively loose, and the recrystallization of hematite 
becomes poor. 
When the oxygen content rises up to 20%, most secondary hematite particles are observed and 
connected with one another. Most of magnetite particles are entirely oxidized into secondary 
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hematite particles, so FeO content decreases rapidly. The recrystallization of secondary hematite 
particles significantly improves the pellet compressive strength. 
Findings mentioned above show that the reduction of Fe2Û3 by MHA binder occurs in the roasted 
pellets, producing a lot of magnetite, and when the oxygen content increases, magnetite is oxidized 
to secondary hematite. What's more, combustion reaction of MHA binder occur during the roasting, 
improving the inside temperature of the pellets and promoting the crystal particle growth and 
interconnection, so that the pellet compressive strength is enhanced. 

Effects of MHA binder dosage on the roasting behavior of pellets 

Under the conditions of oxygen content 20%, gas flow lOL/min, roasting temperature 1280 °C and 
roasting time 12min, the effects of MHA binder dosage on the pellet compressive strength and FeO 
content are investigated and presented in Figure 5. 

Figure 5. Effects of MHA binder dosage on compression strength and FeO content of pellets 

Figure 5 shows that pellet compressive strength and FeO content both increase with the increase of 
MHA binder dosage. On the one hand, organic matters in MHA binder burn and give out heat 
when roasted, so that the increase of MHA dosage results in the increase of inside temperature of 
pellets, which is good for improving the pellet compressive strength; on the other hand, when the 
additive amount of MHA binder rises, the reductive materials in pellets increase. So many hematite 
particles are reduced to magnetite, and the FeO content also increases. 
The microstructures of the specularite pellets with 0.5% and 1.0% MHA are shown in Figure 6. 

Figure 6. Microstructure of pellets at different MHA dosage 
A-0.5% B-1.0% 

1-primary hematite; 2-secondary hematite; 3-magnetite. 
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From Figure 6, it can be known that when MHA binder dosage is 0.5%, the crystal connection is 
relatively loose. When the dosage of MHA increases to 1.0%, much magnetite is produced at the 
initial stage of roasting, and then magnetite is oxidized to secondary hematite. The activity of 
secondary hematite is good, which is beneficial to the crystallization of crystal grains, Moreover, 
the combustion of MHA binder in pellets releases more heat, which also improves the pellet 
internal temperature, so that the consolidation of pellet is intensified. 

Conclusions 

Researches on the behaviors of MHA binder in the roasting process of spéculante pellets shows 
that spéculante pellets are obviously affected by oxygen content and MHA binder dosage. MHA 
binder can not only combust and give out heat, but also reduce Fe2Û3 to Fe3Û4. During the roasting, 
partial primary hematite is firstly reduced to magnetite, and further oxidized to secondary hematite 
with high activity, improving the roasting performance of spéculante. 
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ABSTRACT The carbon-burdened and cold-bonded pelletiang-electrosmelting process is used to dispose 

low-grade manganese, and the qualified rich-manganese slag is obtained. On the condition that reduction roasting 

temperature was 1000*C, reduction time was 45min, particle-size was -1mm, reductant dosage was 1.6%, 

basicity was 0.3, smelting temperature was 1410"C, smelting time was 60min, it had a good effect on the melting 

between slag and metallographic phase, the manganese content was 32.58%, manganese recovery was 92.16% in 

the slag; while the iron content was 94.40%, iron recovery was 95.32% in the metallographic phase. It was proved 

by the demonstration tests. 

KEY WORDS carbon-burdened; cold-bonded pellets; low-grade manganese; electrosmelting 

Introduction 

Manganese is an important raw material for steelmaking, which is extensively utilized in modern 

industry, the consumption of manganese for iron and steel industry accounts for 90% to 95%. 

After mining over 30 years, the high-grade manganese resources drop markedly, especially with 

the hypergrowth of steel industry, the domestic manganese is far from the requirement, as a result, 

we have to buy significant quantities of manganese overseas. Besides, the property of imported 

manganese is more and more complex, and the high-grade and lump manganese decrease year by 

year, while the fines and high-crystal water manganese are on the increase. Therefore, how to 

make effective use of domestic low-grade manganese and intensify the manganese's smelting is an 

effective approach to reduce the cost of manganese series ferroalloy and improves market 

competitiveness11"41. It has important practical meaning. 

After years of research on low-grade manganese, a lot of developments have been achieved in the 

field of ferromanganese smelting, rich-manganese slag, Si-Mn alloy, electrolytic manganese 

dioxide and manganous-manganic oxide. According to the component content and mineral 

properties of manganese ores, the right smelting process must be choosed. Carbon-burdened and 

cold-bonded pellets-electrosmelting process, namely rich-manganese slag process, is an effective 

way to dispose low-grade manganese, which is only for low-grade manganese.The product 

rich-manganese slag is mainly used for ferromanganese smelting. Rich-manganese slag process is 

an enriching manganese ore method which accords with Chinese actual conditions, because China 

has very little rich-manganese, and high iron-high phosphorus-refractory manganese accounts for 

40% of manganese ore reserves151. For these reasons, we use carbon-burdened and cold-bonded 
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pellets-electrosmelting process to deal with low-grade manganese from Hunan Province, and we 

can obtain qualified rich-manganese slag. 

1. Raw Material Characteristics and Experimentation Methods 

1.1 Characteristics of Raw Material 
1.1.1 Low-grade manganese 

The chemical composition of the Hunan's low-grade manganese is shown in Table 1. It indicates 

that this manganese is a low-grade manganese , according to the manganese grade. The 

distribution size of the low-grade manganese is shown in Table2, it can be seen that the size is 

quite coarse, so the blend have to be crushed before briquetting experiments. 

Table 1 Chemical Compositions of Low-grade Manganese Ore /% 

Element 

Content 

Fe 

41.51 

Mn 

11.89 

S 

0.014 

P 

0.016 

As 

0.011 

Ca 

2.54 

Mg 

0.28 

Al 

1.11 

Si 

3.36 

Table2 Distribution Size of Low-grade Manganese Ore /% 

Size Fraction /mm 

Proportion /% 

+10 

16.57 

7 - 1 0 

7.37 

5 - 7 

9.19 

3—5 

12.63 

1 -3 

8.69 

-1 

45.56 

Table3 Mineral Phase Analysis of Iron and Manganese in The Low-grade Manganese Ore /% 

Iron Phase 

Manganese 
Phase 

Siderite 
0.27 

Manganese 
Oxide 
10.98 

Pyrite 
0.02 

Manganous 
Silicate 

0.71 

Magnetite 
0.10 

TMn 

11.89 

Limonite 
40.47 

Ferrosilite 
0.38 

TFe 
41.51 

The results of iron and manganese phase analysis of low-grade manganese are shown in Table3, 
according to the results, we can see that the main existence form of iron is limonite and the 
proportion is 97.5%; while the main existence form of manganese is manganese oxide and the 
proportion is 92.3%. 
1.1.2Reductant 
Coke breeze is used as reductant for the experiment. It is broken to -2mm, the industrial analysis 
of coke breeze is shown in Table4. It is observed that this coke breeze is a good reductant, because 
its Fcad is high and its Vdaf is low. 

Table4 Industril Analysis of Coke Breeze /% 

Fcad 

73.37 

Ad 

17.88 

Vdaf 

0.97 

1.2 Experimentation Method 
The 300g low-grade manganese is mixed with proportional coke breeze and silica, and then we 
crush them to different size fraction; the equipment used for granulation is 10B Type Hydraulic 
Universal Tester, and the pressure is fixed at 350kg/cm2, after granulation, the compressive 
strength of green pellets is 10kg, while the standard is 025 mm<20 mm ; then we put the 
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agglomerate into the Type FN202-1 Electrically Heated Drying Cabinet for drying and concreting 
(200°C)for two hours, the compressive strength of dried agglomerate is 50kg; the next, we place 
the dried agglomerate into SX2-12-16 Box Type Resistance Furnace, the reduction roasting 
conditions are as follows: the temperature increase from room temperature to 1000*0, stay for 
45min,being reduced. After reduction roasting, under scheduled temperature, the hot agglomerate 
keep on smelting for a certain time in the Resistance Furnace, and the smelting temperature 
condition is that the temperature increases to melting temperature from 1000*C within 120min, 
holding for 60min at the melting temperature, after discharge, we must observe the melting result 
of the smelting product, one is slag phase rich-manganese slag, the other is metallic phase pig iron. 
The flowsheet is shown in Figl. 

Raw ore Coke breeze Silica 

Mixing 

—7~ \̂— 
Grinding 

Briquetting 

I 
Dring 

Smelting 
Rich-manganese slag Pig iron 

Figl.The flowsheet of carbon-burdened and cold-bonded pelletizing-electrosmelting process 

2. Experiment Principle 
The process for smelting rich-manganese slag is the beneficiation of manganese in the slag phase. 
It contains crystal water's decomposition at high temperature, the decomposition of carbonate, the 
lost of oxygen in high valence manganese and the selective reduction of iron and phosphorus in 
reduction condition, etc. The most essential is the selective reduction of iron and phosphorus 
among them. 
The smelting principle is that iron, phosphorus and high valence manganese can be reduced 
adequately and the low valent manganese (MnO) is hard to be reduced under strong reducing 
condition. Because of the different reducing condition, the reduced iron, phosphorus and a small 
amout of manganese enter into secondary product manganese, while most manganese exist in slag 
in the form of MnO, we can separate iron and manganese, improve rich-manganese slag's Mn/Fe 
and bring down the P/Mn, finally, achieve the purposes of beneficiation. The reaction equations of 
smelting principle are shown as follows: 
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MnO+C=Mn+CO -279470KJ(1370°C) 

FeO+C=Fe+CO -158800KJ(6858C) 

2P2O5+10 C=4 P+10 CO -1767250 KJ(763°C) 
The reduction temperature of iron and phosphorus is lower, when the reduction temperature is 
below 1350°C. And iron and phosphorus will be reduced and enter molten iron phase, while 
manganese will enter slag in the form of MnO and react with Si02. Under such reduction 
conditions, rich-manganese slag can be obtained. It is specified that the content of manganese is 
generally 35%~45%, the iron content is 1.5%— 4.5% and 39.03% in the qualified 
rich-manganese slag. 

3. Experimental Results and Discussion 

3.1 Orthogonal test 
The tests mainly examine the effect of smelting temperature, reductant dosage, basicity of slag 
phase and size of raw ore on smelting, and the orthogonal tests are taken. We design experiment 
according to orthogonal table L9 (34) , the test program is showm in Table5 and Table6. 

Table 5 Factorlevel Encode Table 

Factor 

Level 

1 

2 

3 

Temperature (A) /°C 

1390 

1410 

1430 

Basicity (B) 

Nature (0.76) 

0.5 

0.3 

Reductant Dosage ( C ) /% 

1.4 

1.6 

1.8 

Size (D) /mm 

-10 

-3 

-1 

Table6 The Testing Schedule 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Temperature (A) /°C 

1 

1 

1 

2 

2 

2 

3 

3 

3 

1390 

1390 

1390 

1410 

1410 

1410 

1430 

1430 

1430 

Basicity (B) 

1 

2 

3 

1 

2 

3 

1 

2 

3 

Nature 

0.5 

0.3 

Nature 

0.5 

0.3 

Nature 

0.5 

0.3 

Reductant Dosage (C) /% 

1 

2 

3 

2 

3 

1 

3 

1 

2 

1.4 

1.6 

1.8 

1.6 

1.8 

1.4 

1.8 

1.4 

1.6 

Size (D) /mm | 

1 

2 

3 

3 

1 

2 

2 

3 

1 

-10 

-3 

-1 

-1 

-10 

-3 

-3 

-1 

-10 
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Table7 Orthogonal Test Results 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Chemical Analysis Results of Metallographic 

Weight/g 

Car 

130.02 

128.64 

136.28 

126.23 

128.11 

135.74 

133.39 

122.69 

Phase 

Fe/% 

l't be melted 

93.57 

95.68 

91.96 

94.20 

98.22 

88.86 

94.58 

96.11 

Mn/% 

2.53 

1.32 

5.45 

2.61 

0.43 

6.25 

2.11 

0.52 

Chemical Analysis Results of Slag 

Phase 

Weight /R Fe/% 

Can't be meltec 

86.93 

107.57 

78.27 

88.89 

111.19 

75.58 

91.61 

110.97 

3.05 

1.18 

6.98 

3.83 

1.38 

2.24 

2.05 

2.63 

Mn/% 

34.87 

31.61 

34.61 

34.66 

30.59 

33.78 

34,04 

31.41 

As shown in Table7, the smelting product is very different under different conditions. Especially 

when the test condition is level 1, the slag phase and metallographic phase can't be melted. This 

suggests that if we want to get better result, the right condition must be choosed. The results of 

recovery analysis range of iron in metallographic phase and manganese in slag phase is shown in 

Table8. We consider the iron recovery in metallographic phase and Mn recovery in slag phase first 

when we analyse range. According to Table8, in metallographic phase , the influencing factors 

could be arranged as follows: D > A > B > C , that is the order is size, temperature, basicity and 

reductant dosage. The most suitable factor combination in metallographic phase is A2B3C2D3. 

While in slag phase, the influencing factors could be arranged as follows: B > A > O D » that is to 

say the order is basicity, temperature, reductant dosage and size. The most suitable factor 

combination in slag phase is A2B3C2D3- It is obvious that the most suitable factor combination is 

completely the same,that is temperature is 1410°C, basicity is 0.3, reductant dosage is 1.6% and 

size is-lmm. 
Table8 Analysis of Orthogonal Test Datas 

Factor 

A Temperature 

B Basicity 

CReductant 

Dosage 

Iron Anal 

Kl 

189.90 

190.83 

195.52 

K2 

287.17 

284.59 

283.13 

K3 

282.97 

284.62 

281.39 

vsis in Metallographic Phase /% 

K; 

63.30 

63.61 

65.17 

K2 

95.72 

94.86 

94.38 

K3 

94.32 

94.87 

93.80 

Optimal 

Level 

2 

3 

2 

Range 

32.42 

31.26 

29.21 
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D Size 1 183.79 1 285.62 1 290.63 I 61.26 I 95.21 1 96.88 1 3 35.62 

Factor 

A Temperature 

B Basicity 

CReductant 

Dosage 

D Size 

Manganese Analysis in Slag Phase /% 

Kl 

189.72 

155.22 

192.32 

193.70 

K2 

271.12 

272.29 

272.15 

265.05 

K3 

270.12 

303.45 

266.49 

272.22 

* i 

63.24 

51.47 

64.11 

64.57 

K2 

90.37 

90.76 

90.72 

88.35 

K3 

90.04 

101.15 

88.83 

90.73 

Optimal 

Level 

2 

3 3 

2 

3 

Range 

27.13 

49.41 

26.61 

26.16 

3.2 Demonstration Test 

In order to prove the accuracy of orthogonal test and analysis results, we take composite tests 

according to the most suitable factor combination of orthogonal test. The composite tests include 

two parallel tests, the test condition of demonstration! and demonstration 2 is that temperature is 

1410°C,basicity is 0.3, reductant dosage is 1.6% and size is -1mm. 

Table9 The Results of Demonstration Tests 

No. 

Demonstration 1 

Demonstration! 

Chemical Analysis Results 

of Metallographic Phase 

Weight/g 

129.19 

129.69 

Fe/% 

95.60 

95.40 

Mn/% 

1.46 

1.73 

Chemical Analysis Results 

of Slag Phase 

Weight/g 

109.8 

110.46 

Fe/% 

0.35 

1.80 

Mn/% 

30.44 

30.25 

Iron Recovery of 

Metallographic 

Phase /% 

95.83 

96.00 

Manganese 

Recovery of 

Slag Phase 

/% 
98.60 

98.57 

As shown in Table9, the demonstration tests achieve good result, besides, the results of two 

demonstration tests are almost the same. For this reason, we can ensure the results are accurate 

and reliable. 

3.3 Optimized Condition Test 
The optimum process conditions of using rich-manganese slag method to deal with low-grade 

manganese is as follows: reduction roasting temperature is 1000°C, reduction time is 45min; 

particle-size is -1mm, reductant dosage is 1.6%, basicity is 0.3, smelting temperature is 1410°C, 

smelting time is 60min. It had a good effect on the melting between slag and metallographic phase, 

the manganese content is 32.58%, manganese recovery is 92.16% in the slag; while the iron 

content is 94.40%,iron recovery is 95.32% in the metallographic phase. 
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Table 10 The Results of Synthetical Condition Test 

Chemical Analysis Results of 

Metallographic Phase 

Weight /g 

130.14 

Fe/% 

94.40 

Mn/% 

2.70 

Chemical Analysis Results 

of Slag Phase 

Weight/g 

95.89 

Fe/% 

6.74 

Mn/% 

32.58 

Iron Recovery of 

Metallographic Phase 

/% 

95.32 

Manganese 

Recovery of Slag 

Phase /% 

92.16 

4. Conclusion 

( 1 ) The manganese content of the low-grade manganese in Hunan Province is only 11.89%, the 

iron content is 41.51%, Mn/ Fe is 0.29. It is difficult for beneficiation. The carbon-burdened and 

cold-bonded pelletizing-electrosmelting process is used to dispose low-grade manganese,and the 

qualified rich-manganese slag is obtained. 

(2) The optimum process conditions to deal with low-grade manganese is as follows: reduction 

roasting temperature is 1000°C, reduction time is 45min; particle-size is -1mm, reductant dosage 

is 1.6%,basicity is 0.3, smelting temperature is 1410*C, smelting time is 60min, it had a good 

effect on the melting between slag and metallographic phase, the manganese content is 32.58% 

and manganese recovery is 92.16% in the slag; while the iron content is 94.40% and iron recovery 

is 95.32% in the metallographic phase. 

(3 ) Using rich-manganese slag method can make effective use of domestic low-grade manganese 

and intensify the manganese's smelting, it is an effective approach to reduce the cost of 

manganese series ferroalloy and improves market competitiveness, it has important realism 

meaning. 
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