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Preface

For many welding jobs it can be as important to be able to lay out and fit up the
weldment as it is to be able to weld it. This textbook, therefore, combines the
skills of measuring, cutting, shaping, fitting, welding, and finishing.

The cover photo of Welding and Metal Fabrication was taken of me in my
hangar as I was making a GTA weld on tubing. Aircraft tubing is used to make a
number of parts for an aircraft, including the engine mount. Today, many light-
sport aircraft, like this KitFox, can be built and flown by individuals.

All of the welding equipment required to build a homebuilt light-sport air-
craft is shown in the cover photo. With some hand tools, a few power tools, and
the welding and fabrication skills taught in this book, you too could build your
own aircraft. There is nothing like the feeling of freedom one experiences as the
pilot of your own plane.

Whether you build your own aircraft or you build anything else, there is a
sense of accomplishment and a great feeling of pride in being able to point at
something and say, “I made that.” Over 30 years ago, I owned a welding company
that made agricultural equipment, and I still look at farm equipment as I drive
through the countryside to see if one of my units is out there in the field. Recently,
my niece was in a volleyball playoff. It was being held in an empty warehouse that
had been converted into a gym. I proudly told my wife, “I made the ramp for cars
and light trucks at the loading dock on this building.” I had made it over 20 years
ago, and it was still there and being used to drive into the warehouse.

Not only have I fitted and welded things on my jobs, I have made parts for
airplanes, barbeque grills, step and tow truck bumpers, truck racks, farm gates,
wood stoves, compost bins, car jack stands, bases for power tools, toys, furni-
ture, tools, car trailers, boat trailers, utility trailers, and hundreds of other big
and small welded fabrications.

Welding and Metal Fabrication is designed to help you develop all of the
skills to become a highly paid versatile welder. In addition, it is designed to
make the process of learning to weld interesting and rewarding by having every-
thing you weld on become something you can take home and use. The projects
within each of the fabrication and welding chapters are designed to be func-
tional even though the welds may be your first attempts at welding. So at first
do not be overly critical of your welding skills, they will improve as you advance
through the textbook. In that way, both your fabrication skills and your welding
skills will improve together.

This textbook is the result of my more than 45 years of welding and fabri-
cation experience. In addition to my personal experiences, I have drawn valu-
able welding and fitting information from many friends, colleagues, and former
students. I know that not everyone who learns welding and fitting will use it to
earn their primary paycheck; for some it will be a hobby or part-time job. For

xviii
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Preface xix

me, welding has not only been a lifelong, very profitable career, it has been my
hobby too. This is what I had in mind when I wrote this textbook.

In the welding field, the ability to lay out, cut out, and assemble a welded
part can be as important as good welding skills. This textbook is designed to
give you all of the skills needed to be successful in welding. The chapters fall
into four general categories:

® General and Background chapters cover important information that will
help you work safely, be able to read drawings, and be a better all-round weld-
ing employee.

® Theory and Application chapters cover the equipment, materials, and pro-
cedures related to a single welding or cutting process.

® Fabrication and Welding chapters cover how to use each of the processes to
produce a finished project and also cover related fabrication techniques.

¢ Supplemental and Technical chapters cover material that will help you
solve welding problems you may encounter on the job by giving you infor-
mation about other processes, metal identification, filler metal selection, and
testing and certification.

As an example of the importance in learning proper welding skills, I offer
the following true story regarding overwelding. It is a common problem that
often results when welders believe that if a little weld is good, then a bigger weld
is probably better. Overwelding is so common that it has its own term—"*“gorilla
welding.” Gorilla welds often are referred to as strong and ugly. I once subscribed
to this myth. It is easy to argue that they are ugly, but are they really strong?

When I attended Hiwassee College in Madisonville, Tennessee, in the
1960s, I worked as a welder in a local shop that specialized in farm equipment
repair welding. Like many young welders, I thought I was the world’s best
welder. My welds never cracked. I even convinced the shop owner to offer this
warranty on my welds: “If our welds crack, we fix them for free.”

To ensure that my welds did not fail, I made the biggest gorilla welds you
have ever seen. Everyone knew that if I welded it, my welds would not fail.
Although my welds never cracked, the base metal alongside my weld often did.

Cracks beside my welds meant my warrantee did not apply, so I could bill
the farmer for my new welds. Although I stayed busy rewelding parts with
cracks alongside my welds, my customers were happy with my work because
they also thought a bigger weld was better.

By the time a local farmer got rid of his dump trailer that I had kept “fixing”
for him, there was a 3-inch wide series of welds on the hinge point. Today, I
realize that my welded repairs failed because of the size of the welds.

Often I made large welds on thin sheet metal parts that were subjected to
vibration as the equipment was used in the fields. Each time a crack appeared
next to one of my previous welds, I would just add another weld. Not all over-
welding today is as blatant as mine was, but it still is a problem.

In addition to being costly, overwelding can produce a welded joint that
cannot withstand the designed forces or vibration. Overwelded joints are not as
flexible, and the resulting joint stresses are focused alongside the weld, which is
why cracks always appeared just alongside my welds.
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XX Preface

A good rule of thumb on weld sizes is that the weld size should not be
much more than the thickness of the metal being joined, and the weld should
have a smooth contour with the base metal.

The material in this textbook is designed to give you the skills to fabricate
and weld projects so you never create the same problems for your customers
that I once did.

SUPPLEMENTS

Accompanying the text is a carefully prepared supplements package, which
includes an Instructor’s Guide, an Instructor Resources CD, and a Workbook.

The Instructor’s Guide contains chapter objectives, answers to the end of
chapter review questions and answers to the questions in the Workbook.

The Instructor Resources CD contains PowerPoint lecture slides that pres-
ent the highlights of each chapter, an ExamView computerized test bank, an
electronic version of the Instructor’s Guide, and an Image Library that includes
images from the text.

In the Workbook, each chapter includes a variety of review questions that
correspond with the chapter objectives to provide a comprehensive, in-depth
review of material covered in the chapter. Questions include sentence comple-
tion, multiple choice, and figure-labeling exercises.

The Welding Principles and Practices on DVD series explains the concepts
and shows the procedures students need to understand to become proficient
and professional welders. Four DVDs cover Shielded Metal Arc Welding, Gas
Metal Arc Welding, Flux Cored Arc Welding, and Oxyacetylene Welding in
detail. The main subject areas are further broken down into subsections on
each DVD for easy comprehension. The DVD set offers instructors and stu-
dents the best welding multimedia learning tool at the fingertips.
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Chapter 1

Introduction

OBJECTIVES

After completing this chapter, the student should be able to:

e Discuss the role welding plays in the manufacture of modern
products today.

e Explain the primary steps used in welding fabrication.
e Describe the most popular welding and cutting processes.

e Discuss the importance of careful and accurate part assembly
for welding fabrication.

e List the types of jobs available in the welding industry.

e Convert from standard units to metric (SI) units and from S| units
to standard units.

KEY TERMS

American Welding
Society (AWS)

certification
coalescence

flux cored arc welding

(FCAW)
forge welding (FOW)

gas metal arc welding

(GMAW)

gas tungsten arc
welding (GTAW)

oxyfuel gas (OF)

oxyfuel gas cutting
(OFC)

oxyfuel gas welding
(OFW)

plasma arc cutting
(PAC)

INTRODUCTION

semiautomatic
process

shielded metal arc
welding (SMAW)

torch or oxyfuel
brazing (TB)

welding

The ability to put things together to build a useful tool has been important
since the dawn of humanity. Early civilizations used vines or rope to tie stones
to sticks to make tools such as axes. Later, glues or cements were used to
hold parts together. Forge welding (FOW) was used to join smaller pieces of
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2 CHAPTER 1

FIGURE 1-1
1850, in Baltimore, Maryland. Larry Jeffus

Example of forge welding done around

metal that could be heated in a forge and hammered
together, Figure 1-1. At the dawn of the Iron Age, riv-
ets were used to fabricate large metal structures like
bridges, boilers, trains, and ships, Figure 1-2. But with
the advent of modern welding, cutting, and brazing,
civilization began advancing more rapidly. In fact,
modern civilization could not exist without welding.
Today, everything we touch was manufactured using
some welding process or was made on equipment
that was welded.

The skills of welding, cutting, and brazing are an
essential part of metal fabrication.

® Metal fabrication is the building, shaping, and
assembling of a product, equipment, or machine
from raw metal stock. Metal fabrication can be
done using rivets, bolts, welding, and so forth.

! BUIET EY
| wirsiiiA BRIBGE
JAHD [RONCOS

b E VA

® A welded metal fabrication is primarily assembled
using one or more of the following processes: weld-
ing, thermal cutting, or brazing.

® A weldment is an assembly in which its component
parts are all joined by welding.

In some cases, a welded fabricated part may
require some postweld finishing such as grinding,
drilling, machining, or painting to complete the
fabrication.

Welding Applications

Modern welding techniques are employed in the con-
struction of numerous products. Ships, buildings,
bridges, and recreational rides are examples of welded
fabrications, Figure 1-3.

The exploration of space would not be possible
without modern welding techniques. From the very
beginning of early rockets to today’s aerospace indus-
try, welding has played an important role. Many
of aerospace welding advancements have helped
improve our daily lives.

Many experiments aboard the Space Station
have involved welding and metal joining. The Inter-
national Space Station was constructed using many
advanced welding techniques. Someday, welders will
be required to build even larger structures in the
vacuum of space.

Welding is used extensively in the manufacture
of automobiles, farm equipment, home appliances,
computer components, mining equipment, and con-
struction equipment. Railway equipment, furnaces,
boilers, air-conditioning units, and hundreds of other

FIGURE 1-2A This all-riveted bridge was built in 1922, and is still in use today in San Antonio, Texas. Larry Jeffus
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FIGURE 1-2B Riveted boiler used in a gold mine in
Eagle Nest, New Mexico. Larry Jeffus

FIGURE 1-2C Riveted narrow-gauge logging train,
once used along the coast of the Olympic Peninsula in
Washington State. Larry Jeffus

products we use in our daily lives are also joined
together by some type of welding process.

Fabrication Steps

The process of metal fabrication can be divided into
several, often distinct steps. Following are the primary
steps for fabrication:

® Layout—the process of drawing lines on the raw
metal stock according to the parts drawings and
specifications, Figure 1-4.

® Cut out—the process of removing all of the unwanted
material around the laid-out part or sometimes just
cutting material to the desired length. Some of the

Introduction 3

FIGURE 1-3 Welded car ferry used on the Cherry
Branch—-Minnesott Beach crossing of the Neuse River in
North Carolina. Larry Jeffus

FIGURE 1-4 One way to lay out parts, is to trace them.
Larry Jeffus

most common methods of cutting out the parts are
flame cutting, plasma cutting, sawing, and punching,
Figure 1-5.

e Assembling—the process of placing all the parts
together in the correct location and orientation
with each other. The parts may be held in place
with small welds called tack welds or by some type
of clamp, Figure 1-6.

® Welding—the process of permanently attaching the
parts together to form the finished part, Figure 1-7.

® Finishing—can be accomplished by any number of
different processes such as grinding, polishing, drill-
ing, machining, painting, etc., Figure 1-8.

Not all metal fabrication includes all of the steps, and
the difficulty of each step varies with the complexity
of the fabrication. In addition, sometimes the order
in which each step is done may change. For example,
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FIGURE 1-7 Gastungsten arc welding was used to join
this stainless steel flange to pipe. Larry Jeffus

FIGURE 1-5 Oxyacetylene torch cutting a 2-in.
(50.8-mm) thick steel plate. Larry Jeffus

FIGURE 1-8 Angle grinding a weld to prepare it for
finish painting. Larry Jeffus

FIGURE 1-6 Magnetic alignment clamp used to hold pipe in the correct placement for welding. Larry Jeffus
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it may be necessary to wait until part of the assembly
has been welded before laying out the location of an
additional part; or a part may be trimmed to fit once
other parts have been welded in place.

WELDING DEFINED

Most people think of welding as either a gas torch or
electric arc welding process. They also think of it as
just melting metal together. In the earlier history of
welding, that was true, but welding is a lot more than
that today. For example, welds can be made without
an arc or flame with the induction welding (IW) pro-
cess; without heat using the pressure welding (PW)
process; or with an explosive using the explosion weld-
ing (EW) process. In fact, welding today is much more
than the basics; it can be a very sophisticated process.

The American Welding Society’s (AWS) defini-
tion of welding is very technical to reflect the differ-
ences in the welding processes used today. The AWS
definition of welding states that welding is “a localized
coalescence of metals or nonmetals produced either by
heating the materials to the required welding tempera-
tures, with or without the application of pressure, or
by the application of pressure alone, and with or with-
out the use of filler materials.” The term coalescence
means the fusion or growing together of the grain
structure of the materials being welded. The defini-
tion includes the terms metals or nonmetals because
materials such as plastics ceramics, and so forth, are
not metals and they can be welded. The phrase with
or without the application of pressure is important
because without the application of significant pres-
sure, some of the processes would not work, such as
electric resistance welding (ERW) and friction welding
(FW). In some welding processes only pressure is used
to cause localized coalescence such as the PW and EW
processes. And the last part of the definition says with
or without the use of filler materials, meaning welded
joints can be made by using only the base material.

A nontechnical definition of welding would be
that welding is the joining together of the surface(s)
of a material by the application of heat only, pressure
only, or with heat and pressure together so that the
surfaces fuse together. A filler material may or may
not be added to the joint.

Weld Quality

We would like to think that every weld is made per-
fectly, with not even a slight flaw or imperfection

Introduction 5

allowed. However, that is not possible. The higher the
welding standard, the higher the cost to produce a weld
to that standard. Therefore, we often say that a weld
must be fit for service. Fit for service means that there
is a reasonable expectation that the weld will never fail
as long as the weldment is used as it was designed to
be used. So the quality of welding required for weld-
ments differs depending on the intended service of the
weldment. For example, a weld that is made on a high-
pressure oil refinery vessel must be of an extremely
high quality, Figure 1-9. A weld failure on such a ves-
sel would be catastrophic, causing great property dam-
age and possible loss of life. However, if a weld made
on a driveway gate failed, it might be inconvenient but
not likely to cause a significant loss of life like a high-
pressure vessel failing, Figure 1-10.

To further illustrate this point, Figure 1-11 shows
two welds made on two different vehicles. The weld
shown in Figure 1-11A was made in 1945 by my
grandfather on the family farm. He made the weld
using bare metal electrodes. This farm trailer made

FIGURE 1-9 An oil refinery is an example of a structure
that requires critical welds to ensure its safe operation.
Larry Jeffus
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FIGURE 1-10 A farm gate is an example of a structure
containing noncritical welds. Larry Jeffus

FIGURE 1-11
electrodes. (B) Welded in 2008 with GTA welding.
Larry Jeffus

(A) Welded in 1945, using bare metal

from a Model A Ford car axle is still being used,
Figure 1-12. The weld shown in Figure 1-11B was
made in 2008 to hold the front suspension on a For-
mula 1 race car, Figure 1-13. The weld on the trailer
tongue has lasted for more than half a century travel-
ing around the farm at 3 or 4 miles per hour. But it

FIGURE 1-12 Farm trailer, 3 miles per hour. Larry Jeffus

FIGURE 1-13
Larry Jeffus

Formula 1race car, 300 miles per hour.

would last only a few seconds traveling around a race-
track at 300 miles per hour on a race car.

Good welders always try to make perfect welds
no matter what code or standard is specified.

WELDING AND CUTTING
PROCESSES

Welding processes differ greatly in the manner in
which heat, pressure, or both heat and pressure are
applied and in the type of equipment used. Table 1-1
lists various welding and allied processes. Some 67
welding processes are listed, requiring hammering,
pressing, or rolling to effect the coalescence in the
weld joint. Other methods bring the metal to a fluid
state, and the edges flow together.
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atomic hydrogen welding.... AHW
bare metal arc welding...
carbon arc welding.

—twin.... CAW-T SOLID
electrogas EGW STATE
flux cored arc weldln .. FCAW WELDING

(SSW)

coextrusion welding
cold welding.....
diffusion welding.
explosion weldin
forge welding...

iron soldering......... INS (RW)
resistance soldering..
torch soldering...

wave soldeﬁng.................:.

flame spraying.
plasma spraying.

chemical flux cutting.............
metal powder cutting..
oxyfuel gas cutting

—oxyhydro%an cutting..... OFC-H
—oxynatural gas cutting.. OFC-N
—oxypropane cutting....... OFC-P
oxygen arc cutting...... .\e]
oxygen lance cutting

Table 1-1

The most popular welding processes are gas metal
arc welding(GMAW) , flux cored arc welding (FCAW),
shielded metal arc welding (SMAW), gas tungsten arc
welding (GTAW), oxyacetylene welding (OAW), and
torch or oxyfuel brazing (TB). The two most popu-
lar thermal cutting processes are oxyacetylene cutting
(OAW) and plasma arc cutting (PAC).

Welders, like many professionals, have developed
jargon, nonstandard terms for many of the welding
processes. For example, the oxyacetylene welding pro-
cess is a part of the larger group of processes known as
oxyfuel gas welding (OFW). Sometimes it is referred
to as gas welding and torch welding. Shielded metal arc
welding is sometimes referred to as stick welding, rod
welding, or just arc welding. As you begin your work
career, you will learn the various names used in your
area, but you should always keep in mind and use the
more formal terms whenever possible.

.- BMAW
..CAW ARC
CAW-G WELDING

.FOW WELDING

—oxyacetylene cuttmg..'.'.-,' OFC-A OTHER
| curting
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gas metal arc welding
—pulsed arc...
—short mrcumng an::
gas tungsten arc weldlng . GTAW
—pulsed arc... .G
plasma arc weldlng -
shielded metal arc welding... SMAW

stud arc welding.........cccv.v... SW
BH'?BZ: NG submerged arc welding. SAW
ies.... SAW-S

arc brazing..........cceseeeeen. AB
block brazing...
diffusion brazing.

friction welding.... ..FRW PROCESSES dip brazing......

hot pressure welding.. .HPW flow brazing. .FLB

roll welding.............. .. ROW furnace brazing... .FB

ultrasonic welding................ Usw induction brazing 1B
infrared brazing... .IRB

dip soldering.....c.ccvwsivieinens DS torch brazing:......ccueeisieins TB

furnace soldering... ..FS s OXYFUEL twin carbon arc brazing..... TCAB

induction soldering 1S RESISTANCE GAS

infrared soldering... IRS WELDING WELDING

(OFW) electron beam welding.... EBW

—high vacuum............ EBW-HV

—medium vacuum...... EBW-MV

—NONVACUUMuseirairisns EBW-NV
electroslag welding..........ESW

flow welding.........

flash welding THERMAL ALLIED ADHESIVE induction welding. W

high frequency res:stance weldmg HFRW SPRAYING PROCESSES BONDING laser beam welding..........LBW

percussion welding.... ....PEW (THSP) (ABD) thermit welding........c.c.c.. TW

projection welding.......

res_stance seam wetqiing ...RSEW air acetylene welding.

resistance spot welding...................RSW oxyacetylene welding.

upset welding uw oxyhydrogen welding.
THERMAL pressure gas welding.

electric arc spraying.... EASP CUTTING

air carbon arc cutting......... AAC
carbon arc cutting... .C.

gas metal arc cutting.......... :
gas tungsten arc cutting.... GTAC
metal arc cutting.....ccveeeins MAC
plasma arc cutting............. PAC
shielded metal arc cutting.. SMAC

electron beam cutting....EBC
laser beam cutting

Master Chart of Welding and Allied Processes (American Welding Society)

Gas Metal Arc Welding

Gas metal arc welding (GMAW) uses a solid electrode
wire that is continuously fed from a spool, through the
welding cable assembly, and out through the gun. A
shielding gas flows through a separate tube in the cable
assembly, out of the welding gun nozzle, and around
the electrode wire. The welding power flows through
a cable in the cable assembly and is transferred to the
electrode wire at the welding gun. The GMA weld is
produced as the arc melts the end of the continuously
fed filler electrode wire and the surface of the base
metal. The molten electrode metal transfers across the
arc and becomes part of the weld. The gas shield flows
out of the welding gun nozzle to protect the molten
weld from atmospheric contamination.

GMA welding is extremely fast and economi-
cal because it can produce long welds rapidly that
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8 CHAPTER 1

require very little postweld cleanup. This process can
be used to weld metal ranging in thickness from thin-
gauge sheet metal to heavy plate metal by making only
a few changes in the welding setup.

Flux Cored Arc Welding

Flux cored arc welding (FCAW) uses a flux core
electrode wire that is continuously fed from a spool,
through the welding cable assembly, and out through
the gun. The welding power also flows through the
cable assembly. Some welding electrode wire types
must be used with a shielding gas, as in GMA welding,
but others have enough shielding, which is produced
as the flux core vaporizes. The welding current melts
both the filler wire and the base metal. When some
of the flux vaporizes, it forms a gaseous cloud that
protects the surface of the weld. Some of the flux
that melts travels across the arc with the molten filler
metal where it enters the molten weld pool. Inside the
molten weld metal, the flux gathers up impurities and
floats them to the surface where it forms a slag cover-
ing on the weld as it cools.

Although slag must be cleaned from the FCA
welds after completion, the advantages of this process,
including high quality, versatility, and welding speed
offset this requirement.

Gas metal arc welding and flux cored arc welding
are very different welding processes, but they use very

SHIELDING GAS
CYLINDER

WELDING CABLE ASSEMBLY
* WIRE AND WIRE LINER
* WELDING POWER CABLE
* SHIELDING GAS HOSE

* START/STOP CONTROL WIRES

WELDING
GUN x

CYLINDER
SAFETY CHAIN
GUN START/STOP
TRIGGER
WIRE FEEDER
POWER CABLE

WORK CLAMP J

FIGURE 1-14 Gas metal arc (GMA) and/or flux cored arc (FCA) welding equipment.
© Cengage Learning 2012

similar welding equipment, Figure 1-14. Both GMA
and FCA welding are classified as semiautomatic
processes because the filler metal is automatically fed
into the welding arc, and the welder manually moves
the welding gun along the joint being welded. GMA
and FCA welding are the first choice for many weld-
ing fabricators because these processes are cost effec-
tive, produce high-quality welds, and are flexible and
versatile. In addition to welding supply stores, many
others stores such as hardware stores, building sup-
ply stores, automotive supply stores, and others carry
GMA/FCA welding equipment and filler metals.

Shielded Metal Arc Welding

Shielded metal arc welding (SMAW) uses a
14-in.-(350-mm) long consumable stick electrode
that both conducts the welding current from the
electrode holder to the work, and as the arc melts
the end of the electrode away, it becomes part of
the weld metal. The welding arc vaporizes the solid
flux that covers the electrode so that it forms an
expanding gaseous cloud to protect the molten
weld metal. In addition to protecting molten weld
metal, fluxes also perform a number of beneficial
functions for the weld, depending on the type of
electrode being used.

SMA welding equipment can be very basic
compared to that used in other welding processes. It

AND FLOWMETER
WIRE FEED AND CONTROL UNIT

WIRE SPOOL
WIRE SPEED ADJUSTMENT
WELDING MACHINE

MAIN POWER
SUPPLY CABLE

POWER SUPPLY
CONTACTOR CONNECTION

WELDING VOLTAGE
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WELDING POWER CABLE
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FIGURE 1-15 Shielded metal arc (SMA) welding equipment. © Cengage Learning 2012

can consist of a welding transformer and two weld-
ing cables with a work clamp and electrode holder,
Figure 1-15. There are more types and sizes of SMA
welding electrodes than there are filler metal types
and sizes for any other welding process. This wide
selection of filler metal allows welders to select the
best electrode type and size to fit their specific welding
job requirements. So, a wide variety of metal types and
metal thicknesses can be joined with one machine.

Gas Tungsten Arc Welding

Gas tungsten arc welding (GTAW) uses a noncon-
sumable electrode made of tungsten. In GTA weld-
ing the arc between the electrode and the base metal

SHIELDING
GAS CYLINDER

GTA WELDING

TORCH ‘\

SHIELDING
GAS TO TORCH

melts the base metal and the end of the filler metal
as it is manually dipped into the molten weld pool.
A shielding gas flowing from the gun nozzle protects
the molten weld metal from atmospheric contami-
nation. A foot or thumb remote-control switch may
be added to the basic GTA welding setup to allow
the welder better control, Figure 1-16. This remote-
control switch is often used to start and stop the
welding current as well as make adjustments in the
power level.

GTA welding is the cleanest of all of the manual
welding processes. But because there is no flux used to
clean the weld in GTA welding, all surface contamina-
tion such as oxides, oil, and dirt must be cleaned from
the part being welded and the filler metal so it does
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FIGURE 1-16 Gas tungsten arc (GTA) welding equipment. © Cengage Learning 2012
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10 CHAPTER 1

not contaminate the weld. Even though GTA welding
is slower and requires a higher skill level as compared
to other manual welding processes, it is still in demand
because it can be used to make extremely high-quality
welds in applications in which weld integrity is critical.
In addition, there are metal alloys that can be joined
only with the GTA welding process.

Oxyacetylene Welding, Brazing,
and Cutting

Oxyacetylene welding (OAW) and torch or oxyfuel
brazing (TB) can be done with the same equipment,
and oxyfuel gas cutting (OFC) uses very similar equip-
ment, Figure 1-17.

In OA welding and TB, a high-temperature flame
is produced at the torch tip by burning oxygen and
a fuel gas. The most common fuel gas is acetylene;
however, other combinations of oxygen and fuel gases
(oxyfuel gas [OF]) can be used for welding such as
hydrogen, Mapp®, or propane. In OF welding the
base metal is melted, and a filler metal may be added
to reinforce the weld. No flux is required to make an
OF weld.

In TB, the metal is heated to a sufficient temper-
ature but below its melting point so that a brazing
alloy can be melted and bond to the hot base metal. A
flux may be used to help the brazing alloy bond to the
base metal. Both OF welding and TB are used primar-
ily on smaller, thinner-gauge metals.

PRESSURE
REGULATORS

VALVES

AC OXYGEN

CYLINDER

FUEL GAS
CYLINDER

FLOW CHECK

THERMAL CUTTING
PROCESSES

There are a number of thermal cutting processes such
as oxyfuel gas cutting and plasma arc cutting (PAC).
They are the most commonly used in most welding
shops. Air carbon arc cutting (AAC) is also frequently
used, and many larger fabrication shops have started
using laser beam cutting (LBC).

Oxyfuel Gas Cutting

Oxyfuel gas cutting (OFC) uses the high-temperature
flame to heat the surface of a piece of steel to a point
where a forceful stream of oxygen flowing out a cen-
ter hole in the tip causes the hot steel to burn away,
leaving a gap or cut. Because OF cutting relies on the
rapid oxidation of the base metal at elevated temper-
atures to make a cut, the types of metals and alloys
that it can be used on are limited. OF cutting can be
used on steel from a fraction of an inch thick to several
feet, depending on the capacity of the torch and tip
being used.

Plasma Arc Cutting

Plasma arc cutting (PAC) uses a stiff, highly ion-
ized, extremely hot column of gas to almost instantly
vaporize the metal being cut. Most ionized plasma is
formed as high-pressure air is forced through a very

BRAZING TIP HEAD

P

\— GAS HOSES

FIGURE 1-17 Oxyfuel gas welding (OFW) and oxyfuel cutting (OFC) equipment.
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small opening between a tungsten electrode and the
torch tip, Figure 1-18. As the air is ionized, it heats
up, expands, and exits the torch tip at supersonic
speeds. PAC does not rely on rapid oxidation of the
metal being cut like OFC, so almost any metal or alloy
can be cut.

PA cutting equipment consists of a transformer
power supply, plasma torch and cable, work clamp
and cable, and an air supply. Some PA cutting equip-
ment has self-contained air compressors. Because the
PA cutting process can be performed at some very
high travel speeds, it is often used on automated cut-
ting machines. The high travel speeds and very low
heat input help to reduce or eliminate part distortion,
a common problem with some OF cutting.

DEMONSTRATIONS,
PRACTICES, AND PROJECTS

The welding Demonstrations in the textbook are
designed to show you how something works, reacts
to heating or welding, or how you might be able to
perform a task. They may be done individually or as
a group.

The welding Practices in this textbook are
designed for you to develop a specific welding skill.
Welding is a combination of technical knowledge
and skill. You can develop the technical knowledge
through reading and studying the text, and you can

\— WORK CABLE

FIGURE 1-18 Plasma arc cutting (PAC) equipment.

© Cengage Learning 2012

develop the skill and art of welding by performing the
welds laid out in each practice and project. Learn-
ing to weld requires practicing each weld. Often,
you have to make the weld several times before you
develop the eye—hand coordination. The more time
you spend practicing welding, the better your skills
will become.

The welding Projects in this textbook are
designed to help you both improve your welding
skills and develop your fabricating skills. The begin-
ning welding projects are designed so that you can
make them even though you may not have developed
all of your welding skills yet. That is not to say that
you should not always try to make high-quality welds
every time you weld. Making perfect welds is every
welder’s desire; however, a high skill level comes
with practice. If you follow the project drawings and
specifications, every project should result in a usable
product being produced.

Assembling the Parts

The assembly process for a weldment can be as sim-
ple as holding a part in place with one hand as you
make a tack weld using your other hand. But most
of the time, it is much more complicated, requiring
clamps, jigs, or fixtures to hold the parts in place for
tack welding or finish welding, Figure 1-19. A variety
of hand tools such as squares, magnetic angle blocks,
clamps, and locking pliers are commonly used to align
and hold the parts for welding.
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FIGURE 1-19 Motorcycle frame clamped in a
welding jig. Larry Jeffus

Getting the parts of an assembly properly posi-
tioned may take more time than it takes to do the
welding. Time spent accurately positioning the part is
not wasted, because welding parts in the wrong place
can result in time being wasted removing the welds
and repositioning a part.

Selection of the Joining Process

Many different welding processes can be used to tack
weld or finish weld. Some of the factors to consider
are whether this is a single weldment or whether a
large number of welds will be required. When a large
number of welds are needed, then a slightly faster
welding process would be worth using. Another fac-
tor to consider is the metal thickness and joint design.
You have more choices when welds are made in a
welding shop rather than in the field. For example,
when it is too windy, FCA and GMA welding cannot
be used outside, so SMA welding may need to be used
for these field welds.

OCCUPATIONAL
OPPORTUNITIES
IN WELDING

The American welding industry has contributed to
the widespread growth of the welding and allied pro-
cesses. Without welding, much of what we use on

a daily basis could not be manufactured. The list of
these products grows every day, thus increasing the
number of jobs for people with welding skills. The
need to fill these well-paying jobs is not concentrated
in major metropolitan areas but exists throughout the
country and the world. Because of the diverse nature
of the welding industry, the exact job duties of each
skill area vary. The following are general descriptions
of the job classifications used in our profession; spe-
cific tasks may vary from one location to another.

Welders perform the actual welding. They are
the skilled craftspeople who, through their own labor,
produce the welds on a variety of complex products,
Figure 1-20.

Tack welders, also skilled workers, often help the
welder by making small welds to hold parts in place.
The tack weld must be correctly applied so that it
is strong enough to hold the assembly and still not
interfere with the finished welding.

Welding operators, often skilled welders, operate
machines or automatic equipment used to make welds.

Welders’ helpers are employed in some welding
shops to clean slag from the welds and help move and
position weldments for the welder.

Welder assemblers or welder fitters, position all
the parts in their proper places and make these ready
for the tack welders. These skilled workers must be
able to interpret blueprints and welding procedures.

FIGURE 1-20 Sometimes welding must be done
in confined spaces such as this pumping station.
Larry Jeffus
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They also must have knowledge of the effects of con-
traction and expansion of the various types of metals.

Welding inspectors are often required to hold a
special certification such as the one supervised by
the American Welding Society known as Certified
Welding Inspector (CWTI). To become a CWI, candi-
dates must pass a test covering the welding process,
blueprint reading, weld symbols, metallurgy, codes
and standards, and inspection techniques. Vision
screening is also required on a regular basis once the
technical skills have been demonstrated.

Welding shop supervisors may or may not weld
on a regular basis, depending on the size of the shop.
In addition to their welding skills, they must demon-
strate good management skills by effectively planning
jobs and assigning workers.

Welding salespersons may be employed by sup-
ply houses or equipment manufacturers. These jobs
require a broad understanding of the welding pro-
cess as well as good marketing skills. Good sales-
persons are able to provide technical information
about their products to convince customers to make
a purchase.

Welding shop owners are often welders who have
a high degree of skill and knowledge of small-business
management and prefer to operate their own busi-
nesses. These individuals may specialize in one field,
such as hardfacing, repair, and maintenance, or spe-
cialty fabrications, or they may operate as subcon-
tractors of manufactured items. A welding business
can be as small as one individual, one truck, and one
portable welder or as large as a multimillion-dollar
operation employing hundreds of workers.

Welding engineers design, specify, and oversee
the construction of complex weldments. The weld-
ing engineer may work with other engineers in areas
such as mechanics, electronics, chemicals, or civil
engineering in the process of bringing a new building,
ship, aircraft, or product into existence. The weld-
ing engineer is required to know all of the welding
processes and metallurgy as well as have good math,
reading, communication, and design skills. This person
usually has an advanced college degree and possesses
a professional certification.

In many industries, the welder, welding operator,
and tack welder must be able to pass a performance
test to a specific code or standard.

The highest paid welders are those who have the
education and skills to read blueprints and perform
the required work to produce a weldment to strict
specifications. Large industrial concerns employ workers

Introduction 13

who serve as support for the welders. These engineers
and technicians must have knowledge of chemistry,
physics, metallurgy, electricity, and mathematics.
Engineers are responsible for the research, design,
development, and fabrication of a project. Technicians
work as part of the engineering staff. These individuals
may oversee the actual work for the engineer by pro-
viding the engineer with progress reports as well as
chemical, physical, and mechanical test results. Tech-
nicians may also require engineers to build prototypes
for testing and evaluation.

Another group of workers employed by the industry
does layouts or makes templates. These individuals
have had drafting experience and have a knowledge of
operations such as punching, cutting, shearing, twist-
ing, and forming, among others. The layout is gener-
ally done directly on the material. A template is used
for repetitive layouts and is made from sheet metal or
other suitable materials.

The flame-cutting process is closely related to
welding. Some operators use handheld torches, and
others are skilled operators of oxyfuel cutting machines.
These machines range from simple mechanical devices
to highly sophisticated, computer-controlled, multiple-
head machines that are operated by specialists.

Metric Units

Both standard and metric (SI) units are given in this
text. The SI units are in parentheses () following the
standard unit. When nonspecific values are used—
for example, “set the gauge at 2 psig” where 2 is an

1/4in. = 6 mm
1/2 in. = 13 mm
3/4in. = 18 mm
1lin.= 25 mm
2in.= 50 mm
1/2gal =2L
lgal=4L
1lb =1/2K
2lb=1K
1 psig = 7 kPa
1°F = 2°C

Table 1-2 Metric Conversion Approximations

By using an approximation for converting standard units to metric, it is possible
to quickly have an idea of how large or heavy an object is in the other units. For
estimating, it is not necessary to be concerned with the exact conversions.
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TEMPERATURE 1L = 0.2642 gal (U.S))
Units lcuyd = 0.769 cum
°F (each 1° change) = 0.555°C (change) lcum = 13cuyd
°C (each 1° change) = 1.8°F (change) Conversions
32°F (ice freezing) = 0%elsius cuin.to L cuin. X 0.01638 = L
212°F (boiling water) = 100°Celsius L to cu in. L X 6102 = cuin.
—460°F (absolute zero) = O°Ran|_<|ne cuftto L cuft X 2832 = L
—273°C (absolute zero) = 0°Kelvin Ltocuft L % 003531 =  cuft
Conversions L to gal L X 0.2642 = gal
°Fto°C °F-32 = X.555 = EE© galtoL gal X 3737 = L
°Cto °F °C X 1.8= 1320 = °F
WEIGHT (MASS) MEASUREMENT
LINEAR MEASUREMENT Units
Units loz = 0.0625Ib
1linch = 25.4 millimeters 1lb = 160z
1linch = 2.54 centimeters loz = 2835¢g
1 millimeter = 0.039%4 inch 19 = 0.03527 oz
1 centimeter = 0.3937 inch 1lb = 0.0005 ton
12 inches = 1 foot lton = 2000Ib
3 feet = 1lyard loz = 0.283kg
5280 feet = 1mile 1lb = 0.4535kg
10 millimeters = 1 centimeter 1 kg = 35270z
10 centimeters = 1 decimeter 1 kg = 22051Ib
10 decimeters = 1 meter l1kg = 1000¢g
1000 meters = 1 kilometer Conversions
Conversions Ib to kg b X 0.4535 = kg
in.to mm in. X 25.4 = mm kg to Ib kg X 2.205 = Ib
in.to cm in. X 254 = cm oztog 0z X 0.03527 = g
ft to mm ft X 3048 = mm gtooz g X  28.35 = 0z
fttom ft X 0.3048 = m
mm to in. mm X 0.0394 = in. PR_ESSURE AND FORCE MEASUREMENTS
cmtoin. cm X 0.3937 = in. Units
mm to ft mm X 0.00328 = fit 1 psig = 6.8948 kPa
m to ft m X 3.28 = ft 1 kPa = 0.145 psig
- 1 psig = 0.000703 kg/sg mm
AREA MEASUREMENT lkg/sgmm = 6894 psig
Units 1 Ib (force) = 4.448N
1 sqin. = 0.0069 sq ft 1 N (force) = 0.2248 b
1sqft = 1l44sqin. Conversions
1sqft = 0.111sqyd psig to kPa psig X 6.8948 = kPa
lsqyd = 09sqft kPa to psig kPa X 0.145 = psig
lsgin. = 645.16 sqg mm lbtoN b X 4448 = N
1sgmm = 0.00155 sqin. N to Ib N X 0.2248 = psig
1sgecm = 100 sq mm
1sqm = 1000 sqcm VELOCITY MEASUREMENTS
Conversions Units
sq in. to sq mm sqin. X 645.16 = sq mm ilf?/éZiC = 25%3/35156(:
sq mm to sq in. sq mm X 0.00155 sq in. 1 fmin = 720in/sec
VOLUME MEASUREMENT 1in./sec = 0.4233 mm/sec
Units 1mm/sec = 2.362in./sec
Lcuin. = 0.000578 cu ft 1cfm = 0.4719 L/min
1 cu ft = 1728 cuin. 1 L/min = 2.119 cfm
1lcuft = 0.03704 cu yd Conversions
lcuft = 2832L ft/min to in./sec ft/min X 720 = in./sec
1cuft = 7.48gal (US) in/mintomm/sec _____in/min X .4233=___ mm/sec
lgal(Us) = 3737L mm/sec.toin/min ___mm/sec X 2.362=___in./min
lcuyd = 27cuft cfm to L/min cfm X 0.4719 = L/min
1 gal = 0.1336 cu ft L/min to cfm L/min X 2.119 = cfm
1cuin. = 16.39cucm
1L = 1000 cu cm
1L = 61.02cuin.
1L = 0.03531cuft

TABLE 1-3 Table of Conversions: U.S. Customary (Standard) Units and Metric Units (SI)
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U.S. Customer (Standard) Units
°F = degrees Fahrenheit
°R = degrees Rankine
= degrees absolute F
Ib = pound
psi = pounds per square inch
= Ib per sq in.
psia = pounds per square inch absolute
= psi + atmospheric pressur
in. = inches = in. = "
ft = foot or feet = ft =
sqin. = square inch = in.
sqft = square foot = ft
cuin. = cubic inch = in.
cuft = cubic foot = ft
ft-Ib = foot-pound
ton = ton of refrigeration effect
qt = quart
Metric Units (SI)
°C = degrees Celsius
°K = Kelvin
mm = millimeter
cm = centimeter
cm? = centimeter squared

Miscellaneous Abbreviations

)
QD
1 | | | e T |

centimeter cubed
decimeter
decimeter squared
decimeter cubed
meter

meter squared
meter cubed

liter

gram

kilogram

joule

kilojoule

newton

pascal

kilopascal

waltt

kilowatt
megawatt

seconds

radius of circle
3.1416 (a constant
used in determining
the area of a circle)

pressure sec
hours r
diameter T
area

volume

infinity

Table 1-4 Abbreviations and Symbols

approximate value—the SI units have been rounded
off to the nearest whole number. Round off occurs
in these cases, to agree with the standard value and
because whole numbers are easier to work with. SI
units are not rounded off only when the standard unit
is an exact measurement.

Often students have difficulty understanding
metric units because exact conversions are used even
when the standard measurement was an approxima-
tion. Rounding off the metric units makes under-
standing the metric system much easier, Table 1-2,
page 13. By using this approximation method, you
can make most standard-to-metric conversions in
your head without using a calculator.

Once you have learned to use approximations for
metric, you will find it easier to make exact conver-
sions whenever necessary. Conversions must be exact

in the shop when a part is dimensioned with one
system'’s units and the other system must be used to
fabricate the part. For that reason you must be able to
make those conversions. Table 1-3 and Table 1-4 are
set up to be used with or without the aid of a calculator.
Many calculators today have built-in standard—metric
conversions. Of course, it is a good idea to know how
to make these conversions with and without these
aids. Practice making such conversions whenever the
opportunity arises.

Welding Video Series

Delmar/Cengage Learning, in cooperation with the
author, has produced a series of DVDs. Each of the
four DVD sets covers specific equipment setup and
operation for welding, cutting, soldering, or brazing.

REVIEW QUESTIONS

1. Define metal fabrication.
2. Define welded metal fabrication.
3. What is a weldment?

4. List 20 items that are manufactured using weld-
ing or thermal cutting processes.

5. List the five steps that might be followed to fabri-
cate a project.

6. What is a nontechnical definition of welding?
7. Explain the term fit for service.

8. List the six most popular welding processes.
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9. Name the two most popular thermal cutting
processes.

10. List the major parts of a GMA welding setup.
11. List the major parts of an FCA welding setup.
12. List the major parts of an SMA welding setup.
13. List the major parts of a GTA welding setup.
14. List the major parts of an OF cutting setup.
15. List the major parts of a PA cutting setup.

16. Why can more types of metal be cut with PAC
than with OFC?

17. List some ways that parts can be held in place for
tack welding or finish welding.

18. List some factors that should be considered when
selecting a welding process.

19. List some of the types of jobs that are available in
the welding industry.

20. Using Table 1-3, convert the following standard
units to SI units.

a. 212°F to °C
b. 2 in. to mm
c.4lbto_ k

d. 10 psig to kPa

21. Using Table 1-3, convert the following SI units to
standard units.

a. 100°C to °F

b. 400 mm to in.
c. 10kto Ib

d. 100 kPa to psig
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Welding Safety

OBJECTIVES

After completing this chapter, the student should be able to:

e Explain how to work safely.

e |dentify each degree of burn and describe how to provide first aid.

e List the types of protective clothing a welder should wear.

e Explain the importance of proper ventilation and respiratory protection.
e Describe how to safely lift, climb, and handle materials.

e Demonstrate electrical safety.

KEY TERMS

acetone full face shield type B fire extinguisher
acetylene goggles type C fire extinguisher
earmuffs ground-fault circuit type D fire extinguisher
earplugs interpreter (GFCI) ultraviolet light
electrical ground infrared light valve protection cap
electrical resistance material :pecification ventilation
exhaust pickups CHAEEEAAER) visible light

natural ventilation .
flash burn warning label

safety glasses

flash glasses
forced ventilation

welding helmet
type A fire extinguisher

INTRODUCTION

Accident prevention is the main intent of this chapter. The safety information
included in this text is intended as a guide. There is no substitute for caution
and common sense. A safe job is no accident; it takes work to make the job
safe. Each person working must do their own part to make the job safe.
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Welding fabrication is a very large and diverse
industry. This chapter concentrates on only that portion
of welding fabrication safety related to the areas of
light metal. You must read, learn, and follow all safety
rules, regulations, and procedures for those areas.

Light welding fabrication, like all other areas of
welding work, has a number of potential safety haz-
ards. These hazards need not result in anyone being
injured. Learning to work safely is as important as
learning to be a skilled welding fabrication worker.

You must approach new jobs with your safety in
mind. Your safety is your own responsibility, and you
must shoulder that responsibility. It is not possible to
anticipate all of the possible dangers in every job. This
text may not cover some dangers. You can get specific
safety information from welding equipment manufac-
turers and their local suppliers, your local college and
university, and the World Wide Web.

If an accident does occur on a welding site, it can
have consequences far beyond just the person being
injured. Serious accidents can result in local, state,
or national investigations. For example, if the federal
office of the Occupational Safety and Health Adminis-
tration (OSHA) becomes involved, the jobsite may be
closed for hours, days, weeks, months, or even perma-
nently. While the jobsite is closed for the investigation,
you may be off without pay. If it is determined that your
intentional actions contributed to the accident, you
may lose your job, be fined, or worse. Always follow the
rules; never engage in horseplay or play practical jokes
while at work.

BURNS

Burns are one of the most common and painful injuries
that occur in welding fabrication. Burns can be caused
by ultraviolet light rays as well as by contact with hot
welding material. The chance of infection is high with
burns because of the dead tissue that results. It is impor-
tant that all burns receive proper medical treatment
to reduce the chance of infection. Burns are divided
into three classifications, depending upon the degree of
severity. The three classifications include first-degree,
second-degree, and third-degree burns.

First-Degree Burns

First-degree burns have occurred when the surface of
the skin is reddish in color, tender, and painful; they
do not involve any broken skin, Figure 2-1. The first

SWEAT PORE

EPIDERMIS _]

DERMIS

SUBCUTANEOUS
LAYER

SWEAT
GLAND

NERVES

BLOOD FAT
VESSELS CELLS

FIGURE 2-1 First-degree burn—only the skin surface
(epidermis) is affected. © Cengage Learning 2012

step in treating a first-degree burn is to immediately
put the burned area under cold water (not iced) or
apply cold water compresses (clean towel, washcloth,
or handkerchief soaked in cold water) until the pain
decreases. Then cover the area with sterile bandages
or a clean cloth. Do not apply butter or grease, or any
other home remedies or medications, without a doc-
tor’s recommendation.

Second-Degree Burns

Second-degree burns have occurred when the sur-
face of the skin is severely damaged, resulting in the
formation of blisters and possible breaks in the skin,
Figure 2-2. Again, the most important first step in
treating a second-degree burn is to put the area under

BREAK BLISTER
SERUM
EPIDERMIS _] Z
DERMIS
SUBCUTANEOUS 88
LAYER z

FIGURE 2-2 Second-degree burn—the epidermal
layer is damaged, forming blisters or shallow breaks.
© Cengage Learning 2012
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cold water (not iced) or apply cold water compresses
until the pain decreases. Gently pat the area dry with
a clean towel, and cover the area with a sterile ban-
dage or clean cloth to prevent infection. Seek medical
attention. If the burns are around the mouth or nose,
or involve singed nasal hair, breathing problems may
develop. Do not apply ointments, sprays, antiseptics,
or home remedies. Note: In an emergency, any cold
liquid you drink, for example, water, cold tea, soft
drinks, or milk shake, can be poured on a burn. The
purpose is to lower the skin temperature as quickly as
possible to reduce tissue damage.

Third-Degree Burns

Third-degree burns have occurred when the surface
of the skin and possibly the tissue below the skin
appear white or charred. There may be cracks or
breaks in the skin, Figure 2-3. Initially, little pain
is present because the nerve endings have been
destroyed. Do not remove any clothes that are stuck
to the burn. Do not put ice water or ice on the
burns; this could intensify the shock reaction. Do
not apply ointments, sprays, antiseptics, or home
remedies. If the victim is on fire, smother the flames
with a blanket, rug, or jacket. Breathing difficulties
are common with burns around the face, neck, and
mouth; be sure that the victim is breathing. Place a
cold cloth or cool water on burns of the face, hands,
or feet to cool the burned areas. Cover the burned
area with thick, sterile, nonfluffy dressings. Call for
an ambulance immediately if needed; people with
even small third-degree burns need to consult a
doctor.

HAIR BURNED OFF CRACK IN THE SKIN

EPIDERMIS _]

DERMIS
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FIGURE 2-3 Third-degree burn—the epidermis, dermis,
and the subcutaneous layers of tissue are destroyed.
© Cengage Learning 2012
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Burns Caused by Light

Some types of light can cause burns. There are three
types of light—ultraviolet, infrared, and visible. Ultra-
violet and infrared are not visible to the unaided
human eye but can cause burns. During welding, one
or more of the three types of light may be present.
Arc welding and arc cutting produce all three kinds
of light, but gas welding produces only the less haz-
ardous visible and infrared lights.

The light from the welding process can be
reflected from walls, ceilings, floors, or any other
large surface. This reflected light is as dangerous as
the direct welding light. To reduce the danger from
reflected light, welding shops, if possible, should be
painted flat black. Flat black reduces the reflected light
by absorbing more of it than any other color. If the
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