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PREFACE

This volume of the Welding Handbook presents an overview of the most recent research and engineering develop-
ments in the field of welding and cutting science and technology. Upcoming volumes will address welding processes,
materials, and applications. Together, the five volumes of the tenth edition substantially expand upon and update
the information presented in the ninth edition.

The seventeen chapters in this volume cover the fundamentals of welding, cutting, joining, and allied processes.
The chapters discuss metallurgy, the physics of welding and cutting, heat flow in welding, and residual stress and
distortion. Other important topics include engineering considerations of weld design, weldment tooling and posi-
tioning, automation, process monitoring and control, methods for the evaluation and testing of welds, weld quality,
weld inspection and nondestructive examination, and the economics of welding.

Well-researched chapters on codes and other standards, the qualification and certification of welding techniques
and personnel, the accurate communication of welding information, and safe practices are also included. The
information in this volume is applicable to all categories of welding, from manual welding to the most sophisticated
automated and robotic systems.

The peer-reviewed chapters in this volume are enhanced by the pertinent consensus standards that are referenced
throughout. More than 700 drawings, schematics, and photographs illustrate the text. Approximately 170 tables
provide categorized or comparative information. Explanatory information and sources are identified and referenced
in footnotes.

This volume, like the others preceding it, is a voluntary effort by the members of the Welding Handbook Committee,
the Welding Handbook Volume 1 Committee, and the Chapter Committees. Each chapter is reviewed by members
of the American Welding Society’s Technical Activities Committee (TAC), Safety and Health Committee (SHC),
and other specialists.

D. D. Kautz, Chair Kathy Sinnes, Editor
Welding Handbook Committee Secretary
2015–Present Welding Handbook Committee
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INTRODUCTION

2 AWS WELDING HANDBOOK

This chapter introduces the basic concepts of the
conventional and more widely used joining, cutting, and
thermal spraying processes. The distinguishing features
of the various processes are summarized and compared
to one another. Among the joining processes reviewed
are the electric arc, resistance, and solid-state welding
processes as well as brazing, soldering, and adhesive
bonding. The cutting processes examined include ther-
mal and nonthermal methods of material removal. Ther-
mal spray processes, including flame spraying (FLSP),
plasma arc spraying, arc spraying, and detonation flame
spraying, will also be reviewed in this chapter.1, 2, 3

Several processes may be applicable for a specific
job; the challenges include selecting the process that is
most suitable for the specific application, code require-
ments, schedule, and cost. However, these factors may
not be compatible with each other and may require a

1. Welding terms and definitions used throughout this chapter are
from American Welding Society (AWS) Committee on Definitions
and Symbols, Standard Welding Terms and Definitions, Including
Terms for Adhesive Bonding, Brazing, Soldering, Thermal Cutting,
and Thermal Spraying, AWS A3.0M/A3.0, Miami: American Welding
Society.
2. At the time this chapter was prepared, the referenced codes and
other standards were valid. If a code or other standard is cited with-
out a date of publication, it is understood that the latest edition of the
referenced document applies. If a code or other standard is cited with
the date of publication, the citation refers to that edition only, and it
is understood that any future revisions or amendments to the code are
not included; however, as codes and standards undergo frequent revi-
sion, the reader should consult the most recent edition.
3. The AWS Welding Handbook makes use of both U.S. Customary
Units and the International System of Units (SI). The latter are shown
within parentheses ( ) in the text and in appropriate columns in tables
and figures. SI measurements may not be exact equivalents; therefore,
each system must be used independently.

compromise. The selection of the optimum process ulti-
mately depends on several criteria, including the num-
ber of components to be fabricated, capital equipment
costs, joint location, structural mass, and the preferred
performance of the product. The adaptability of the
process to the location of the operation, the type of
manufacturing environment, and the experience and
skill levels of the employees may also have an impact on
the final selection. In this chapter, these criteria are
examined as they relate to the various joining, cutting,
and thermal spraying processes.

This chapter is intended to serve as a survey of the
most common joining, cutting, and thermal spraying
processes; therefore the reader is encouraged to conduct
a thorough investigation of the processes that appear to
have the best potential for the intended applications.
This investigation should consider safety and health rec-
ommendations such as those presented in the American
National Standard Safety in Welding, Cutting, and Allied
Processes, ANSI Z49.1,4 and the information provided
in the manufacturers’ safety data sheet (SDS). Additional
sources of information about the joining, cutting, and
allied processes are listed in the Bibliography and Supple-
mentary Reading List at the end of this chapter. In par-
ticular, Welding Processes,5 Volume 2 and Volume 3 of
the American Welding Society’s Welding Handbook, pre-
sents in-depth coverage of each of the processes.

4. American National Standards Institute (ANSI), Safety in Welding,
Cutting, and Allied Processes, ANSI Z49.1, Miami: American Welding
Society.
5. American Welding Society (AWS) Welding Handbook Committee,
2004, Welding Processes, Part 1, Vol. 2 and 2007, Welding Processes,
Part 2, Vol. 3 of Welding Handbook, 9th ed., Miami: American
Welding Society.

SURVEY OF JOINING, 
CUTTING, AND ALLIED 
PROCESSES

CHAPTER 1
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JOINING PROCESSES

The goal of all joining processes is to combine indi-
vidual pieces of material into a single component. In the
case of two pieces of compatible metal, if the atoms at
the contacting surface of one piece come close enough
to the atoms at the contacting surface of the other piece,
then interatomic pull will develop and the two pieces
will become one. Although this concept is easy
to describe, it does not usually happen under typical
conditions.

Surface roughness, impurities, fitting imperfections,
and the varied properties of the materials make it nearly
impossible for this ideal scenario to occur so thermal
(heat) and mechanical energy (pressure) is required to
eliminate these barriers and thereby make joining pos-
sible. Welding processes and procedures have been
developed to provide the thermal, mechanical or a com-
bination of both energies required to overcome these
difficulties and to activate the adjoining surfaces.

Most welding processes apply significant thermal
energy to the base material which can reach tempera-
tures that can be ten times the melting temperature of
the base metal, causing melting and vaporization. The
temperatures that are reached in many of the welding
processes typically cause changes in the base metal
microstructure and composition which can be detri-
mental to the properties of the materials being joined.
Hot metals tend to oxidize rapidly at elevated tempera-
tures so sufficient protection must be provided to pre-
vent this detrimental reaction. Some metals are more
sensitive than others, in which case protection from oxi-
dation can become more demanding. The method by
which sufficient protection against oxidation is pro-
vided by the process should then be identified. When
determining which welding process to use, one must
consider what effect the heat input from each of the
welding processes being evaluated will have on the base
metal, weld passes, as well as how any of the resulting
microstructural changes will impact the function of the
components being joined.

The selection of an appropriate joining and cutting
process for a given task involves a number of consider-
ations. These include the following:

1. Availability of the welding process;
2. Suitability of the welding process for the environ-

ment in which welding is to be done;
3. Skill requirements;
4. Weldability of the base metals with respect to

type and thickness to be joined;
5. Availability of suitable welding consumables;
6. Weld joint design;
7. Heat input requirements;
8. Demands of the welding position;

9. Cost of the process, including capital expendi-
tures, materials, and labor;

10. Number of components to be fabricated;
11. Delivery requirements;
12. Applicable code and/or standard requirements;

and
13. Safety concerns.

The overview of the joining processes featured in
Table 1.1 presents an initial reference guide to the capa-
bilities of various joining processes with respect to a
variety of ferrous and nonferrous metals. This table
indicates the processes, materials, and material thick-
ness combinations that are typically compatible. The
columns on the left list various engineering materials
and four arbitrary thickness ranges. The processes most
commonly used in industry are listed across the top.

It should be noted that additional information, such
as the considerations listed above, must be taken into
account before process selections are finalized. Table
1.1 can be a useful tool in providing general guidelines
for the screening and selection process. In addition, six-
sigma methodologies, such as Failure Effect Mode
Analysis, or FMEA, can also be useful to minimize the
potential causes of failure during the evaluation process.

ARC WELDING
The term arc welding applies to a large, diversified

group of welding processes that use an electric arc as
the source of heat. The creation of a weld between met-
als using these processes does not usually involve pres-
sure. The process may or may not utilize a filler metal.
The arc is initiated between the workpiece and the tip
of the electrode. The intense heat produced by the arc
melts the base metal in the area of the arc which upon
cooling results in the formation of a weld. The electric
arc may be either moved along the joint to produce the
weld or held stationary while the workpiece is moved
under the process.

Arc welding can be performed by conducting the
welding current through consumable electrodes such as
a wire or rod, or it can be done using nonconsumable
electrodes of carbon or tungsten rods. Metal arc pro-
cesses utilize consumable electrodes that melt the elec-
trode filler metal along with the base metal to create the
weld. Some arc welding processes may also produce a
slag covering to protect the molten metal from oxida-
tion or support out-of-position welding.

The nonconsumable arc processes generate a weld by
melting the base metal only, resulting in what is termed
an autogenous weld. The nonconsumable electrode
serves only to sustain the arc. If filler metal is required
in a nonconsumable process, it may be fed either manu-
ally or mechanically into the molten weld pool.
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Table 1.1
Capabilities of the Commonly Used Joining Processes

Material Thickness

Processes

S
M
A
W

S
A
W

G
M
A
W

F
C
A
W

G
T
A
W

P
A
W

E
S
W

E
G
W

R
W

F
W

O
F
W

D
F
W

F
R
W

E
B
W

L
B
W

T
B

F
B

R
B

I
B

D
B

I
R
B

D
F
B S

Carbon 
steel

S x* x x x x x x x x x x x x x x x x
I x x x x x x x x x x x x x x x x x x x

M x x x x x x x x x x x x x x
T x x x x x x x x x x x x

Low-alloy 
steel

S x x x x x x x x x x x x x x x x x x
I x x x x x x x x x x x x x x x x

M x x x x x x x x x x x x x x
T x x x x x x x x x x x

Stainless 
steel

S x x x x x x x x x x x x x x x x x x x
I x x x x x x x x x x x x x x x x x

M x x x x x x x x x x x x x x
T x x x x x x x x x x x

Cast iron I x x x x x x x
M x x x x x x x x x x
T x x x x x x x

Nickel and 
alloys

S x x x x x x x x x x x x x x x x x
I x x x x x x x x x x x x x x x

M x x x x x x x x x x x
T x x x x x x x x

Aluminum 
and alloys

S x x x x x x x x x x x x x x x x
I x x x x x x x x x x x

M x x x x x x x x x
T x x x x

Titanium 
and alloys

S x x x x x x x x x x x x
I x x x x x x x x x

M x x x x x x x x x
T x x x x x x x x

Copper and 
alloys

S x x x x† x x x x x x x x
I x x x x x x x

M x x x x x
T x x x x

Magnesium
and alloys

S x x x x x x x x x
I x x x x x x x x x x

M x x x x x x
T x x

Refractory 
alloys

S x x x x x x x x x x x x
I x x x x x x x x

M x
T

LEGEND
Process Code:
SMAW = shielded metal arc welding PAW = plasma arc welding OFW = oxyfuel gas welding TB = torch brazing DB = dip brazing
SAW = submerged arc welding ESW = electroslag welding DFW = diffusion welding FB = furnace brazing IRB = infrared brazing
GMAW= gas metal arc welding EGW = electrogas welding FRW = friction welding RB = resistance brazing DB = diffusion brazing
FCAW = flux cored arc welding RW = resistance welding EBW = electron beam welding IB = induction brazing S = soldering
GTAW = gas tungsten arc welding FW = flash welding LBW = laser beam welding
Thickness:
S = sheet: up to 3 mm (1/8 in.) I = intermediate: 3 to 6 mm (1/8 to 1/4 in.) M = medium: 6 to 19 mm (1/4 to 3/4 in.) T = thick: 19 mm (3/4 in. and up).
*Commercial process.
†Copper requires molybdenum-coated tips.
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AWS WELDING HANDBOOK CHAPTER 1—SURVEY OF JOINING, CUTTING, AND ALLIED PROCESSES 5

Shielded Metal Arc Welding

Illustrated in Figure 1.1, shielded metal arc welding
(SMAW) is used to weld ferrous and some nonferrous
metals. SMAW is sometimes referred to colloquially as
stick welding or simply arc welding. This process incor-
porates the use of a metal arc (an arc that transfers
metal) which is formed between a covered electrode and
the weld pool. The electrode typically consists of a solid
wire core around which a concentric flux mixture of sil-
icate binders and powdered materials such as fluorides,
carbonates, oxides, metal alloying elements, and cellu-
lose is extruded. This covering serves as a source of arc
stabilizers and vapors to displace air as well as metal

and slag to protect, support, and insulate the hot weld
metal.6

The process name shielded metal arc could be used
to describe a number of arc processes because most use
some means of shielding to protect the molten weld
pool. However, this term is unique to the process in
which shielding is achieved by means of the decomposi-
tion of the coating on the electrode as it is consumed by
the heat of the arc.

6. An excellent guide to the classification of SMAW electrodes is pro-
vided in the appendices of the applicable filler metal specifications.
See, for example, American Welding Society (AWS) Committee on
Filler Metals, Specification for Covered Carbon Steel Electrodes for
Shielded Metal Arc Welding, AWS A5.1/A5.1M, Miami: American
Welding Society.

Source: Adapted from Linnert, G. E., 1994, Welding Metallurgy, 4th ed., Miami: American Welding Society, Figure
6.8.

Figure 1.1—Schematic Representation of Shielded Metal Arc Welding
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6 CHAPTER 1—SURVEY OF JOINING, CUTTING, AND ALLIED PROCESSES AWS WELDING HANDBOOK

The bare section of the electrode is clamped into an
electrode holder, which is connected to the power
source by a cable. The workpiece is connected to the
other power source terminal. The arc is initiated by
touching the tip of the electrode on the workpiece and
then withdrawing it slightly, thus initiating the arc. The
heat of the arc melts the base metal in the immediate
area of the arc initiation along with the electrode’s
metal core and covering. The molten base metal, the
wire core, and any metal powders in the covering coa-
lesce to form the weld.

When arc welding was developed during the latter
part of the nineteenth century, welding was more diffi-
cult due to the less-than-ideal electrical power sources
available and the fact that a bare metal rod was used as
the consumable electrode. This bare metal electrode
made it very difficult to initiate and maintain an arc.
Also, the bare electrode provided no protection from the
atmosphere and the resulting weld had poor properties.

Flux coatings for welding electrodes were developed
in the 1920s and have undergone improvements in
terms of formulation and production since that time.
These improvements have resulted in ease of arc initia-
tion and operation as well as excellent weld properties.
The ingredients in the coatings stabilize the arc by pro-
viding continual ionization of the arc column and they
produce (1) shielding vapors, which displace air; (2)
deoxidizers and other scavengers that purify the weld;
(3) additional alloying elements; and (4) slag, which
provides a physical protection or covering over the hot
weld metal. Electrode coatings that incorporate pow-
dered metal can increase the deposition rate and enable
the operator to drag the electrode lightly on the coating
instead of having to maintain a proper arc length manu-
ally. This tends to reduce operator fatigue, minimizes
skill requirements, and often increases productivity.

Covered welding electrodes are available in diame-
ters ranging from 1/16 inch (in.) to 5/16 in. (1.6 milli-
meters [mm] to 7.9 mm). The smaller diameters are
used with low currents for the joining of thin sections,
limited-access work, and welding in the vertical and
overhead welding positions. The larger-diameter elec-
trodes require higher currents, which produce higher
weld deposition rates. With respect to economy, the
goal is to use the electrode with the highest deposition
rate and the highest current practical for the application.

In order to realize the economic potential of the
larger electrodes, the amperage per square inch (in.2)
(square millimeter [mm2]) of the electrode cross-
sectional area, termed current density, must be optimized.
Although electrodes can function at a significantly
lower current density than the optimum setting, a low
current density decreases productivity. Weld deposition
rates vary directly in relation to the current density
used. Smaller electrodes cannot conduct currents as
high as larger diameter electrodes, but they are able to

maintain a high current density. In many cases, small
electrodes with higher current densities can yield higher
deposition rates and deeper penetration than larger
electrodes with lower current densities.

The application of the SMAW process involves rela-
tively high labor costs due to lower process efficiency
and the higher skilled labor required. This process
yields a deposition efficiency of less than 60% based on
a comparison of the weight of electrodes purchased to
the weld weight obtained. This relatively low efficiency
is due to several factors. These include the discarding of
electrode stubs when the electrode is consumed to
within 2 in. to 3 in. (50.8 mm to 76.2 mm) of the elec-
trode holder or when a portion of the covering is
knocked off. In addition, slag must be chipped from the
completed weld. Compared to the wire-feed arc pro-
cesses, the labor costs of the shielded metal arc process
are high due to its slower deposition rates, higher
degree of skill required, time loss associated with
changing electrodes, and the removal of the slag from
the weld after each pass.

The equipment used in SMAW is the simplest and
least expensive of that used for the electric welding pro-
cesses. The necessary components are a power source of
adequate current rating and duty cycle, suitably sized
electrical cables, an electrode holder, and a workpiece-
lead clamp. Utility-duty, single-phase alternating-cur-
rent (AC) welding machines are the least expensive and
can be used with small electrodes designed for AC cur-
rent. Industrial-duty alternating current/direct current
(AC/DC) or DC power sources can be used with the
greatest variety of electrodes. Engine-driven portable
machines with a wide range of capabilities are marketed
at various prices, depending on the polarity and power
output options desired.

With respect to personal protective equipment,
SMAW operators must wear sturdy dry clothing and
leather gloves for protection against spatter and electric
shock. A helmet should be equipped with a dark lens
(shade number 10 or higher recommended for most
applications) that shields the eyes from the brilliance of
the arc, electromagnetic radiation, and flying slag parti-
cles or weld spatter.

The SMAW process offers several advantages in
addition to the simplicity, low cost, and portability of
SMAW equipment. With this process, shops can handle
many welding applications using a wide variety of elec-
trodes. Moreover, this process permits welds to be
made in confined spaces. For these reasons, SMAW is
used in the construction, pipeline, and maintenance
industries, among others.

Disadvantages include low deposition rates, the
inability to automate, and a higher level of skill to per-
form it. The need for frequent starts and stops creates
conditions for cold laps, crater cracks, and similar
problems if performed improperly.
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Submerged Arc Welding

A versatile production welding process with high
productivity, submerged arc welding (SAW) joins met-
als by heating them by an electric arc formed between a
continuously fed, bare metal electrode that can be either
a solid wire or cored wire and the workpiece. Illustrated
in Figure 1.2, this process involves establishing and
maintaining the welding arc submerged beneath a
mound of granular flux particles. Additional flux is
continually added in front of the electrode as welding
progresses. The flux helps in stabilizing the arc, protect-
ing the molten weld metal from contamination from the
ambient atmosphere and may influence the chemical
properties of the weld if an active flux is used. The arc
quickly melts a portion of the flux and base metal but
remains covered by a combination of melted and
unmelted flux. Therefore, the arc generally cannot be
seen because it is submerged under the flux and molten
slag covering. When welding is completed, any
unmelted flux is typically removed and can be reused
after screening out any slag particles from it. Because
some of the flux particles are damaged during recycling,
typically reused flux is mixed in an even 50-50 mix
ratio with fresh flux. The melted flux forms a slag cov-

ering which must be removed after welding is complete
or before any additional weld passes can be made.

Used extensively in pipe manufacturing, pressure
vessel fabrication, bridge fabrication and ship-building,
submerged arc welding is most widely employed in the
welding of many grades of carbon and high strength
low-alloy steels. Stainless steel and various nickel alloys
are also effectively welded or used as surfacing filler
metals with this process. Submerged arc welding is gen-
erally automated or robotic, though some industries still
use manual or semi-automated application for short welds.

The welding positions best suited for submerged arc
welding are the flat position for fillet (1F) and groove
(1G) welds and the horizontal (2F) position for fillet
welds. The welding of butt joints in the horizontal posi-
tion (2G) can be accomplished but special flux shelves
must be used to support the flux in the horizontal posi-
tion for welding. Though rarely used, vertical welding
has been done using a weaving technique with small
diameter wires and specialized equipment. The over-
head welding position cannot be utilized in submerged
arc welding because the flux covering of the arc and
molten pool cannot be maintained due to the effects of
gravity.

The wire electrodes used in submerged arc welding
are usually supplied in coils or drums. The electrodes
can be either solid or tubular, composite wires. Some
solid wires may be coated with a thin layer of Cu to
improve the wire’s corrosion resistance prior to welding
and the current conduction during welding. For larger
jobs, the larger-sized packages maximize economy by
increasing operating efficiency and decreasing electrode
unit costs. The electrode wire diameters usually speci-
fied in submerged arc welding range between 1/16 in.
and 1/4 in. (1.6 mm and 6.4 mm). Due to the high
current and deep penetration often used, this process
is better suited to welding sections thicker than 1/4 in.
(6.4 mm). However, reduced current and 3/64 in. (1.1 mm)
or smaller electrode wire can be used for welding thick-
nesses below 1/4 in. (6.4 mm).

The flux used in submerged arc welding can be
selected in combination with the electrode filler metal
to yield specific weld properties. Various filler metal-
flux combinations produce beneficial chemical reac-
tions and modify the chemical composition of the weld
metal. The unmelted flux can be vacuumed from the
completed weld and reused once any lumps of slag have
been removed through sifting. The reused flux is typi-
cally mixed in equal proportions to new flux because
the flux particles can become mechanically damaged
during the recycling process which can produce too
many particle fines. Magnets are often used during sift-
ing to remove any unwanted mill scale or other metallic
particles. The melted flux leaves a slag deposit that is
easily removed, leaving a bright, clean, smooth weld
with no spatter.

Source: Adapted from Linnert, G. E., 1994, Welding Metallurgy, 4th ed., Miami: American
Welding Society, Figure 6.18.

Figure 1.2—Schematic of Submerged Arc Welding
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However, flux in the area of the weld joint tends to
slow the cooling rate of the weld and the adjacent base
metal after welding. This effect may impact the hard-
ness profile of the heat-affected zone (HAZ) depending
on the chemistry of the base metal and the actual rate of
cooling in the HAZ. This may not be acceptable for
metal alloys that require high toughness values or for
materials that require a faster cooling rate to minimize
the HAZ degradation of a tempering treatment. Adjust-
ments to the procedure, such as decreasing the amper-
age and voltage or increasing the travel speed can help
to decrease the heat input and its impact on the HAZ.
The common formula for determine heat input for non-
waveform power supplies is shown below.

Heat Input (Joules) = 

High current densities are possible with submerged
arc welding because the flux has a stabilizing effect on
the arc. High current densities yield high deposition
rates and deep penetration. The deep penetration can
minimize the amount of joint preparation required,
though the depth-to-width ratio of the weld may be
critical in some alloys to prevent centerline cracking in
the weld. The high deposition rate and deep penetration
result in a high level of productivity. Figure 1.3 illustrates
this type of joint.

With submerged arc welding, electrical parameters
and the travel speed along the joint can be adjusted to
produce a variety of weld profiles, ranging from a wide,
flat deposit with little penetration to a deep, narrow
weld with a high bead reinforcement or buildup. Alter-
nating current, direct current electrode positive (DCEP)
and direct current electrode negative (DCEN) can be
used to change to resulting profile of the weld.

Though single-electrode welding is the most com-
mon configuration used in submerged arc welding, a

Arc Voltage Welding Current×
Travel Speed

---------------------------------------------------------------------------- 60×

combination of multiple electrodes and cold wires
(wires not heated by another source) can be used to
achieve a higher productivity and penetration control.
When two wires with separate power sources are used
in SAW, it is referred to as a tandem arc process. A typ-
ical SAW tandem arc procedure utilizes DCEP for the
first electrode and ac for the second electrode. Deep
penetration into the joint root face is achieved by using
DCEP on the first electrode, while higher deposition
rates and minimal arc blow (deflection of the arc from
its axial path due to the effects of magnetic fields) are
achieved using AC on the second electrode because it
disrupts the continuous flow of the DC magnetic flux
fields due to the constant polarity changes. The tandem
arc process is typically used to join thicker base metals.
As many as five electrodes feeding into the same weld
pool can be used. Submerged arc welding can also be
performed with a metal strip-type electrode for sur-
facing applications. This results in a wide deposit with
minimal penetration and a high deposition rate.

With no visible arc and very little smoke or fume
generation, submerged arc welding offers advantages
with respect to environmental safety concerns. Opera-
tors need not wear a helmet or heavy protective cloth-
ing, though eye protection must be worn to shield
against unexpected hazards. Hand protection should be
used for handling hot slag and the weldment. Special
care should be taken when pouring or otherwise han-
dling flux to avoid breathing the dust that is generated.
Because certain elements can be hazardous when vapor-
ized, the manufacturer’s safety data sheets (SDSs)
should be consulted to identify potentially hazardous
materials.

In summary, the main advantages of submerged arc
welding are high deposition rates, alloy combinations
available, and weld process stability. The main disad-
vantages are that the process is typically limited in the
positions for which it can be used, the flux must be
properly stored and maintained, the flux must be repro-
cessed for reuse, the process cannot typically be used on
thin materials and there is a slag waste component
which must be addressed.

Gas Tungsten Arc Welding
The gas tungsten arc welding (GTAW) process,

sometimes referred to colloquially as TIG welding,
incorporates the use of a nonconsumable tungsten elec-
trode to initiate and sustain the arc, which is shielded
from the atmosphere by externally supplied gas. The
gas is almost always inert, but there are cases were an
active gas can be used for very specialized applications.
Gas tungsten arc welding is the one of most versatile of
the arc welding processes. Welds can be made with or
without filler metal and the process can be used to weld
very thin materials that are just a few thousandths of an

Source: Adapted from Kielhorn, W. H., 1978, Welding Guidelines with Aircraft Supple-
ment, Englewood, Colorado: Jepperson Sanderson, Figure 5.44.

Figure 1.3—Joint with Thick Root Face
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inch (less than 1 millimeter) thick. Gas tungsten arc
welding can be used in all welding positions to join just
about all weldable ferrous and nonferrous alloys. Inter-
nationally, the gas tungsten arc process may also be
referred to as TIG–tungsten inert gas or WIG–Wolfram
(the chemical element name of tungsten) inert gas. The
process may also be called TAG if the shielding gas con-
tains an active component such as an addition of nitro-
gen or hydrogen.

Gas tungsten arc welding can be used in automated
or robotic applications, but is most often used in man-
ual applications. Weld control is excellent in gas tung-
sten arc welding because voltage can be controlled by
the length of the arc, current can be adjusted via welder
or automated controls, wire feed is independent of the
other variables and travel speed can be varied as
required. This excellent control yields exceptional
fusion and wetting at the beginning of the weld, thus
avoiding incomplete fusion, which can take place when
using consumable electrode processes. Figure 1.4 illus-
trates the gas tungsten arc process.

The shielding gas utilized in gas tungsten arc welding
is almost always completely inert. Argon is the pre-
dominant shielding gas used, though helium and argon-
helium mixtures are sometimes utilized to increase weld
penetration. Inert gas shielding displaces the ambient
atmosphere so that welding can take place in a nonreac-
tive atmosphere. Reactive gases such as hydrogen or
nitrogen are sometimes mixed with the inert gas to
obtain specialized effects (example: oxides on 300 series
stainless steels are reduced on due to the effects of
hydrogen) or to increase productivity. The use of active

gases is very limited in industry and used only for very
special applications. Because the tungsten electrode may
react unfavorably with certain shielding gases, the over-
all number of shielding gases that can be used with this
process is limited.

Tungsten electrodes are often alloyed with small
amounts of oxides of lanthanum, thorium, or cerium.
These oxide additions enhance the electron emission of
the electrode and can also raise the melting temperature
of the electrode which enables the electrode to be used
at a higher current level without inducing melting. The
American Welding Society (AWS) standard Specifica-
tion for Tungsten and Tungsten Alloy Electrodes for
Arc Welding and Cutting, AWS A5.12/A5.12M,7 con-
tains specifications for the tungsten electrodes used in
gas tungsten arc welding.

The selection of a power source for gas tungsten arc
welding is based on the polarity of the welding current
required for the base metal, current level required and
any additional equipment features desired such as pul-
sation. Some power sources are capable of producing
square-wave AC, which renders better arc performance
than the conventional sine-wave AC. Some power
sources have a pulsed-arc option. A pulsed arc first sup-
plies a higher current pulse to the arc to achieve thor-
ough fusion; a lower current pulse is subsequently
supplied to prevent the electrode from overheating and
melting. This lower current also prevents excessive
melting of the base metal. Pulsed-arc current allows
adjustments of the pulse current time, background cur-
rent time, peak current level, and background current
level to enable the creation of tailored wave forms that
are best suited for particular applications.

The choice of polarity is important with direct cur-
rent because the direction of current flow changes the
how the thermal energy is distributed in the arc. DCEP
heats the electrode much more than DCEN; thus, DCEP
is rarely used except for very thin materials or for sur-
facing. When welding metals that have refractory oxide
surfaces, such as aluminum and magnesium, oxide
cleaning can take place in the electrode positive portion
of the AC cycle because current flows from the base
metal to the tungsten.

Some gas tungsten arc welding power sources also
permit polarity adjustments. Adjustable polarity
enables the modification of the alternating current in
two ways—either by changing the proportion of time
duration in the desired polarity, either electrode posi-
tive or electrode negative, or by adjusting the amplitude
of the current in the desired direction. The greater the
adjustment in the electrode positive current direction,
the greater the oxide cleaning effected. It should be

7. American Welding Society (AWS) Committee on Filler Metals,
Specification for Tungsten and Tungsten Alloy Electrodes for Arc
Welding and Cutting, AWS A5.12/A5.12M, Miami: American Welding
Society.

Figure 1.4—Schematic Representation
of Gas Tungsten Arc Welding
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noted that polarity adjustments also result in additional
heating of the tungsten electrode. Figure 1.5 illustrates
these adjustable polarity options. Some newer power
supplies have the ability to change frequencies of the
alternating current cycle which can be used for multiple
purposes and effects.

Gas tungsten arc welding can be done both with and
without the addition of filler metal. Welds that are
made without filler metal are called autogenous welds.
For nonautogenous welding, filler metal can be added
either manually or mechanically into the pool, where it
is melted by the thermal energy of the molten pool.
Care must be taken not to allow the filler metal rod to
come into direct contact with the electrode, which
would cause some of the filler to melt onto the tungsten
electrode resulting in contamination. Techniques
known as hot-wire feed and cold-wire feed are options
of the mechanical feeding method. The hot-wire feed
method involves preheating the filler metal through an
external power source to minimize the thermal energy
required by the molten weld pool to melt the filler
metal, while the cold-wire technique involves no sepa-
rate heating of the filler metal. The hot wire feed
method increases the productivity of the process by
increasing the deposition rate more than the cold-wire
feed method.

A disadvantage of gas tungsten arc welding is its low
relative productivity due to the lower travel speeds and
deposition rates. Also, gas tungsten arc welding requires
more skill, especially when manually feeding the filler

metal, as both the torch and filler metal must be coordi-
nated simultaneously. Mechanical wire feeding systems
decrease the required skill level and somewhat increase
process productivity.

The primary advantage of the GTAW process is its
capability to join a wide variety of materials. Addition-
ally, the process tends to be very stable and there is a
greater control over heat input than with other welding
processes resulting in an improved suitability for use on
very thin materials. With respect to other arc processes,
it is also easier to make radiographically clear welds.

Plasma Arc Welding
Plasma arc welding (PAW), illustrated in Figure 1.6,

produces welds by striking a constricted arc between a
nonconsumable electrode and the weld pool (trans-
ferred arc) or between the electrode and the constricting
nozzle (nontransferred arc). The PAW process is very
similar to the GTAW process, as it was a technological
advancement based on the GTAW process. The process
uses an inert shielding gas for almost all applications.
Plasma arc welding lends itself to automated and
robotic welding.

Though classified as a gas shielded arc process,
plasma arc welding functions like a high power density
process, as it has the capacity to join materials with the
keyhole welding technique (see below) along with the
conventional melt-in welding method (i.e., involving
weld pools). A tungsten electrode is recessed in a nozzle
that has a very small orifice through which the arc/gas
plasma has been heated to an ionized condition, allow-
ing the resulting plasma to carry electric current. This
constricted orifice concentrates the arc and increases
the exit velocity resulting in a well-defined, high power
density plasma column. It is this aspect of the arc that
makes the process function similar to a high-power-
density process such as laser welding or electron beam
welding. The PAW arc is stiffer and more stable than
that used in gas tungsten arc welding because of the
high velocity at which the plasma is propelled from the
torch towards the workpiece. Thus, the PAW arc is less
sensitive to the torch stand-off distance which is the
between the nozzle and joint.

As illustrated in Figure 1.6, in both the transferred
arc and nontransferred arc process variations, the tung-
sten electrode is connected to the negative terminal of
the power supply. The positive terminal is connected to
the workpiece in the transferred arc mode but it is
connected to the orifice nozzle in the nontransferred
arc variation. The constricted orifice concentrates the
heat by producing a plasma jet with temperatures in
the range of 30 000°F to 50 000°F (16 650°C to
27 760°C). This temperature is much higher than a
typical open arc process which typically range from

Figure 1.5—Square-Wave Alternating Current 
Adjustable Polarity Options
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9000°F to 10 000°F (4980°C to 5540°C). Therefore,
keyhole welding is possible in metal thicknesses up to
1/2 in. (12.7 mm) when implementing transferred arc
plasma arc welding on a tightly fitted square butt joint.
Thicker materials can be welded using the keyhole
method when combined with a V- or U-groove through
a portion of the joint thickness.

The keyhole technique results in excellent productiv-
ity because a high travel speed is required to maintain a
stable keyhole. The high travel speed requires mechani-
zation, precise joint location, and fit-up. In contrast,
nontransferred arc plasma arc welding is used mostly
for melt-in welding techniques, surfacing, and thermal
spraying applications. It lends itself to manual control
in many instances.

A low-power version of plasma arc welding, some-
times referred to as microplasma arc welding, is capa-
ble of welding materials as thin as 0.001 in. (0.025
mm). Much of this type of welding can easily be done
manually.

Gas Metal Arc Welding
Gas metal arc welding (GMAW), often referred to

colloquially as MIG, involves the use of an arc and con-
sumable electrode with externally added shielding gas.
In other parts of the world, the welding process is called
MIG for metal inert gas, or MAG for metal active gas
depending on the composition of the shielding gases
used. With the various choices of metal transfer modes
through the arc described below, the wide range of elec-
trode sizes available, and the numerous shielding gas
mixtures possible, the GMAW process can be used to
weld many ferrous and nonferrous metals. These metals
can range in size from 0.020 in. (0.51 mm) thin-gauge
sections to any desired plate or pipe section thickness.
With the proper procedure and technique, gas metal arc
welding can be performed in all positions. If the vari-
ables are properly set on the controls of the welding
machine then less skill is typically required for gas
metal arc welding than for the SMAW or GTAW pro-

Figure 1.6—Schematic Illustration of Plasma Arc Welding:
Transferred Arc (Left); Nontransferred Arc (Right)

 
 

--`,,,,``,``````,`,,``,`,,,,,`-`-`,,`,,`,`,,`---

Full document details: WHB 1-2018

http://www.avadocuments.com/doc/whb-1-2018
http://www.avadocuments.com/doc/whb-1-2018


12 CHAPTER 1—SURVEY OF JOINING, CUTTING, AND ALLIED PROCESSES AWS WELDING HANDBOOK

cesses. Figure 1.7 illustrates the gas metal arc welding
process.

The shielding gas or gas mixtures used in gas metal
arc welding are not completely inert unless welding alu-
minum or magnesium. Shielding gas generally consists
of carbon dioxide, argon-carbon dioxide mixtures,
argon-oxygen mixtures, or multiple gas blends. The
mixed shielding gas blends typically result in smoother
arc performance, less spatter, and promote enhanced
wetting of the weld to the base metal. Most mixtures
have been standardized and are commercially available
in cylinders or bulk gas systems.

Gas metal arc welding employs either a solid elec-
trode wire or an electrode with a core of powdered
metal. A variety of ferrous and nonferrous alloys areav-
ailable. Electrode sizes range from 0.020 in. to 0.062 in.
(0.5 mm to 1.6 mm). Spool weights can vary from 1 lb
to 60 lbs (0.5 kg to 27 kg), coils weigh from 50 lbs to
65 lbs (23 kg to 29.5 kg), and drums or bulk reels can
weigh as much as 1000 lbs (450 kg). The unit cost of
electrode wire usually varies inversely with the size of
electrode and the weight of the spool, coil, or drum pur-
chased. For example, the unit cost of a given alloy of
0.020 in. (0.5 mm) wire on a 1 lb (0.5 kg) spool may be

more than five times higher than the unit cost of 0.062 in.
(1.6 mm) wire purchased in a 1000 lbs (450 kg) drum. It
is economically advisable to use the largest-sized elec-
trode wire wound on the largest-sized spool, coil, or
drum practical for the application.

One significant variable in any wire-fed arc process
is the electrical stick out which is the distance between
the contact tip and the work. This distance includes the
length of wire extension past the contact tip as well as
the height of the welding arc. The electrode is a very
small conductor and therefore has high electrical resis-
tance. The sensitivity to the effects of electrical stick out
is affected by the bulk resistivity of the wire. Nickel and
stainless steels have higher resistivity than aluminum
and so the effect of the electrical stick out will be
increased. If the extension of the electrode increases in a
constant-voltage system, the current decreases rapidly
because more current is used to preheat the electrode
through resistive heating. The current is a function of
wire feed speed and electrode extension. The current
varies directly with wire feed speed but inversely with
extension. However, deposition rate is a function of
wire feed speed only because it is based on weld volume
applied over time. If the wire feed is constant, the depo-
sition rate is constant even though the current changes
as the extension changes.

The basic equipment and accessories used in gas
metal arc welding include a welding gun (air or water
cooled); wire electrode; wire feeder; a power supply;
shielding gas; cables and hoses; and in the case of
water-cooled torches, a water circulation system. This
process lends itself well to semiautomatic (manual),
fully mechanized, automatic, and robotic welding. In
semimechanized welding, the operator holds the weld-
ing gun, controlling the torch angles, extension, and
travel speed along the joint. Alternatively, the gun can
be mounted on a carriage with an adjustable speed con-
trol and moved along the joint at the desired travel
speed.8

Several types of metal transfer variations can be used
in gas metal arc welding, depending on a number of fac-
tors. These variations include the spray, globular, short-
circuiting, pulsed-arc, and high-deposition, buried-arc
metal transfer modes. Figure 1.8 summarizes these arc
modes as a function of current density, illustrating their
respective positions relative to one another. The type of
shielding gas used also affects the metal transfer modes.
For example, when using carbon dioxide, the resulting
metal transfer is either short circuiting mode at lower
current densities or the globular transfer mode at high
current densities. True spray transfer mode cannot typi-
cally be achieved with 100% carbon dioxide shielding
gas. The larger the electrode used, the higher the cur-
rent required for a given current density.

8. For more information, see Chapter 9 of this volume.

Source: Adapted from Linnert, G. E., 1994, Welding Metallurgy, 4th ed., Miami: American
Welding Society, Figure 6.12.

Figure 1.7—Schematic Representation
of Gas Metal Arc Welding
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When the current density is increased above a point
defined as the transition current density level, spray
transfer mode is achieved. In spray transfer arc mode,
the electrode metal is transferred as tiny droplets across
a stiff, stable arc, as illustrated in Figure 1.9. The stable
arc produces very little spatter. Argon should be pre-
dominant in the shielding gas mixture. Because this
mode produces a high volume of molten metal at a high
rate of speed, spray transfer is typically considered suit-
able for the flat and horizontal positions when using
conventional CV power supplies. When using pulsed
GMAW, spray metal transfer mode can sometimes be
used in other welding positions.

Globular transfer mode, shown in Figure 1.10, is
obtained when the current density is just below the tran-
sition current density level. When carbon dioxide is used
as the shielding gas, globular transfer occurs even at
high current density. The metal droplets formed at the
end of electrode are larger in diameter than the electrode
itself. With solid electrode wire, globular mode produces
a rather erratic arc. In this case, the metal globules are
propelled from randomly varying positions with respect
to the center of the electrode tip. Substantial spatter
results, producing a weld deposit that is rough and
uneven. A more controlled version of this mode is used
in flux cored arc welding (FCAW), an arc welding pro-
cess using an arc between a continuous filler metal elec-
trode and the weld pool. The process is used with
shielding gas from a flux contained within the tubular
electrode, with or without additional shielding from an
externally supplied gas, and without the application of
pressure (refer to the section on flux cored welding).

Short-circuiting transfer mode, which produces a
characteristic crackling sound during welding, is
obtained at the lowest range of current densities. The
shielding gas mixture used in this mode, which can be
applied in all welding positions, is typically rich in
argon but can be 100% CO2. It produces small, quickly
solidifying welds suited to joining thin materials or
bridging small root openings. In the latter case, this
mode provides complete penetration and fusion to both
members on the reverse side of an open root butt joint.

Figure 1.11 illustrates the short-circuiting metal trans-
fer cycle. Position A shows the electrode prior to short cir-

Figure 1.8—Gas Metal Arc Welding
Transfer Mode Comparison

Source: Adapted from Kielhorn, W. H., 1978, Welding Guidelines with Aircraft Supple-
ment, Englewood, Colorado: Jepperson Sanderson, Figure 5.26.

Figure 1.9—Schematic Illustration
of Spray Metal Transfer

Source: Adapted from Kielhorn, W. H., 1978, Welding Guidelines with Aircraft Supple-
ment, Englewood, Colorado: Jepperson Sanderson, Figure 5.28.

Figure 1.10—Gas Metal Arc Welding:
Globular Metal Transfer Mode
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cuiting. The wire should be starting to melt prior to short
circuiting and the droplet size should not be much greater
than the diameter of the wire. Position B depicts the elec-
trode short-circuiting to the weld pool, extinguishing the
arc for an instant. Although this is not perceptible to the
unaided eye, high-speed film has proven that the arc does
indeed extinguish. Because of the short circuit, the glob-
ule is pinched off as the current peaks, as shown in
position C. Position D shows the arc restored. This
cycle can occur up to 200 times per second, depending
on the electrical current and the shielding gas type used.

An important precaution must be observed when
implementing the short-circuiting arc mode. Sufficient
power must be used to obtain adequate fusion. For pur-
poses of illustration, assume that a welder working with
a section thicker than 1/4 in. (6.4 mm) is attempting to
make a T-joint fillet weld traveling downhill using a
0.035 in. (0.9 mm) electrode at less than 100 A and 18
volts (V). The arc may sound as though it is working well
under these operating conditions, but little if any fusion
to the base metal is actually taking place because of
insufficient power. Properly designed welding procedures
must be carefully followed when operating in this mode.

Pulsed arc metal transfer mode (GMAW-P) is a metal
transfer variation in which the welding current is pulsed.
Shielding gases are generally composed of 90% or
greater argon with a small addition of either CO2 or
oxygen. Figure 1.12 illustrates the behavior dynamics of
the current with this mode. In Position 1, a low-back-
ground current is applied, prompting the formation of a
small globule on the electrode. In Position 2, a pulse of
current is about to cause the globule to separate from
the electrode. In Position 3, the current has pulsed above
the transition current density, and the droplet is trans-
ferred in spray metal transfer mode. The spray arc also

applies heat, which aids fusion. In Positions 4 and 5, the
current density is returning to the background current.

The advantages of the pulsed-arc mode include the
option of using larger electrode sizes, greater process
productivity, and enhanced fusion with a greater base
metal mass (as compared to the short-circuiting mode).
The pulsed-arc mode can also be used in all positions.
However, GMAW pulsed-arc equipment is much more
expensive than that used for the other arc modes. In
addition, pulsed-arc background and peaking current
amplitudes and durations must be properly adjusted for
the electrode alloy type and size being used with a given
shielding gas. Various manufacturers offer synergic sys-
tems using inverter power sources. Several pulsed-arc
systems have microprocessor controls to synchronize
the variables. A number of factory preset program
options may be included. To improve performance dur-
ing particular applications, provisions for changing any
of the preset parameters are also available.

As illustrated (refer to Figure 1.8), the two metal
transfer modes having the greatest current density are
the buried-arc mode and the high-deposition-rate mode.
The current densities of these modes may exceed
300 000 A/in.2 (465 A/mm2) of the electrode cross-
sectional area. At these densities, a 0.045 in. (1.1 mm)
electrode feeds at about 1500 in./min (38 meters [m]/
min). The voltage used in buried-arc mode is low
enough to permit the arc to be below the surface of the

Source: Adapted from Kielhorn, W. H., 1978, Welding Guidelines with Aircraft Supple-
ment, Englewood, Colorado: Jepperson Sanderson, Figure 5.30.

Figure 1.11—Gas Metal Arc Welding:
Short-Circuiting Metal Transfer Mode

Source: Adapted from Kielhorn, W. H., 1978, Welding Guidelines with Aircraft Supple-
ment, Englewood, Colorado: Jepperson Sanderson, Figure 5.30.

Figure 1.12—Gas Metal Arc Welding:
Pulsed-Arc Mode
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metal, which produces a narrow, deep weld profile with
a high crown or buildup. The high-deposition-rate
mode utilizes a higher voltage, creating a wider weld
profile that has less weld crown and is not as deep. The
buried-arc and high-deposition-rate modes are nor-
mally implemented in fully mechanized or automatic
gas metal arc welding.

Pulsed GMAW is no longer limited to the spray
transfer mode. Computer technology and sensors have
been developed to closely monitor the short circuiting
process and respond dynamically to the process in near
real time. For example, when a short circuit occurs, the
current begins to increase due to the constant voltage
power supply. In a standard GMAW process the cur-
rent would continue to increase as the wire begins to
melt and neck down in cross sectional area. This even-
tually ends in an explosive event as the short circuit is
cleared and the arc is reestablished. In the pulsed short
circuit mode, the power is controlled such that just
prior to the short circuit being cleared, the power is
temporarily turned off and the droplet is drawn into the
weld pool by surface tension.

Once the droplet has detached from the wire, the
power is switched back on and the arc is reestablished.
There are several variations as to how this welding pro-
cess adaptation is accomplished. The controls, algo-
rithms and sensors used are independently developed by
each of the manufacturers of the power supplies.
Advantages can include spatter reduction, lower heat
input, the ability to weld thinner gages of materials and
the ability to control penetration.

There are several major advantages of gas metal arc
welding. Foremost, the process can be used on a very
wide range of metals and metal thicknesses, and is eas-
ier to learn and control than some of the other arc
welding processes. The process is, by nature of the solid
electrode, a low hydrogen welding process. Further-
more, the productivity is high due to the high deposi-
tion rates, the process is economically efficient because
most of the wire used in the process is directly incorpo-
rated into the weld, and there is no loss from fluxes or
the stub loss associated with SMAW.

However, there are also disadvantages to the GMAW
process. Because the shielding is done with externally
supplied gas, the process is sensitive to wind and weld
quality can be impacted, and the process is less portable
than shielded metal arc welding. Also, the welding arc
is exposed during the process and those who are weld-
ing or may be exposed to the arc need to be adequately
protected from the light intensity and UV exposure.

Flux Cored Arc Welding
Flux cored arc welding (FCAW) uses the same type

of power sources, wire feeders, and welding guns as gas
metal arc welding. However, FCAW incorporates the

use of a tubular electrode with a core containing flux
and alloying elements. A variation, self-shielded flux
cored arc welding (FCAW-S), obtains its shielding gases
from the breaking down of the internal flux component
of the electrode as it is consumed by the arc. The
FCAW-S gun differs from the GMAW gun in that it has
no nozzle for shielding gas. Figure 1.13 illustrates both
gas shielded and FCAW-S. Gas shielded flux cored arc
welding (FCAW-G) is another variation of the process.

For self-shielded flux cored electrodes, the flux in the
electrode core serves the same functions as the coating
on the shielded metal arc electrode. It helps initiate
and stabilize the arc and contains deoxidizers, addi-
tional alloying elements, scavengers, slag, and vapor-
forming ingredients sufficient to provide necessary pro-
tection from the atmosphere. Self-shielded flux cored
arc welding is suited to outdoor work in windy condi-
tions in which externally added shielding gases would
be blown away. Electrodes are marketed for carbon
steels and some alloy steels. Gas-shielded flux cored
arc electrodes must be supplemented by externally added
gas, typically carbon dioxide. Electrode sizes range
from less than 0.020 in. to 0.16 in. (0.5 mm to 4 mm).

The FCAW process can require more electrode
extension than gas metal arc welding. If the extension is
too short, the vapor-forming ingredients are not suffi-
ciently heated to generate enough arc vapor for ade-
quate shielding, potentially resulting in porosity in the
weld. Some FCAW-S electrodes require even greater
extension than FCAW-G electrodes.

Deposition rates in FCAW can be somewhat higher
than those attained with gas metal arc welding in spite
of less cross sectional area of the tubular wire when
compared to the solid steel wire of the same diameter.
With a given electrode size and current, the current den-
sity is also higher with flux cored electrodes than with
the electrodes used for gas metal arc welding. This
increased current density occurs because flux cored
electrodes are tubular rather than solid, and the flux
core is made up of metallic and nonmetallic ingredients
that have a lower current-carrying capacity than solid
metal. The slag ingredients have a protective effect on
the molten weld pool because the molten slag floats on
top of the molten metal. Some slag systems freeze prior
to weld solidification while others solidify after the
weld metal. Fast solidifying slags enable welding out of
position because these slags act like a dam to hold the
molten metal in place until it solidifies. The weld pool
surface is typically very dynamic when this slag freezes
and will result in a noticeable ripple pattern. The slower
solidifying slags will result in welds with little to no rip-
ple because the molten welds have an opportunity to calm
some under the molten slag prior to the metal solidify-
ing. The controlled globular transfer typical with
FCAW allows for a broad range of electrical variables,
which contributes to improved operating characteristics.
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The presence of flux as part of the process enables
beneficial chemical reactions to occur, which are similar
to the reaction of the coating ingredients on the SMAW
electrode. However, the productivity potential is signifi-
cantly higher than with SMAW due to the high current
density used with this process and the fact that it is not
necessary to stop to change electrodes. FCAW has a
rather large window of operating variables as compared
to gas metal arc welding, but the process efficiency is

lower than that in gas metal arc welding due to slag
ingredients that aid in protection from the atmosphere
but do not become weld metal. With the gas-shielded
process, the shielding gas can be blown away by air
drafts, as it would be with gas metal arc welding. How-
ever, with the self-shielded electrodes, protection from
wind is similar to that of SMAW, allowing it to be used
for outdoor applications. FCAW-G and FCAW-S can
be used in automated or robotic welding.

Source: Adapted from Linnert, G. E., 1994, Welding Metallurgy, 4th ed., Miami: American Welding Society, Figure 6.17.

Figure 1.13—Schematic Representation of Flux Cored Arc Welding
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The FCAW process has a wide range of applications.
It is a versatile process utilized by fabrication shops for
a variety of parts and products. It has the capacity to
weld metals as thin as that used in vehicle bodies and as
thick as heavy structural members of high-rise buildings.

There are several advantages of the FCAW process.
Outdoor use is possible with self-shielded wires because
no external shield gas is required. Wires have been
developed to increase productivity for out of position
welding due to higher deposition rates that are achiev-
able with fast freezing slag systems. A wider range of
weld compositions are achievable because the alloying
load can be changed in the core composition. This
allows for compositions that would be difficult to draw
in a solid wire. Less welder skill is required than for
GTAW or SMAW. The flux in the core composition
may reduce the sensitivity to surface contamination on
the parent metal to impact the weld quality.

The FCAW process has some disadvantages. There is
a slag system which must be removed and discarded.
Slag can get trapped as inclusions in the weld. Some
core compositions are susceptible to hydrogen pick-up
which can be a concern when welding some base metals.
There is a greater likelihood of wire feeding issues with
flux core welding wire than with solid welding wire.

Electrogas Welding
Electrogas welding (EGW), illustrated in Figure 1.14,

is a mechanized arc welding process that utilizes either
flux cored or solid electrodes. The shielding gas may be
applied from an external source or produced by a flux
cored electrode, or both. Electrogas welding has been
used successfully on titanium and aluminum alloys in
addition to steels. Though the process has relatively

Figure 1.14—Schematic Representation of Electrogas Welding
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limited use, it has been applied in the manufacture and
repair of storage tanks, pressure vessels, ship hulls, and
structural members.

The operation and applications of electrogas welding
are similar to those used in electroslag welding, a high-
energy-density process which is described in the section
titled “Other Welding and Joining Processes.”
Although these processes utilize different heating meth-
ods, both are used to weld thick sections in the vertical
up position.

Electrogas welding machines vary in size from porta-
ble 75 lbs (35 kg) units that are usually self-propelled to
the more commonly used massive machines that are
moved by cranes from one weld joint to another. Both
the lightweight and heavy units are typically used to
weld sections 1/2 in. to 3 in. (12.7 mm to 76.2 mm)
thick using a single electrode. To maintain constant arc
voltage, the vertical movement of the welding head is
usually automated, though other methods can be imple-
mented. For circumferential welds, the welding head is
fixed while the workpiece is rotated with the axis in the
horizontal position.

The welding current used in this process depends on
the electrode diameter and type. In general, EGW
machines operate at amperages as high as 400 A with
solid electrodes and as high as 750 A with flux cored
electrodes. Deposition rates for these machines are typi-
cally 15 pounds per hour (lb/hr) to 30 lb/hr (7 kilograms
per hour [kg/hr] to 13 kg/hr). Travel speed along the joint
is governed by section thickness and deposition rate.

Electrogas welding has the capacity to produce
square-groove and single-V butt joints. This process is
also used for welding T-joints. Simple edge preparation
for these standard joints minimizes joint preparation
costs. Weld soundness is generally excellent, and
because transverse shrinkage is uniform, the joints are
essentially free of angular distortion. In addition, the
use of high current density results in high deposition
rates. Though this process offers both economic and
quality benefits, it has extremely high heat input which
can reduce overall weld mechanical properties due to
excessive grain growth. Composite electrodes have been
used with grain refining elements in the core which can
be used to help reduce the large grains sizes that are
exhibited by solid wire applications of this process.

Drawn Arc Stud Welding
Drawn arc stud welding (SW), illustrated in Figure

1.15, is a versatile electric arc welding process used to
join innumerable devices—usually fasteners—to base
metal. This process utilizes an electric arc struck
between a metal stud and the workpiece and is applied
without any additional filler metal and with or without
shielding gas. Partial shielding may or may not be pro-

vided by a graphite or ceramic ferrule surrounding the
stud. Pressure is applied when the faying (closely fitting)
surfaces are adequately heated. The process is typically
completed in less than a second which makes this a
highly productive process.

In manual arc stud welding, the stud and the graph-
ite or ceramic ferrule are loaded into the chuck and held
against the workpiece at the desired location. When the
gun trigger is depressed, the stud is lifted, drawing an
arc that is sustained for the prescribed length of time set
on the timer. For a stud 3/8 in. (9.5 mm) in diameter, a
typical arc time is 1/3 of a second (s). Most studs
require less than 1 second of arc time. A molten pool
forms on the workpiece and on the end of the stud.
Then, as the current stops flowing, the stud is plunged
into the workpiece, and the two pools coalesce and
solidify. This creates a weld across the whole cross sec-
tion of the stud, plus some excess. The graphite or ser-
rated ceramic ferrule serves as a spacer and a physical
shield. It is recessed to shape the excess weld metal and
is removed after welding as a ceramic slag surrounding
the weld. Deoxidation is accomplished with either an
aluminum pellet or flux under a cap on the end of the
stud. The aluminum pellet also is used as the arc initia-
tor on large studs which do not get drawn back during

Source: Adapted from Kielhorn, W. H., 1978, Welding Guidelines with Aircraft Supple-
ment, Englewood, Colorado: Jepperson Sanderson, Figure 5.63.

Figure 1.15—Schematic Representation
of Stud Welding
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the welding process. Smaller studs have either an initia-
tor tip that is cold headed on the stud or have a radi-
used head to concentrate the energy which aids in arc
initiation. Once the parameters for a given application
are set, little skill is required to implement the process
other than to maintain the stud angles and its dimen-
sional location. Figure 1.16 illustrates a variety of avail-
able studs.

Studs smaller than 1/4 in. (6.4 mm) in diameter fre-
quently use capacitor discharge energy because the
welding time is only a few milliseconds. A graphite or
ceramic ferrule is not used due to the extremely short
arc time. Moreover, shielding methods are not required
unless the metal oxidizes extremely quickly, such as alu-
minum. In this case, inert gas shielding, usually argon,
is required.

The major advantages of stud welding are the mini-
mal time and skill required for the operation. The pro-
cess lends itself nicely to robotic welding. The process
can be completely automated, or it can incorporate
automatic stud loading to the gun with manual gun
manipulation. Alternatively, the studs can be loaded
manually into the gun. A limitation of the process
involves the use of a brittle base metal, such as gray cast
iron, in which weld metal shrinkage cannot be tolerated
and HAZ cracking occurs.

RESISTANCE WELDING
Resistance welding (RW) encompasses a group of

processes that effect the joining of faying surfaces with
the heat obtained from the workpiece’s resistance to the
flow of welding current (Joule heating) and with the
application of pressure. Shielding gases are not needed
because air is squeezed out of the faying surfaces by the
external force applied by the electrodes. Resistance
welding processes are typically used when the product
design specifies thin gauge materials that are to be
joined in a lap joint configuration. Access to both sides
of the weld is also required for the electrodes to apply
force. Fully automatic and robotic systems are used for
many of these applications, however, the process is still
done manually in some cases.

Commonly implemented resistance welding pro-
cesses are resistance spot welding (RSW), resistance
seam welding (RSEW), resistance projection welding
(RPW), and resistance stud welding. The main process
variables associated with these resistance welding pro-
cesses are welding current, welding time, electrode
force, electrode material, and tip configuration. Once
the parameters for these variables are properly adjusted,
less skill is required to use the resistance welding pro-
cesses than with other welding processes.

Photograph courtesy of Nelson Stud Welding®

Figure 1.16—Variety of Studs Commonly Used in Stud Welding
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These four processes are frequently used in the join-
ing of metals with individual sheet thicknesses of up to
3/16 in. (4.8 mm). Thicker materials can be welded,
but they require much more force and higher welding
current. This makes the processes less economical than
other competing weld processes such as GMAW. In
these processes, typically copper electrodes apply force
to the lapped workpieces to be joined. The force of the
electrodes on the outer surfaces of the parts to be
joined squeezes out the air in the interface between the
parts. The base metal is rapidly heated through resis-
tive (Joule) heating. The heating occurs everywhere in
the process that there is resistance; most heating occurs
at the location in the circuit where the electrical resis-
tance is the greatest. In other words, the electrical resis-
tance must be greater at the interface between the two
metals to be joined than between the electrode and
base metal. It is essential that the metals to be joined
have higher electrical resistance than the contact sur-
face between the electrode and base material. The
mechanical joints in the equipment must be maintained
so that they do not cause resistances in areas other than
the weld location.

A great deal of resistance welding is performed with
single-phase AC current. Unfortunately, the very high
welding current on a single phase yields a poor power
factor. Another resistance welding variation uses very
high three-phase DC output current for short durations.
Though it does not directly impact the direct current
used in welding, it does supply an excellent power fac-
tor to the manufacturing facility as the current load is
balanced on all three phases. Yet another resistance
welding approach utilizes the capacitor discharge
method, which provides DC pulses as the capacitors
discharge their store of electrical power. Although the
total power requirement is relatively low in resistance
welding, instantaneous power demand is very high. The
electrical conductors must therefore be designed to
carry the maximum kilovolt ampere (kVA) demand for
the machine.

Good electrode tip shape and condition are impor-
tant factors with respect to consistent weld quality.
Thus, for production operations, schedules are nor-
mally established to provide for the cleaning and the tip
dressing (re-machining) of electrode configurations to
their original design.

Other important resistance processes include flash
welding, upset welding, and high-frequency upset seam
welding. Instead of welding lapped surfaces as in the
previously described resistance welding processes, the
flash, upset, and high-frequency upset seam processes
weld together the edges of two workpieces or the edges
of a rolled pipe seam. High-amperage alternating cur-
rent and low voltage are normally used.

Resistance Spot Welding
Resistance spot welding (RSW) involves the applica-

tion of the welding current through electrodes that con-
centrate the current and pressure in the area of the
weld. A nugget of weld metal is produced at the loca-
tion where the electrodes are positioned. Figure 1.17
illustrates this concept.

The electrodes used in spot welding not only conduct
the welding current to the workpiece but also transmit
a compressive force and dissipate heat from the weld
zone because the electrodes are internally water cooled.
Typically made of copper alloy, they have a straight
shank and a conical or domed tip. It takes less than one
second to make a single weld with industrial-duty
equipment. For example, joining steel sheets that are
1/16 in. (1.6 mm) thick with alternating current only
requires 15 cycles (0.25 seconds) of weld time with a
weld schedule of approximately 12 000 A current, 800
pounds force, and 4 V voltage.

The basic equipment used in resistance spot welding
consists of an electrical circuit, control equipment, and
a system to apply force. This process is performed using
a variety of equipment designs, ranging from simple
utility spot welders to highly sophisticated computer
controlled systems. These systems can monitor the
welding process in real time and are fast enough to
adjust all of the welding parameters during the making

Source: Adapted from Linnert, G. E., 1994, Welding Metallurgy, 4th ed., Miami: American
Welding Society, Figure 6.26(A).

Figure 1.17—Schematic Representation
of Resistance Spot Welding
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of a single spot weld. This can result in achieving very
specific weld sizes and mechanical properties in each
weld.

A typical car body contains several thousand spot
welds that are made using many coupled weld cells.
Each weld cell contains multiple robots that make the
spot welds with production rates of up to 90 vehicles
completed per hour. Most of the automotive companies
use mid-frequency power supplies. Sheet metal shops
use less sophisticated systems to join many other thin-
gauge products using spot welding. The minimal weld-
ing time and operator skill required are the main advan-
tages of this process. The principal disadvantage is the
need to have accessibility to both sides of the workpiece
as opposed to being able to make welds from one side
only.

Resistance Seam Welding
Typically used to produce leak-tight joints in sheet

assemblies such as automotive gasoline tanks, resistance
seam welding (RSEW) utilizes the fundamentals of
resistance welding to produce a continuous seam along
the length of the joint. The seam is created with copper
wheel-type electrodes that make a continuous weld by
generating overlapping spot welds, as shown in Figure
1.18.

The overlapping of welds causes a shunting effect,
(that is, the loss of current density through the intended
weld path due to a diversion of some power through a
path of less resistance caused by the overlapping welds).
To overcome this effect, the current and duty cycles
required for resistance seam welding are somewhat
higher than those used in resistance spot welding.

Roll spot welding, a variation of resistance seam
welding, utilizes current interruptions that are long
enough to form a series of individual spot welds that
are separated by a predetermined distance, based on the
pulsation time and travel speed.

Projection Welding
Projection welding is a resistance welding process

that produces welds at predetermined points which are
defined by the projections on generally one of the mat-
ing parts. These projections are made on the individual
parts by stamping embossments or by creating the pro-
jections through casting, sintering, forging or machin-
ing. The electrodes used in this process are typically flat
faced and generally made from harder copper alloys
than those used for other resistance welding processes.
Figure 1.19 illustrates the projection welding process.
Projection welding is used to produce welds in various
steels (carbon, stainless and alloy steels) and some
nickel alloys.

The most common use of this process is the projec-
tion welding of fasteners such as nuts and studs on

Source: Adapted from Linnert, G. E., 1994, Welding Metallurgy, 4th ed., Miami: American
Welding Society, Figure 6.26(B).

Figure 1.18—Schematic Illustration
of Resistance Seam Welding

Source: Adapted from Linnert, G. E., 1994, Welding Metallurgy, 4th ed., Miami: American
Welding Society, Figure 6.26(D).

Figure 1.19—Schematic Representation
of Resistance Projection Welding
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sheet metal. The process is also used frequently to join
sheet metal but can be used in many other application
specific configurations.

In this process, one of the two workpieces to be
joined is designed to have one or more protrusions or
projections. These projections become weld nuggets
when the welding current and electrode force are
applied. When more than one projection is formed on
the part, the height of every projection must be uniform
to permit it to be in contact with the second member.
This allows each joining member to be heated properly
when the current and force are applied. When the thick-
nesses of the workpieces are unequal, the projection
should be located on the thicker piece. This ensures that
the heating of both members is balanced, which is con-
ducive to the production of strong welds.

Resistance stud welding is a variation of the resis-
tance projection process. Figure 1.20 illustrates
threaded studs with the projections clearly visible. The
dimensions of the projections must be controlled pre-
cisely, and equal pressure is required on all projections
simultaneously. The pressure applied axially by the
electrodes must be accurately aligned to produce welds
of consistently high quality.

Studs for resistance stud welds are available in car-
bon steel and some alloy steels. The welding time for a
3/8 in. (9.5 mm) stud is typically 10 cycles of 60 hertz
alternating current (0.17 second), which is less than the
typical time of 20 cycles (0.33 second) required for
drawn arc stud welding. One explanation for this
decrease in the time required is due to the extremely
high currents used for resistance stud welding. How-
ever, the variety of studs is considerably more limited
than that indicated for arc and capacitor-discharge stud
welding (refer to Figure 1.16).

An advantage offered by resistance projection weld-
ing is its short weld time cycle, which leads to high pro-
ductivity. The ability to produce numerous welds
simultaneously with a single set of electrodes is highly
desirable compared to processes that are limited to pro-
ducing one weld at a time. It is important to note, how-
ever, that precise control of all projection dimensions is

imperative when multiple welds are made simulta-
neously. Another advantage offered by this process is
that provisions are made to concentrate the heat at the
weld locations by the projections themselves, which
simplifies the backing side of the circuit.

Flash Welding
Flash welding (FW), illustrated in Figure 1.21, uti-

lizes both a flashing action (i.e., the rapid melting of the
metal at the points of contact due to the high current
density at the points) and the application of pressure to
generate welds at the faying surfaces of butt joints.
When the faying surfaces are heated above the melting
temperature of the base metals, force is applied immedi-
ately to generate the weld. The molten metal is expelled
from the interface, the hot metal is upset, and a flash is
formed.

In this process, the workpieces are held firmly in cop-
per-alloy jaws or clamps. Typically, one member is held
stationary while the other is moved toward it. When
contact is made, electric arcing occurs between the
abutting edges. The subsequently applied force causes
the molten metal to be expelled from the joint, and the
metal close to the joint is deformed in a phenomenon
known as upset. The irregularities and surface impuri-
ties are squeezed out into the upset portion, also termed
flash, yielding a high-quality weld zone. This flash is
usually trimmed off for a smooth joint without stress
raisers (i.e., changes in the section or surface that cause
a concentration of stress, such as at the joint interface
around the periphery of a spot weld).

Flash welding, usually an automated process, is
widely implemented in the automotive, electrical, and
petroleum industries. Applications range from the weld-
ing of a variety of material sections such as wires, rods,
sheets and shafts. Flash welding, sometimes referred to
as flash butt welding, is also extensively used in steel
manufacturing, especially in hot strip mill in-process
continuous pickling and other coating lines to join coils.

The advantages of flash welding include clean welds
(because contaminants are expelled), low operator skill

Photograph courtesy of the Ohio Nut & Bolt Company

Figure 1.20—Threaded Fasteners (Studs) Manufactured
with Projections for Use in Resistance Stud Welding
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required once the process is set up, and off-axial welds
can be made such as a mitered corner. The disadvan-
tages are flash can be a fire hazard if not properly con-
trolled, equipment and personnel must be protected
from the flash, and more equipment maintenance is
required to remove expelled flash material.

Upset Welding
Illustrated in Figure 1.22, upset welding (UW) pro-

duces welds by means of the resistance to the flow of
the welding current through the area in which the sur-
faces are in contact and the application of pressure
without the formation of an arc. Unlike flash welding,
upset welding requires both workpieces to be held
together and kept in contact under pressure before cur-
rent is introduced, and thermal energy develops by
resistance heating only. The completed solid-state weld
zone is similar to that produced with flash welding.
This process is used in wire mill applications and in the
fabrication of products made of wire.

A process variation of upset welding, termed electric
resistance welding, is used for the creation of longitudi-
nal tubular seams. Although much of the welding cur-
rent flows around the rolled section, the wheel-type
electrodes are close enough to each other to produce
sufficient current flow on the edges of the seam mem-

bers for upset welding heat to develop. Squeeze rolls on
either side of the tubular section force the edges
together. This concept is similar to that used in high-
frequency upset welding, except for the manner in
which the welding current is introduced, as explained
below.

High-Frequency Upset Welding
High-frequency upset seam welding (UW-HF) is

illustrated in Figure 1.23 and is primarily used in the
joining of tubular sections. This process involves the
application of high-frequency (hundreds of thousands
of hertz) current through the electrodes by either induc-
tion or by direct contact with the part, followed by
joule heating in the edges of the parts. Two electrical
phenomena make this possible, namely the skin effect
and the proximity effect.

Initially, a metal strip goes through forming rolls to
configure it into a pipe or tube. As the rolled section
approaches the welding station, the V-opening of the
edges is kept separated at an angle of 4° to 7° to the
V-closure (the point of welding). The V-opening makes
use of the proximity effect which is the ability of
induced currents to concentrate along a close conduc-
tor. This opening enables the maximum heating of the
edges by the high-frequency current applied to the elec-
trodes. The presence of an internal impeder is essential
in concentrating heating to the edges to be joined
instead of the rest of the pipe circumference. The
impeder achieves concentration of the current flow to
achieve maximum edge heating by absorbing the
induced currents that would normally travel around the
rest of the pipe; therefore it has to be water cooled suffi-

Source: Adapted from Linnert, G. E., 1994, Welding Metallurgy, 4th ed., Miami: American
Welding Society, Figure 6.33.

Figure 1.21—Schematic Illustration
of Flash Welding

Source: Adapted from Linnert, G. E., 1994, Welding Metallurgy, 4th ed., Miami: American
Welding Society, Figure 6.26(E).

Figure 1.22—Schematic Illustration
of Upset Welding
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ciently. The squeeze rolls push the heated edges
together to produce the welded seam. The excess metal
that has been squeezed out creates flash, which is subse-
quently trimmed off to create a smooth surface at the
welded area.

In contact HF welding, sliding electrodes are pre-
ferred over the wheel-type electrodes because only light
pressure is needed for this high-frequency, high-current
application. When the frequency is increased from 60
hertz (Hz) to 400 kilohertz (kHz), the heating effect is
more concentrated but not as deep because eddy cur-
rents only penetrate a few thousandths of an inch. This
effect is known as the skin effect and because only a
small amount of metal is melted during the welding
process it results in very high welding speeds and
increased productivity. The increase in productivity is
driven by increasing resistance heating by a small area
of resistivity times the length divided by the area of the
conductor. Less electrical power is required when using
high-frequency current due to concentrating the heat on
the localized skin where needed in the weld joint rather
than requiring more energy to heat all of the mass of
the parts to be joined. The internal impeder is essential
to this welding process. Maintaining its location rela-
tive to the weld V-groove and its effective cooling are
important process parameters that must be controlled.
However, high-frequency current can cause hazards as
it broadcasts electrical noise that can affect the perfor-
mance of sensitive electronic equipment, including
pacemakers, that may be in the area.

For noncontact HF welding, an induction coil is used
rather than sliding electrodes. Figure 1.24 illustrates the

use of an induction coil for the high-frequency upset
welding of butt joints for pipe seams. When using an
induction coil, heating is accomplished by inducing
high-frequency current using a copper coil that encircles
the pipe or tube. The induction coil heating method is
preferred when a problem is posed by the electrode con-
tacting the surface of the pipe or tube. However, this
heating method is highly dependent on the liftoff effect,
which is the dependence of the coil-to-work distance
on the induced current. Because of this effect, the
concentricity and the distance between the coil to the
tube are essential variables in the process which must be
controlled.

SOLID-STATE WELDING PROCESSES
The solid-state welding (SSW) processes accomplish

joining by the application of pressure at a temperature
below the melting point of the base and filler metals.
Certain solid-state processes weld at approximately
room temperature.

The solid-state processes have the capability to join
dissimilar metals that cannot be successfully joined
using fusion welding processes because of the differ-
ences in melting temperatures and the formation of brit-
tle intermetallic compounds. For example, welding of
aluminum to steel is readily accomplished by several
solid-state processes because the two materials are not
melted and mixed. When iron and aluminum are melted
and mixed together, a brittle intermetallic compound

Source: Adapted from Linnert, G. E., 1994, Welding Metallurgy, 4th ed., Miami: American
Welding Society, Figure 6.29.

Figure 1.23—Schematic Illustration of
High-Frequency Upset Seam Welding

Source: Adapted from Linnert, G. E., 1994, Welding Metallurgy, 4th ed., Miami: American
Welding Society, Figure 6.31.

Figure 1.24—Schematic Illustration of
Induction High-Frequency Upset Seam Welding
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results; however, if iron and aluminum are joined with-
out melting involved, a weld can be made with minimal
or controlled brittle intermetallic formation.

The six solid-state processes discussed here are pre-
sented in descending order from the highest-temperature
process to the lowest-temperature process. These are
forge welding (FOW), friction welding (FRW), diffu-
sion welding (DFW), ultrasonic welding (USW), explo-
sion welding (EXW), and cold welding (CW).

Forge Welding
Forge welding (FOW) accomplishes joining by heat-

ing the materials to welding temperature and then
applying pressure (hammer blows or steady pressure) to
create the weld. Forge welding is one of the oldest
known welding process used by man with use possibly
dating back to circa 4000 B.C. Archeologists have
found articles such as weapons, anchors, and jewelry
that were forged from both ferrous and nonferrous met-
als. Forge welding may have been accomplished by
heating the parts to be joined with the aid of a bellows
to a high enough temperature for forging. As illustrated
in Figure 1.25, hammer blows were applied to weld and
shape the heated portion of the metal.

Forge welding remained the primary welding meth-
ods until late in the nineteenth century, when the elec-
tric and oxyacetylene processes were developed. At
present, some materials are still forge welded using the
hammer method, while others are joined using the die
and the roll welding (ROW) methods. In the fabrication
of laminated coins, for example, three layers of metal
are roll welded together before the stamping operation
is initiated. Another contemporary application of this
process involves welding of low-carbon steels in the
production of tubing and clad metals.

Friction Welding
Friction welding (FRW), illustrated sequentially in

Figure 1.26, is a solid-state process that accomplishes
joining with the heat produced by frictional heat that is
generated by the compressive force and the workpieces’
rotating or moving in relation to each other which
causes the plasticized displacement of material from the
faying surfaces. Friction welding machines are therefore
designed to convert mechanical energy into heat at the
joint to be welded. Normally, one of the two work-
pieces is circular or nearly circular in cross section.
Shielding gas, flux, and filler metal are not required.
This process successfully joins a wide range of similar
materials as well as a number of dissimilar metals,
including aluminum to steel. The oil, defense, aero-
space, automotive, electrical, medical, agricultural, and
marine industries all employ friction welding.

To perform friction welding, a machine rotates one
of the workpieces and forces it against the other, which
is held stationary. This step is depicted in Figure
1.26(A). As shown in Figure 1.26(B), frictional heat at
the joint interface raises the metal to forging tempera-
ture. Axial pressure forces the hot metal out of the
joint, as can be seen in Figure 1.26(C). Oxides and
other surface impurities are removed from the interface
and moved into the flashing or expelled material.

Friction welding machines are equipped with a drive
head as a means for applying axial force and a yoke or
platform for mounting the tooling, which holds the
workpiece to be welded in a fixed position as it is being
welded. Machines range in size from those capable of
welding a 1/2 in. (12.7 mm) diameter steel bar to those
that can weld a steel bar 5 in. (127 mm) in diameter.
The friction welding cycle is usually automatic. If auto-
matic loading and unloading devices are installed, the
machines are completely automatic. As a result, little

Source: ESAB, 1990, Connections, ESAB Welding and Cutting Products, Hanover:
Pennsylvania, p. 2.

Figure 1.25—Ancient Forge Welding
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skill in terms of manual dexterity is needed. However, a
mechanical aptitude and an understanding of machine
operation are required to set up jobs properly and
maintain equipment in good operating condition.

Two major process variations of friction welding are
commonly employed. In the first, termed direct drive
friction welding, the moving workpiece is held in a
motor-driven collet and rotated at a constant speed
while axial force is applied to the stationary workpiece.
The stationary part must be held rigidly to resist the
axial force and prevent it from rotating. Rotation is

continued until the entire joint is heated sufficiently to
ensure that the interface is fully welded upon comple-
tion of the welding cycle. Once the correct heating is
achieved, the rotation is stopped and an upsetting force
is applied to complete the weld. In this case, the welding
process variables are rotational speed, axial force, weld-
ing time, and upset force. Because energy must be pro-
vided at the rate necessary to make the weld, the
process requires a relatively high-powered drive motor.

The second variation is known as inertia friction
welding. In this method, energy is stored in a flywheel,
which is accelerated to the required speed by a drive
motor. The flywheel is coupled directly to the drive
motor by a clutch. The flywheel is also coupled to the
collet, which grips the rotating workpiece. A weld is
made by applying an axial force through the rotating
workpiece while the flywheel decelerates, transforming
its kinetic energy to heat at the joint. The weld is com-
pleted when the flywheel stops. The welding variables
for this process are the flywheel moment of inertia, fly-
wheel rotational speed, axial force, and upset force (if
used).

The time required to generate friction welds is mea-
sured in seconds. Inertia welds require from less than
0.5 seconds to approximately 15 seconds, exclusive of
the time needed to accelerate the flywheel to the desig-
nated speed. With either type of machine, the time
required to load and unload parts is longer than the
actual weld time.

The following are several operational and economic
advantages of friction welding:

1. No filler metal is required for all similar and
most dissimilar material joints;

2. Flux and shielding gas normally are not
required;

3. Solidification defects and porosity are normally
not a concern;

4. The process is environmentally clean due to the
minimization of sparks, smoke or fumes;

5. Surface cleanliness is not as critical compared to
other welding processes;

6. HAZs are narrow;
7. Most engineering materials and dissimilar metal

combinations are suited for joining;
8. In most cases, the weld is at least as strong as the

weaker of the two materials being joined (high
joint efficiency);

9. Operators are not required to have manual
skills;

10. The process is easily automated for mass
production;

11. Cycle times are short; and
12. Plant requirements, such as space, electrical

power and special foundations are minimal.

Figure 1.26—Schematic Illustration
of Friction Welding
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The following are some limitations of friction welding:

1. In general, one workpiece must have an axis of
symmetry and be capable of rotation about that
axis;

2. Alignment of the workpieces may be critical to
develop uniform frictional heat;

3. Preparation of the interface geometry may be
critical in achieving proper heat balance; and

4. Capital equipment and tooling costs are high,
but payback periods typically are short for high
volume production.

Friction Stir Welding
A more recently developed process variation of fric-

tion resistance welding is friction stir welding. This pro-
cess was initially designed for use with certain
aluminum alloys. Figure 1.27 illustrates the basics of
the process, in which a cylindrical tool with a diameter
of 0.20 in. to 0.24 in. (5 mm to 6 mm) is rotated
between the square-groove faying edges. The noncon-
sumable tool’s shoulder develops the frictional heat
while the pin in the center mixes the plasticized metals.
There are many configurations of tool pin geometries
that are selected based on the specific metals to be
joined and the resultant weld properties that are
required. For aluminum welding, a temperature of
840°F to 900°F (450°C to 482°C) is generated as the

slightly tilted rotating pin travels along the length of the
joint, stirring the hot metal, thereby creating the weld.
For steel, this temperature can be up to 1700°F
(925°C). In aluminum, where tool steels are typically
used for the nonconsumable tool material, the tool
rotational speed is in the hundreds of RPM with a
downforce of about a thousand pounds. A typical alu-
minum welding speed is 24 in./min (600 mm/min) on
an aluminum section thickness of 1/4 in. (6.4 mm).

Aluminum thicknesses ranging from 1/16 in. to 1/2 in.
(1.5 mm to 12.7 mm) can be welded by friction stir
welding. Though similar to a conventional milling
machine equipped with the welding tool rather than a
milling machine cutter, friction stir welding equipment
produces much more down force than that achievable
by standard milling equipment. There have also been
enhancements made to the controls and feedback sys-
tems on newer friction stir welding machines.

The advantage offered by friction stir welding as
compared to friction welding is that the workpieces
need not be rotated against each other while being held
under pressure. A disadvantage is that the travel speed
and cycle time of the weld are longer than for other
welding processes. The choice of metals that can be
joined by means of friction stir welding is limited, but
has been increasing as new tool configurations and tool
materials are being developed.

Friction Stud Welding
Friction stud welding is a solid-state welding process

in which the stud is rotated at several hundred to sev-
eral thousand revolutions per minute while being held
under hundreds to thousands of pounds force against
the surface of the workpiece. At the required tempera-
ture, the rotation is quickly stopped, and the pressure
on the stud is increased to produce the weld.

An advantage of this type of stud welding is the join-
ing of dissimilar metals because there is no melting of
the metals joined during the process. Some combina-
tions form brittle intermetallic compounds when melted
and mixed, as is the case with aluminum and steel.
However, if the weld is effected by bringing the atoms
into close enough proximity to form a bond while in the
solid state, these intermetallics are avoided, and satis-
factory joint properties can be achieved. On the other
hand, the biggest disadvantage of friction stud welding
is its lower productivity compared to the other stud
welding processes and the process must be mechanized
and large fixtures are necessary due to the high down-
forces and other control requirements.

Diffusion Welding
Diffusion welding (DFW) is a solid-state process that

achieves coalescence by applying pressure at high tem-

Courtesy of the Edison Welding Institute

Figure 1.27—Schematic of Friction Stir Welding
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peratures with no relative motion or visible deforma-
tion of the workpieces and at a temperature that is
below the melting temperature of all base metals
involved. The process typically takes a long time and is
done in a vacuum or in an inert atmosphere. A filler
metal may be inserted between the faying surfaces.

Figure 1.28 depicts the stages that result in the join-
ing of two workpieces during diffusion welding. Figure
1.28(A) indicates the asperities (peaks and valleys) of an
equiaxed grain structure at the edges of the two work-
pieces approaching each other with only the peaks
touching. Figure 1.28(B) represents the first stage, in
which pressure and heat application cause deformation
of the grains at the interface of the workpieces, with the
boundaries at the interface still defined. Figure 1.28(C)
illustrates the second stage, in which diffusion across
the boundaries occurs as atoms migrate to new posi-
tions and pores from the valleys are eliminated. Figure
1.28(D) depicts the third stage, in which the heat and
pressure have continued to the extent that volume diffu-
sion of the atoms has occurred and caused the bound-
aries to disappear. A new grain formation is evident
across the interface, virtually eliminating the pores.

Diffusion welding occurs in the solid state when
properly prepared surfaces are in contact under prede-
termined conditions of time, pressure, and elevated
temperature in an inert atmosphere (typically nitrogen)
or a vacuum. The applied pressure is set above the level
needed to ensure essentially uniform surface contact but
below the level that would cause macroscopic (visual)
deformation. The temperature is generally well below
the melting point and involves long welding times. A
filler metal, which is typically positioned before welding
as an insert or plating, may be used. In general, the use
of filler metal lowers the temperature, pressure, or time
required for welding, thereby permitting a more eco-
nomical welding operation.

The heating required for diffusion welding can be
generated in a furnace or retort or by means of electric
resistance heating techniques. Pressure is applied by
uniaxial fixturing; by dead-weight loading; or by utiliz-
ing a press, differential gas pressure, or differential ther-
mal expansion of the workpieces. When joining
assemblies with intersecting planar surfaces, high-pres-
sure autoclaves or differential gas pressure techniques
can be used. Uniaxial methods of applying pressure are
limited to welding parallel planar surfaces roughly per-

Figure 1.28—Schematic Representation of the Stages of Diffusion Welding
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pendicular to the direction of load. These techniques,
which are mechanized, require the appropriate fixturing
equipment which does not expand with the parts to be
joined. These are typically made of ceramics or refec-
tory metals. The encapsulating or “canning” of work-
pieces to be welded in an evacuated envelope is
necessary when differential pressure techniques are
applied. The encapsulating of parts is also useful in
the implementation of other diffusion welding process
variations.

A variety of similar and dissimilar materials can be
joined by diffusion welding. Nonetheless, the process
has a number of limitations. Equipment costs are high
because of the atmosphere or vacuum control as well as
the fixturing and temperature monitoring required.
Also the time that is required to evacuate the air and
backfill with nitrogen can be substantial. This process is
economical only when close dimensional tolerances,
expensive materials, or special material properties are
involved. For this reason, diffusion welding is only used
by the aerospace, nuclear, and electronics industries.
Although it is sometimes used to fabricate complex,
one-of-a-kind devices, it is better suited to moderate
production volumes. Diffusion welding is not adaptable
to a high production rate, although simultaneous diffu-
sion welding in large batches is possible. Moreover, the
costs incurred in the use of consumables are high if pre-
cious filler metals or inert gases are used. A high level of
operator training is required for most operations. Less
skill is required in fully automated operations or once
the system has been designed and set up.

Ultrasonic Welding
Ultrasonic welding (USW), used in the semiconduc-

tor, microcircuit, electrical, aluminum fabricating, and
chemical industries, is a solid-state process that forms a
weld by applying localized high-frequency vibratory
energy while the workpieces are held together under
light pressure. A sound metallurgical bond is produced
without significant heat.

The basic equipment required in this process is
shown in Figure 1.29. A light clamping force applies
pressure through the reed to the sonotrode tip. The
transducer is wedge-shaped where it attaches to the
reed. It produces the vibration that disrupts surface
roughness and impurities prior to welding. The work-
pieces are placed beneath the sonotrode tip and sup-
ported underneath by a fixed component called the
anvil. The sonotrode tip and the anvil hold the work-
pieces together.

Though ultrasonic welding bears some resemblance
to resistance welding in that overlapped members are
squeezed together at a localized area, ultrasonic weld-
ing utilizes no electrical current flow or significant heat
across the joint interface. The transducer used in the

process typically vibrates at 20 kHz or 40kHz with a
very small amplitude of 20 microns–30 microns. In
USW of metals, the direction of vibration is parallel to
the faying surfaces, while for polymers, the direction of
vibration is perpendicular to the interface to be joined.
The vibratory energy disrupts surface roughness and
impurities, interatomic pull occurs, and a weld results.
The equipment components must be acoustically tuned
to each other or the weld will not take place. It should
be noted, however, that the ultrasonic welding process
is limited to the size and capability of the transducer.

Process variations have been developed to form
welds in spot, ring, line, and seam configurations. Met-
als such as aluminum and copper, and nonmetals such
as thermoplastics are routinely joined by ultrasonic
welding. The process has the capacity to weld thin sec-
tions to thick sections and to join a variety of dissimilar

Figure 1.29—Schematic Representation
of Ultrasonic Welding

 
 

-
-
`
,
,
,
,
`
`
,
`
`
`
`
`
`
,
`
,
,
`
`
,
`
,
,
,
,
,
`
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-

Full document details: WHB 1-2018

http://www.avadocuments.com/doc/whb-1-2018
http://www.avadocuments.com/doc/whb-1-2018


30 CHAPTER 1—SURVEY OF JOINING, CUTTING, AND ALLIED PROCESSES AWS WELDING HANDBOOK

materials. For metals, the process is limited to the weld-
ing of relatively thin, lapped sections and the joining of
wires to sheet or wires to other wires. After the parame-
ters are set, little skill is required to operate the ultra-
sonic welding process. This process can be used for
automatic and robotic applications. High power ultra-
sonic welding has recently been used in additive manu-
facturing processes to lay down successive layers of
material to build up parts that can contain built-in cavi-
ties and embedded sensors.

There are several advantages of the ultrasonic weld-
ing process. Many different dissimilar metals can be
joined because there is no melting of the materials that
occur. Thin sections can be successfully welded to
themselves and to thicker metals. The process does no
generate much heat which results in less thermal effect
on parent metals. There are economic and quality
advantages of ultrasonically welding cable over the
competing mechanically crimped cables. The process
is limited to material thicknesses being under a few
millimeters.

Explosion Welding
Explosion welding (EXW) is a solid-state welding

process that utilizes a controlled detonation to impact
two workpieces at a very high velocity, thereby creating
a weld. Explosion welding occurs essentially at ambient
temperature though for a few milliseconds, thermal
plasma temperatures occur at the interfaces during the
explosion itself. As illustrated in Figure 1.30, the explo-
sion accelerates the prime component toward the base
component at a speed that causes the formation of a
metallic bond between them when they collide. The
explosion bends the prime component locally as the
detonation quickly progresses. Then, the prime compo-
nent crosses the standoff distance and impacts the base
component. Any localized heating that may be pro-
duced by the impact is not significant to the joining pro-
cess because it lasts for only a short time duration, as
welding is primarily accomplished by the plastic flow of
the metal pieces across the faying surfaces.

Explosion welding can be used to join metals having
sufficient strength and ductility to withstand deforma-
tion at the high velocities required and is typically used
to join thin metals to dissimilar thicker metals. For
example, explosion welding is commonly implemented
to join thin-gauge stainless steel or aluminum (the
prime component) to thick mild steel (the base compo-
nent) to create a corrosion-resistant surface on a mas-
sive object. In this case, the base component may be
supported by a backing if it is not large enough to sus-
tain the impact of explosion welding on its own. Mate-
rials combinations that were impossible to weld before,
such as uranium to nickel alloys, have been made with
this process. Another common use of explosion welding

is to create transition pieces between metals that would
be otherwise difficult to join, such as steel and aluminum.

Cold Welding
Cold welding (CW) is a solid-state process that uses

very high pressure at ambient temperature to effect a
weld with substantial plastic deformation of the work-
piece. Though this process resembles upset welding, no
electrical current flows across the joint and no external
applied heat is used; force alone is employed to accom-
plish joining. As shown in Figure 1.31, the metal must
be supported near the joint. A force strong enough to
cause localized plastic deformation, which releases ther-
mal energy that further reduces localized yield strength
in a very short time and close contact between the fay-
ing surfaces is accomplished. Barriers to joining during
cold welding are: high yield strength materials, presence
of organics and impurities, and most importantly, sur-
face oxides on the faying surfaces before welding. The
subsequent upset forces out surface roughness and
impurities and promotes interatomic diffusion and for-
mation of a bond.

Not all metals can be joined using the cold welding
process. Successful cold welding requires that at least
one of the metals being joined be highly ductile with
low yield strength and exhibit minimal work hardening,
such as metals having a face center cubic structure.
Metals that work-harden quickly when deformed start
cracking before joining is completed. Metals that have a

Figure 1.30—Schematic of Explosion Welding
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face-centered cubic arrangement of atoms and do not
work harden quickly include austenitic stainless steels,
aluminum and copper as well as gold, silver, and plati-
num. Thus, cold welding is used in the manufacture of
wire made of these metals. Essential to the process is
proper surface preparation before welding, including
removal of all oxides, organic contaminants and exces-
sive roughness.

Oxyfuel Gas Welding
Oxyfuel gas welding (OFW) encompasses a group of

processes that utilize the heat produced by a combusti-
ble gas flame to melt the filler metal, if used, and the
base metal, thereby creating a weld. The combustible
fuel gas is mixed with oxygen and ignited. The tempera-
ture at which it burns is a function of the amount of
oxygen present in the gas mixture. If fuel gas with no
oxygen added were ignited, aided only by the 20% oxy-
gen contained in ambient atmosphere, the flame tem-
perature would be too low for welding. If the gas were
mixed with nearly 100% oxygen, flames would reach
temperatures exceeding 5500°F (3038°C).
Filler metal and the application of pressure may or may
not be used. Oxyfuel gas welding is used mainly in cir-
cumstances in which other more modern processes are
not available or field applications in remote areas where
industrial electrical power is not available. For this
application, a nickel or nickel iron based filler rod is
used with the oxyfuel gas flame to produce repaired
areas that are very similar in properties to the casting
itself. If a color difference in the repaired area is accept-

able, an alternate procedure may be used. This involves
the use of a brass filler rod to produce a braze weld,
which accomplishes the repair without melting any of
the cast iron.

The most commonly used fuel gas is acetylene. Com-
pared with other fuel gases, acetylene can produce the
hottest and most concentrated flame which can be
adjusted from a neutral to a reducing or oxidizing flame.
The oxyacetylene flame also produces carbon dioxide,
which serves as a shielding gas. Other fuel gases such as
stabilized methyl-acetylene-propadiene (MPS) and hydro-
gen are sometimes used to weld metals with low melting
temperatures.

Figure 1.32 demonstrates three types of flames that
can be produced with oxyacetylene mixtures. In the
illustration at the top, the flame is neutral, containing
approximately equal volumes of oxygen and acetylene.
The inner cone and outer envelope are the only parts of
the flame. The flame is considered neutral because it
neither significantly adds to nor subtracts any chemical
elements from the weld pool.

It can be noted that the flame illustrated in the mid-
dle, known as a reducing flame, has a secondary feather
extending from the inner cone. This secondary feather
is caused by excess acetylene in the flame mixture,
which alters the chemical composition of the weld pool
by reducing iron oxide (reducing effect) and adding car-
bon (carburizing effect).

In the bottom flame, oxygen is predominant in the
gas mixture and has an oxidizing effect on the weld
pool. Referred to as an oxidizing flame, this flame has a
harmful effect on the properties of ferrous alloys. Like
the neutral flame, the oxidizing flame has just two
parts. However, it is usually shorter than the neutral or
reducing flame and has a sharper point than the neutral
flame.

Source: Adapted from Kielhorn, W. H., 1978, Welding Guidelines with Aircraft Supple-
ment, Englewood, Colorado: Jepperson Sanderson, Figure 2.2.

Figure 1.31—Schematic of Cold Welding

Source: Adapted from Linnert, G. E., 1994, Welding Metallurgy, 4th ed., Miami: American
Welding Society, Figure 6.58.

Figure 1.32—Types of Oxyacetylene Flames
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The rate of heating parts to welding temperature is
slower in oxyfuel gas welding than in any other process
that uses heat to bring the base metal to the melting
temperature. This slow rate of heat input results in
increased weld production time, increased energy con-
sumption, and wider HAZ with the attendant coarse-
grain structure and poor mechanical properties, espe-
cially in high-strength ferrous alloys. When welding
metals with excellent heat conduction, such as copper-
based alloys, preheat is required to lower the tempera-
ture gradient sufficiently to enable the oxyfuel flame to
form the weld.

A variation of oxyfuel gas welding known as pres-
sure gas welding (PGW) uses the flames to bring the
abutting edges to the melting temperature and then
applies pressure to force the two workpieces together.
This process variation has been mostly replaced by flash
welding (FW), which has the capacity to produce welds
at a much faster speed.

Oxyfuel gas welding equipment is relatively inexpen-
sive and widely available. As it can also be used for cut-
ting, brazing, soldering, surfacing, and heating
applications, it is also extremely versatile. Therefore,
the oxyfuel gas process is well suited for small busi-
nesses and individual consumers.

OTHER WELDING AND JOINING 
PROCESSES

Four other welding and joining processes are dis-
cussed in this section, which did not fit into the previ-
ous groups of welding processes in this chapter. These
processes are electron beam welding, laser beam weld-
ing, electroslag welding, and adhesive bonding.

Electron beam and laser beam welding are referred
to as high-energy-density processes. They result in high
penetration and high welding speed, which result in low
heat input. These processes require automation and
have excellent potential for high-speed production. The
high-energy-density processes of higher than 107 W/cm2

are capable of producing welds in which a plasma-filled
keyhole full of vaporized material that fully penetrates
the metal thickness is surrounded by molten metal. This
type of weld, termed a keyhole weld, is illustrated in
Figure 1.33. As the keyhole reaches the bottom surface,
either the welding power beam source or the joint is
moved at a speed that allows the molten metal sur-
rounding the plasma expanding in the key hole to flow
around to the rear, coalesce, and solidify, forming the
weld (see above). These processes are similar to plasma
arc welding in that the keyhole is produced with high
energy density by means of a constricted arc plasma,
but penetration is accomplished by the recoil of a ther-
mal plasma, not high velocity electrical plasma as in
PAW.

The most common joint design used in the high-
power-density processes is a precisely fitted square-
groove butt joint for an autogenous weld. These processes
may also use consumables to aid in the joining or to over-
come the underfill condition that is typically left on weld
beads due to the material that is vaporized during weld-
ing. Filler metal can be either shim stock or wire. Shim
stock is placed between abutting edges, whereas wire is
fed into the joint.

The HAZ in keyhole welding with these processes
are normally very narrow and accompanied by rapid
cooling rates. Therefore, if slower cooling rates are
desired, the joint area to be welded must be preheated.

Electron Beam Welding

Used for high-precision and high-production appli-
cations involving most metals, electron beam welding
(EBW) accomplishes joining by means of a concen-
trated stream of high-velocity electrons that is formed
into a beam to provide a source of intense local heating.
The basic equipment required for most electron beam
welding includes a vacuum chamber, controls, an elec-
tron beam gun, a three-phase power supply, an optical
viewing system or tracking device, and work-handling
equipment. The operation of this equipment is almost
always automatic.

Electron beam welding is illustrated schematically in
Figure 1.34. Electrons are accelerated from the electri-
cally excited, negatively charged cathode at about
200 000 V accelerating voltage. The grid (bias cup) par-
tially shapes the electron beam. The speed of the elec-
trons is greatly accelerated to 30% to 70% of the speed
of light and the beam is shaped by the positively
charged anode. The beam tends to widen because it is
made of similarly charged particles, then passes through
the magnetic focusing coil, which focuses it on the weld
site. The beam subsequently passes through the mag-
netic deflection coil, which has deflection capabilities, if
these are desired for the application.

The electron beam can be focused in a minute spot 3/
64 in. (1 mm) in diameter. As the metal is bombarded
by the electrons, the rapid heating produces a vapor
hole surrounded by the molten metal that forms the
weld. The molten metal flows to the rear of the vapor-
ized hole and coalesces as the workpiece or beam is
moved along the joint. The vacuum keeps the electron
beam from becoming divergent by colliding with air
molecules, and also provides very effective shielding of
the workpiece from the atmosphere. Even a moderate
vacuum provides better protection from oxidation than
inert gas shielding from a nozzle. Precise control of
travel along the joint is required for full weld penetra-
tion. Moreover, because the electron beam is so small,
edge preparation and fitup must be precise. Sufficient
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shrinkage to cause weld buildup on the surface may
occur in thick sections, even without filler metal.

The three process variations of electron beam weld-
ing—high vacuum, medium vacuum, and nonvacuum
welding—are based on the degree of vacuum used. As
shown in Figure 1.34, the high vacuum electron beam
welding (EBW-HV) variation, which often is referred to
as hard-vacuum-electron beam welding, typically uti-
lizes a pressure of 1 × 10–3 torr (1.3 × 10–2 pascal [Pa]).
The medium-vacuum variation (EBW-MV) typically
employs a vacuum of 2 × 10–1 torr (26.7 Pa). The non-
vacuum variation (EBW-NV), often referred to as
atmospheric electron beam welding, obviously uses no
vacuum at all, which is 760 torr (1 × 105 Pa).

Figure 1.35 illustrates the different levels of penetra-
tion produced by these process variations. It can be
observed that the high vacuum process provides the
greatest penetration. With the medium vacuum process,
the weld profile is wider and not as deep. The weld pro-

file becomes even wider and shallower with the nonvac-
uum process.

Several other variables affect joint penetration in
high vacuum electron beam welding. These include
travel speed, beam power, beam focal point, and beam
focus or shape. For example, when welding thin sec-
tions, the intensity of the beam can be lowered by
changing the shape of the beam into a straight line, a
circle, or another configuration.

A major advantage of high vacuum electron beam
welding is that it produces deep, narrow welds with low
heat input and comparatively narrow HAZs even in
materials with high thermal conductivity, such as cop-
per and aluminum. The high vacuum process produces
the greatest penetration, with a weld depth-to-width
ratio of about 25:1. The narrow HAZ produced is illus-
trated in Figure 1.36. In addition, very high travel
speeds are possible on thin sections. If the speed is too
fast, however, joint penetration may be less than 100%,

Source: Adapted from Powers, D. E., and G. R. LaFlamme, 1988, EBW vs. LBW—A Comparative Look at the Cost and Performance Traits of Both
Processes, Welding Journal 67(3): 25–31, Figure 1.

Figure 1.33—Schematic Representation of a Keyhole Weld
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and porosity may occur near the weld depth termina-
tion. If the travel speed is too slow, the molten metal
around the keyhole fails to coalesce causing it to col-
lapse into the keyhole, and no joining takes place. It is
also important to note that when welding thick sections
of some alloys, magnetic fields cause the beam to curve
away from the joint. In this case, the weld will not fully
penetrate, and the lower portion of the joint will not be
welded.

Electron beam welding has its limitations, however.
First, the capital costs associated with this process are
substantially higher than those incurred with arc weld-
ing equipment, though unit cost is competitive when
production volume is high. When performing electron
beam welding in a moderate vacuum or no vacuum,
atmospheric molecules quickly dissipate the beam
energy. This phenomenon may make electron beam

welding less desirable than other processes with consid-
erably smaller capital investments.

In addition, in the high vacuum and medium vacuum
variations, a significant amount of pump-downtime is
incurred while placing the parts in a vacuum chamber,
though welding in a medium vacuum involves less
pump-downtime than the high vacuum process. As they
require a vacuum chamber, the high and medium vac-
uum processes are limited with respect to the size of
parts that can be welded. Production speed can be aug-
mented by increasing the size of the vacuum chambers
to permit them to accommodate more workpieces.
Another option to increase productivity is the use of
chambers in a circular, or carousel, arrangement. After
the workpiece is loaded into the carousel, it is sent at
timed intervals through the chambers, where the vac-
uum becomes progressively higher. In the final cham-
ber, the desired vacuum is attained, and the workpiece
is welded.

When performing electron beam welding in a vac-
uum, porosity and spatter can be caused by the evolu-
tion of gas as the metal is melted by the beam, a
phenomenon known as outgassing. When the evolving
gas causes the ejection of molten drops of metal that
scatter over the work surface, the solidified drops take
the form of spatter. It is important to keep the work-
piece clean in order to minimize outgassing. In the pres-
ence of a vacuum, the gases and impurities present in
the material evolve during welding, causing the work-
piece and the chamber to become coated with residue.

In nonvacuum electron beam welding, the vacuum
is used only to create the electron beam. Therefore, the
weldment size is not limited to the size of a vacuum
chamber. However, penetration capability is much
lower, and shielding gas is required. In addition, as a
vacuum chamber fails to provide protection from the
X-radiation emitted by the beam, more contamination
occurs. Thus, operators must control the process
remotely from outside the required radiation enclo-
sure. Personnel must also be protected from the ozone
and other noxious gases produced during the nonvac-
uum process.

Laser Beam Welding
Laser beam welding (LBW) is a fusion welding pro-

cess that accomplishes fusion by bombarding the base
metal with a high power density light beam. Some of
the light energy is reflected but the light energy that is
absorbed causes the atoms of the metal to vibrate rap-
idly changing the photon energy into thermal heat
energy. The laser beam is generated from a concen-
trated beam of coherent, monochromatic light in the
infrared or ultraviolet frequency portion of the electro-
magnetic radiation spectrum. Therefore, the beam is
invisible in most welding applications.

Figure 1.34—Schematic Representation
of Electron Beam Welding
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As illustrated in Figure 1.37, the CO2 laser beam is
directed by mirrors while other laser systems can be
fiber optically transmitted and use a flashed solid crys-
tal or a set of disks instead of an excitable gas as the
means to create the coherent laser beam. The resulting
minimally divergent raw beam is later focused into a
small spot by the focusing optics in the laser process
head. Consequently, the proper distance between the
lens and the focal point of the lens is crucial to obtain-
ing the greatest power density on the base metal.

When comparing power input to power output, laser
beam welding is actually rather inefficient. Depending
on the type of laser equipment, only 8% to 15% of the
electrical power input results in output of photons for a
CO2 laser while the diode laser can reach 40% electri-

cal efficiency. The remainder of the power is consumed
in the heating of the laser equipment.

Nevertheless, several lasers have good penetration
characteristics. For example, the carbon dioxide gas
laser, with rated outputs as high as 25 kilowatts (kW),
can produce keyhole welds in steel more than 1 in.
(25.4 mm) thick in one pass. A two-pass weld made
from both sides also increases penetration capability.
Though the yttrium aluminum garnet (YAG) solid-state
lasers have power ratings below those recorded by their
carbon dioxide counterparts, the YAG lasers are signifi-
cant in welding, piercing (see the section titled “Laser
Cutting” below), and heating applications. There have
been many advancements in laser systems such as fiber,
diode and disk lasers which are more efficient, have

Figure 1.35—Electron Beam Penetration as a Function of Operating Pressure
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