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PREFACE

The purpose of this volume on arc welding is to provide Department
of Defense quality assurance personnel with the basic principles under-
lying arc-welding technology. All of the common arc-welding processes
and techniques are discussed in this volume. Two newer welding
processes--laser and electron beam--which are not arc-welding processes
are also covered in this volume because of their similarity in welding
application to the arc-welding processes.

The subject matter covered includes (1) a history of the development
of welding, (2) the important theoretical aspects of welding including
metallurgical effects and arc theory, (3) discussion of various arc-
welding processes, their characteristics, importance, uses, theory, and
equipment, (4) welding application criteria, and (5) quality assurance.

A glossary of welding terms is included to aid the reader. A bibliography
of pertinent references on welding is also included. It is intended that
this volume serve as a reference in which .he reader may find answers
to general questions regarding arc-welding technology.

The information contained herein is presented in recognition of the
need for increasing and enhancing the information available to engineering
and inspection personnel so that they may better perform their assigned
duties. It is hoped that such personnel will be stimulated by this publica-
tion to seek further information in more extensive works on the subject.

This handbook was prepared under Contract No. DAAG46-67-C-
0051(X) by the Battelle Memorial Institute, Columbus Laboratories,
Columbus, Ohio for, and in conjunction with, the Army Materials and
Mechanics Research Center, Watertown, Massachusetts. Comments on
this handbook are invited and should be addressed to:

Commanding General

Army Materials and Mechanics Research Center
Attn: AMXMR-TMS

Watertown, Mass. 02172
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CHAPTER 1

INTRODUCTION

Section I. PURPOSE AND SCOPE

1. PURPOSE

The purpose of this volume is to provide technical guidance to Department
of Defense (DOD) engineering and inspection personnel in the general
field of arc-welding technology.

2. SCOPE

a. This volume contains technical and instructional data on the com-
monly used arc-welding processes or techniques as well as two newer
welding processes, laser and electron beam.

b. Arc-welding processes for the purposes of this volume, are
defined as those welding processes wherein coalescence is produced by
heating with an electric arc or arcs with or without the use of filler

metal.

c. The processes discussed in this volume will include all of the
commonly used arc-welding processes as well as two related processes--
electron beam and laser--which are not arc-welding processes. Both of
these processes are similar to arc welding in several respects:

(1) Laser and electron-beam processes, like arc welding,
provide high-intensity heat sources as compared with
flame heat of oxy-gas processes. In fact, laser and
electron beam provide higher intensity heat sources
than arc-welding processes.

(2) In laser and electron-beam welding as in arc welding,
there is a transfer of energy along a columnar path
between the physically separated source and work.




(3) Laser and electron-beam processes are similar to arc
welding since they involve the progressive formation along '
the weld seam of a small molten puddle which solidifies
progressively to complete the joint.

Arc-welding processes such as those involving bare unshielded electrodes
and carbon electrodes, which are no longer commonly employed in pro-
duction welding applications will not be discussed in this volume.

d. The objectives of this volume are:

(1) To provide technical information regarding the operating
theory and use of various arc-welding and related processes.

(2) To point out particular points about the specific welding ,
processes which should be recognized by quality-assurance-
minded people in order to better perform their duties.

(3) To provide basic background data on welding metallurgy and
general welding technology to permit welding inspectors to
converse with welding engineers and metallurgists.

(4) To promote understanding of the role of quality assurance in
overall control and improvement of welded fabrications. ‘

Section II. HISTORY
3. GENERAL

a. As this is the first volume of a series on welding, this section
will cover the history of welding in general. However, the emphasis will
be on arc welding; first, because it is the subject of this volume and,
second, and more 1mpor'tant1y, because arc-welding processes have grown
to a position of greater importance and wider use than other welding
techniques. Consequently, most recent advances have been in arc welding.

b, Welding can be traced back to the early days of recorded history,
The art of metalworking is reported in the time of Egyptian Pharoahs and
is mentioned often in the Old Testament of the Bible,

The first actual metal- joining process was forging which was used over
3000 years ago. The earliest forging was merely hammer welding,




probably of cold metals, By the time of the Roman‘civilization, however,
forging was a well-developed process, together with soldering and
brazing.

These latter two processes were used in many parts of the ancient world,
including China, Japan, North Africa, and Southern Europe. The pro-
cesses were not as we know them today, being more a casting of filler
metal into joints, but they did provide a basis, in knowledge and exper-
ience, for the gas-welding industry of today.

Welding with fire was a well-established process by the time of the
‘Renaissance. Even at that time, there were highly skilled craftsmen
plying this trade. But until about 1890 ordinary fire was the principal
source of heat for welding, and forge welding remained the only method
of welding iron.

4, DEVELOPMENT OF MODERN WELDING PROCESSES

a. The development of electrical and gas-welding processes took
many years and came about through the independent efforts of many men,
Generally, the history of modern welding is traced to 1801 when Sir
Humphrey Davy became the first to strike an arc between two terminals,
The next important step was in 1856 when J. P. Joule worked out the re-
lationship for electrical resistance and heating, and used it to heat and
melt various materials., It was in the 1860's that metals were first inten-
tionally joined by electricity. This was done by an Englishman named
Wilde, who was granted the first electric welding patent in 1865,

b. However, it was not until 1881 that a practical use was found for
the electric arc. In that year, carbon-arc street lamps were introduced,
In the same year an inventor named De Meritens attempted to use the
carbon arc for welding purposes. In trying to fuse parts of a storage-
battery, he connected the work to the positive pole of the source of cur-
rent and the carbon rod to the negative pole. Although some heat was lost
in the air, enough reached the plate to fuse the metallic lead.

This carbon-arc process was further developed by a Russian, Bernardos,
in the early 1880's. Unlike De Meritens, Bernardos attached the work to
the negative pole and the carbon rod to the positive. His work was patented
in 1887 and was in commercial use the same year. But it had the dis-
advantage of introducing carbon particles into the metal, making it brittle.
At about the same time, the metal-arc process was developed by two men
working independently, N. G. Slavianoff, in Russia, and Charles Coffin, in




Detroit. This system used a metal rod, which gradually melted adding
fused drops of metal to the weld. This overcame the disadvantage of the
Bernardos process.

c. Also in this same period, electric-resistance welding processes
were being developed, These methods were then recognized as a faster
and cheaper means of fabricating products and arc welding was confined
largely to repair work. The man most responsible for the development
of these processes was Professor Elihu Thomson, Thomson and his
associates were issued over 150 patents pertaining to electric-resistance
welding beginning in the early 1880's., However, none of the electric pro-
cesses were widely accepted commercially until World War I when they
were proven through their use in the war effort.

d. Taking a more prominent position in these early days were the
gas-welding techniques. It was in 1836 that English chemist Edmund Davy
accidently produced a carbide and its resultant gas, acetylene. From this
discovery, modern gas-welding methods slowly developed. 1\7Iany others
worked to follow up Davy's discovery, but it was not until 1892 that a way
was found to produce carbides in a quantity, and at a cost, to make them
commercially acceptable. Credit for this process goes to Major J. Turner
Morehead and Thomas L., Willson working at Spray, North Carolina.

Even then, acetylene was used only for lighting purposes. Then, in 1859,
the findings of two men brought acetylene into the welding picture. Henry
Louis de Chatelier, a French chemist, found that a very high temperature
flame could be produced by using oxygen and acetylene in equal quantities.
At about the same time, Dr. Carl von Linde started operating a liquid-air
production plant in Germany. This was the forerunner of present oxygen-
manufacturing processes.

The first successful use of an oxy-acetylene flame in welding was by
Edmond Fouche, in France in 1900. By 1902, von Linde was producing
commercial quantities of oxygen and in another year the new welding pro-
cess was in use in European industry. Just after 1900 Fouche produced
the first gas-welding torch and the process grew rapidly in the next few
years. Much of this growth was due to the efforts of Augustine Davis and
Eugene Bournonville. They traveled throughout the country with their
equipment, taking it wherever welding problems existed. Through their
personal demonstrations, they won wide acceptance for the oxy-acetylene
process.




In the meantime, more and more was being learned about metals and
their reaction to the acetylene flame. By 1914, compressed oxygen was
available in cylinders at a much lower cost than before, and the last
drawback to the oxy-acetylene process was overcome,

5., METAL-ARC WELDING DEVELOPMENT

a. As stated before, welding really was able to prove itself as a
joining process during World War I, which placed great demands on in-
dustry and transportation. Prior to the war, manufacturers had said,
"Never weld when you can do anything else. It is too uncertain". They
had to weld during the war, and the various methods proved their worthi-
ness.

Electric-arc welding probably profited the most. It was used particularly
in the field of transportation. By use of the process for repair, the rail-
roads were able to keep many more engines in operation, Perhaps even
more important was its use in revamping 109 German ships confiscated in
our harbors at the beginning of the war, but found to have been sabotaged
by the Germans, This looked like an 18-month to 2-year job using what
were then conventional methods. Electric-arc welding was used and all
109 ships were operating in 8 months.

b. Acetylene, meanwhile, was used more for cutting than welding in
saving scrap steel and in converting and constructing ships. All processes
were, of necessity, used much more extensively in industry in fabricating
products for war,

c. As aresult, welding became a production rather than just a main-
tenance tool, With this improved status, the industry really started to
grow and continued to do so after the war. The most rapid growth was in
arc welding as coated electrodes were developed. Oscar Kjelborg, a
Swede, had first recognized the shielding potential of electrode coating in
1910, However, prior to the war, only bare, washed, or lightly coated
electrodes had been used. These were good for only a few metals and
weld strength was only 80 or 90 percent of the strength of the parent metal.

Because most work was being done simultaneously and in great secrecy
due to patent squabbles, it is hard to fix the credit for development of
electrode coatings. But the heavily coated electrodes that were produced
resulted in greater penetration, lower cost, and welds with greater
strength than the mild steel they joined. Another boost came with the

. invention of the a-c welder in 1929 by Niels C, Miller. Other major




~developments between wars included the introduction of automatic wire-
feeding devices between 1925 and 1928 and the introduction of the
submerged-arc process in 1935, The latter was probably the greatest
advance in arc welding to that time.

d. As had World War I, World War II had a profound effect on welding,.
This time it brought automation, which was essential because of the labor
shortage and production needs of the war, Work in automation had been
done prior to the war, but the equipment had never really been needed and
had not been developed. Some of the major developments during the war
included introduction of the stud-welding gun, aluminum spot welding,
multi-arc submerged arc, and three-phase resistance welding.

e. However, probably the most significant development during this
period was the introduction of gas-shielded welding. As early as 1930, a
patent had been issued to Hobart and Devers for the use of an electric arc
within an inert-gas atmosphere, With the pressures of the war, Russell
Meredith developed its use with tungsten for welding magnesium in aircraft
applications. The process, now known as GTA (gas tungsten-arc), was
rapidly developed during the war with improved power sources and tooling
concepts, new applications, and introduction of ac-dc welders,

f. Following closely behind GTA was the introduction of the gas
metal-arc (GMA) process just after the war. This method was developed
in the search for means of welding aluminum. It has since found many
applications as one of the most versatile welding methods. As with other
recent methods, its rapid development was due to combined efforts of
many people and companies.

g. Following the war, welding continued to advance. The search now
was for processes to weld high-strength steels and the new alloys for
high-temperature and nuclear uses. Most of the work again was in arc
welding or in completely new processes.

h. Among the advances outside of the arc-welding techniques were
high-frequency resistance welding, and fluxless and vacuum brazing. One
of the most important fields was that of diffusion welding. This is related
to one of the oldest processes, forging, with coalescence obtained through
a combination of time, temperature, and pressure., The method has been
developed both here and in the USSR and allows welding of high-tempera-
ture alloys. It has been used mainly in the nuclear and rocketry fields.
Cost still remains a prohibitive factor.




i. Friction welding is another important development of the post-
war §ears, Actually, patents on the process date back to 1900, but little
was done until the Russians revived it in 1956, It was not reintroduced in
this country until the late 1950's but is already widely used for many prod-
ucts, particularly in the automotive and bicycle industries.

j. But most progress was made in the arc-welding processes. From
GTA—,— mentioned above, grew another new process -- plasma arc. This is
still used primarily for cutting and spraying, but is gaining application in
welding,

k. Another important process introduced after the war was electro-
slag._ This is a method for vertical welding of heavy structures, first
used in Russia in 1949, It was originally used for shop fabrication of such
things as pressure vessels, bridges, and building structures, but has since
been made suitable for field use, This brought to the fore the need for a
method of vertical welding of thinner materials, This need was answered
by the development of the electrogas pirocess.

1. Yet another important development during this period was the in-
troduction of electron-beam welding. This process uses a stream of elec-
trons to heat and fusion weld metals, Electron beams were first used as
early as 1907 to melt metal, In later years, they were used for drilling,
cutting, machining, etc, But it was not until 1954 that a Frenchman,

J. A, Stohr, first used an electron beam to weld. Because it has been
necessary to weld in a hard vacuum, this method has been quite costly and
slow. However, a soft vacuum approach is being rapidly developed and
much work is being done on out-of-vacuum methods. These improvements
will make it a much more practical technique.

m. Today, welding continues to grow as new processes and concepts
are introduced and developed. Processes that are available and in use,
but have not yet been fully exploited by industry, include laser beam,
ultrasonic, and explosion welding. Meanwhile, old processes are being
constantly improved. This development and improvement, together with
growing knowledge in the field of metallurgy, makes it possible for more
and more materials to be welded with better and better quality of welds.




CHAPTER 2

ARC-WELDING THEORY

Section I. GENERAL

6. DEFINITION OF A WELD

A weld is defined as a localized coalescence of metals wherein coales-
cence is produced by heating to suitable temperatures, with or without the
application of pressure, and with or without the use of filler metal. If a
filler metal is used, it has a melting point either approximately the same
as the base metal or below that of the base metal but above 800°F.

7. WELDING CATEGORIES

a. Classification. Welding, as presently practiced, can be classi-
fied into four basic categories; (1) fusion joining, (2) electrical-resistance
welding, (3) solid-phase bonding, and (4) liquid-solid phase joining. These
categories sometimes are named differently, but their meaning and scope
remain unchanged.

b. Fusion Joining. The fusion-joining processes are those in which
the parts to be joined are heated until they melt together. Pressure is not
a prerequisite. Filler metal may be added to the joint and also melted and
mixed into the weld metal. Examples of fusion joining are arc welding and
electron-beam welding.

c. Electrical-Resistance-Welding. The electrical-resistance-
welding processes might well be included among the fusion-joining proc-
esses since they ordinarily involve the melting of some metal. The
quantity of metal melted, however, may be very small as compared with
that melted in the acknowledged fusion-joining processes. Also, little or
no fused metal may be retained in the final resistance-welded joint.
Nevertheless, there are two distinguishing features of the resistance-
welding processes: (1) heating is done by passage of an electric current
through the parts to be welded, and (2) the use of pressure is an indis-
pensable part of the process. Examples of resistance welding are resis-
tance spot welding, flash welding and percussion welding.

d. Solid-Phase Bonding. The solid-phase bonding processes are
those in which joining is accomplished without melting the base metals




and without the use of a liquid filler metal. Though heating is frequently
employed, none of the components that form the joint ever reaches the
molten condition. Pressure is always employed. Examples of solid-phase
bonding are ultrasonic welding, cold welding, diffusion bonding, and fric-
tion welding.

e. Liquid-Solid Phase Joining. The liquid-solid phase joining
processes are those in which the parts to be joined are heated to below
the melting point and a dissimilar molten metal is added to subsequently
form a solid joint upon cooling. The molten dissimilar filler metal has a
melting point lower than that of the base metal being joined. The filler
metal may be deposited in an open joint between the parts, or may be dis-
tributed between closely abutting faces by capillary attraction. Pressure
is not required. When the assembly cools, the solidified filler metal must
adhere strongly to the base metal. Examples of liquid-solid phase-joining
are brazing and soldering.

8. WELD-PROCESS REQUIREMENTS

a. The welding process usually involves complex physical and
chemical phenomena, varying with the nature of the weld bond produced.
Optimum welding conditions vary considerably with the nature of the
materials to be joined, the joint design, the welding process employed, and
the service conditions to which the welded assembly will be subjected.
Interactions can occur, so that critical control is often required to obtain
adequate bonding and weld strength without deterioration of material
properties.

b. Basic requirements for nearly all welding processes include the
removal of foreign materials from the interfacial region and intimate
contact between the materials to be bonded together. Failure to achieve
clean surfaces or intimate contact usually results in local discontinuities
in weld bonding. When clean material surfaces are brought into intimate
contact under suitable conditions, weld bonds can form by processes such
as solidification from the molten state, migration of interfacial grain
boundaries, or diffusion.

c. There are three variables that must be controlled in most welding
processes. These are time, heat, and force (in welding processes that
employ pressure). All welding processes involve time variations in
temperature or force. Most of these variations are rapid, with complete
cycles of heating, force application, and cooling often occurring in periods
as short as a fraction of a second. Thermal time constants are often
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critical and dependent on material properties and geometry. Welding
schedules must provide control of all variables if acceptable weldments
are to be produced consistently.

9. ARC-WELDING COMPONENTS

a. The requirements outlined in the previous paragraphs are easily
met in the arc-welding processes. Usually, heavy surface contaminants
are removed mechanically or chemically prior to welding. A further
cleaning action occurs during welding. The interfacial contaminants are
removed by melting the foreign materials present, mixing them with the
molten metal, and floating them to the surface of the weld. The weld bond
is formed by solidification from the molten state. Pressure is generally
not employed in the arc-welding processes.

b. The weld heat is generated by an electric arc and is dependent
upon arc voltage, arc current, and weld travel speed. The welding arc
and welding heat are discussed in greater detail in Sections II and III.

Section II. THE WELDING ARC

10. GENERAL

a. The electric arc that is used in welding is a high-current, low-
voltage discharge, operating generally in.the range 10-2000 amperes and
at 10-50 volts. Broadly speaking, the arc constitutes a mechanism where-
by electrons are emitted from the cathode, or negative pole, and trans-
ferred through a region of hot, electrically charged gas to the anode, or
positive, pole where they are absorbed. The arc column usually is made
up of two concentric zones as shown in Figure 1; a central plasma and an
outer flame. The principal gaseous path of current conduction, the plasma,
is made up of atoms of the various gases and vaporized solids available to
the arc. The outer flame of the arc represents a cooler area in which
atoms that have been previously electrically charged in the plasma combine
with electrons to form neutral gases and give up heat. The arc column is
electrically neutral; that is to say, the number.of negatively charged "
electrons and positively charged atoms is equal. However, because the
mass of the electron is only about one-thousandth of that of the lightest
positive atom, most of the current is carried by electrons. Measured -
values of welding arc temperatures are between 8000 and 30,000 F.
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FIGURE 1. SCHEMATIC OF WELDING ARC SHOWING REGIONS
OF THE ARC COLUMN

b. The distribution of heat in an arc is not uniform, but varies in
the three regions (cathode, arc column, and anode). The heat liberated at
the cathode and at the anode usually is greater than that from the arc
column. Also, the amount of heat liberated at the cathode can differ
greatly from that liberated at the anode. Whether a greater amount is
liberated at one or the other depends upon the electrode material, the base
metal, and the nature of the plasma. The heat distribution between cathode
and anode can be an important factor in determining the melting rate of an
electrode and the penetration of melting into the basemetal. The importance
of heat balance in welding is discussed in Section III of this Chapter.
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11. THE ARC COLUMN

a. Welding arcs are usually maintained between a rod electrode and
a plate workpiece. Regardless of whether the rod‘is positive or negative,
a welding arc is constricted at the rod and spreads out toward the plate.
The region in which the constricted column meets an electrode is called
the arc root. The column temperature is highest where it is most con-
stricted, in this case near the rod electrode.

b. When operating in certain gaseous atmospheres such as argon,
the spread of the arc has an important consequence. It results in the
formation of a jet -- called a plasma jet -- which flows along the center
of the arc column toward the plate electrode. The velocity of this jet has
been determined to be near 650 feet per second -- almost 450 miles per
hour. Plasma jets are not formed in all gaseous atmospheres used in
welding.

c. When the current flow in the plate is not uniform, magnetic
forces are set up at right angles to the weld axis and may cause the arc
column to deflect. This is known as arc blow. Arc blow is discussed in
more detail in Chapter 4, Section II.

12. METAL TRANSFER IN THE WELDING ARC

a. Importance. The manner in which liquid metal is transferred
from a consumable electrode to the weld pool may have an important effect
on the usefulness of a welding process. This is particularly true when it
affects the ability to weld in various positions. It may also affect the
degree of penetration, the stability of the weld pool, and the amount of
spatter losses.

b. Factors Affecting Metal Transfer. Of the forces which cause the
transfer of metal from a consumable electrode, surface tension, gravity,
electromagnetic force, and forces due to plasma velocity are the most
important.

(1) Effect of Surface Tension. Surface tension is a property of
all liquids, resulting from the fact that the exposed surface
tends to contract to the smallest possible area, as in the
spherical formation of drops. Surface tension tends to
retain the liquid drop that forms on the end of the electrode
in position. This is true, regardless of which direction the
electrode points.
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(2) Effect of Gravity. Gravity tends to detach the liquid drop

when the electrode is pointed downward, and is a retalnlng
force When the electrode is pointed upward.

(3) Effect of Electromagnetic Forces.

(a)

(b)

(c)

When a current flows through a conductor such as a
welding electrode, a magnetic field is set up around the
conductor. The electromagnetic force on a liquid-
metal drop is due to the interaction of the welding
current with its own magnetic field. When the cross-
sectional area of a conductor varies, as it does at the
molten tip of an arc-welding electrode, the direction
of the electromagnetic force is dependent upon the
direction of flow of the welding current. There is a
force acting in the direction of flow of the current
(positive to negative) when the cross section is in-
creasing and in the opposite direction when the cross
section is decreasing.

Thus, there are two ways in which the electromagnetic
force may act to detach a drop at the tip of the rod
electrode. When the drop is larger in diameter than the

- rod and the electrode is positive, the magnetic force

tends to detach the drop. When there is a constriction
or necking down such as may occur when the drop is
about to detach, the magnetic force acts away from the
point of constriction in both directions. Thus a drop
that has started to separate will be given an accelera-
tion which increases the rate of separation. These
forces are shown in Figure 2.

Magnetic force also sets up a pressure within the liquid
drop. The maximum pressure is radial to the axis of
the electrode and at high currents causes the drop to
become elongated. It gives the drop stiffness and causes
it to project in line with the electrode, regardless of
whether the electrode is pointed downward or upward.

(4) Effect of Plasma Velocity

(a)

Gas flow in the form of a plasma jet has been described
in Paragraph 11b. Drops in the process of detachment
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FIGURE 2. ELECTROMAGNETIC FORCES ACTING ON THE LIQUID
DROP AT THE TIP OF A WELDING ELECTRODE

or in flight may be given an acceleration toward the
plate electrode by such plasma jets.

(b) Rapid evaporation at the surface of a drop may produce
a force away from the plate toward the rod electrode. If
the current density at the electrode is sufficiently high,
a portion of the heat is dissipated by evaporation of the
metal. The velocity with which these vapors are given
off is proportional to the rate of evaporation and in-
versely proportional to the area of the electrode tip.
The resultant force is proportional to the square of the
vapor velocity and to the area of the tip. These factors
are affected in part by the electrode material, arc
atmosphere, and welding current and voltage.
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c. Types of Transfer. The manner in which these and other forces
combine to produce various forms of metal transfer can be indicated only
broadly. There are two main categories of metal transfer: free-flight
and short-circuiting transfer. Free-flight transfer may be further divided
into three smaller categories -- gravitational, projected, and repelled
transfer. These three types of free-flight transfer are illustrated in
Figure 3. Figure 4 illustrates the short-circuiting mode of transfer.

M AL Al

a. Projected b. Repelled c. Gravitational

FIGURE 3. THREE TYPES OF FREE-FLIGHT METAL TRANSFER
IN A WELDING ARC

SRS

FIGURE 4. SEQUENCE OF EVENTS DURING SHORT -CIRCUITING
TRANSFER IN A WELDING ARC

a. Globule of molten metal builds up on end of
electrode

b. Globule contacts surface of weld puddle

Molten column pinches off

Just after pinch-off fine spatter may be given

off.

?.-O
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(1) Free-Flight Transfer. In free-flight transfer, the liquid
drops which form at the tip of the consumable electrode are detached and
travel freely across the space between the two electrodes before plunging
into the weld pool. When the transfer is grav1tat10na1 the drops are
detached by gravity alone and fall slowly through the arc column. In the
projected type of transfer, other forces give the drop an initial accelera-
tion and project it independently of gravity towards the'weld pool. During
repelled transfer, forces acting on the liquid drop give it an initial velocity
directly away from the weld pool.

(2) Short-Circuiting Transfer. With short-circuiting transfer,
the tip of the growing drop of liquid metal makes contact with the weld
pool before it is detached and causes a short circuit. Surface tension and
electromagnetic forces then draw the liquid into the weld pool and in so
doing, break the short circuit and allow the arc to be re-established.

13. METAL TRANSFER IN GAS METAL-ARC WELDING

a. The gravitational and projected modes of free-flight metal trans-
fer may occur in the gas metal-arc welding of steel, nickel alloys, or
aluminum alloys using a direct-current, electrode-positive (reverse
polarity) arc of properly selected types of shielding gases. At low
currents, wires of these alloys melt slowly. A large spherical drop forms
at the tip and is detached when the force due to gravity exceeds that of
surface tension. As the current increases, the electromagnetic force
becomes significant and the total detaching force increases. The rate at
which drops are formed and detached also increases. At a certain
current, a change occurs in the character of the arc and metal transfer.
The arc column, previously bell-shaped or spherical and having relatively
low brightness, becomes narrower and more conical and has a bright
central core. The droplets which form at the wire tip become elongated due
to magnetic pressure and are detached at a much higher rate.

b. When carbon dioxide is used as the shielding gas, the type of metal
transfer is much different. At low and medium currents, the drop appears
to be repelled from the plate electrode and is eventually detached while
moving away from the plate electrode and weld pool. This gives rise to an
excessive amount of spatter. At higher currents, the transfer is less
irregular. By reducing the arc voltage, it is possible to reduce the arc
length so that the liquid drop touches the weld pool before becoming detached
and enters the short-circuiting type of transfer. Excessive spatter may be
avoided by proper adjustment of the welding variables. Short-circuiting
transfer is sometimes known as dip transfer. '
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14, METAL TRANSFER IN THE FLUX-SHIELDED PROCESSES |
®

The transfer of metal when welding with coated electrodes is generally of
the short-circuiting type. Some free-flight transfer of small droplets may
also occur. One exception to this rule occurs with the iron oxide-coated
carbon steel electrode in which the transfer is of the projected type. A
great deal of gas is given off in the liquid metal produced by this electrode,
and it may be that this gas is responsible for the projected transfer.
Transfer in the submerged-arc process is of the free-flight type. The’
types of metal transfer in the flux-shielded gas metal-arc and submerged
arc welding processes are summarized in Table I.

Table I. TYPES OF METAL TRANSFER IN THE SHIELDED METAI~ARC ,

GAS METAL-ARC, AND SUBMERGED ARC WELDING PROCESSES -
Arc
Process Current Length Transfer Type

Shielded Metal-Arc
Iron oxide type electrodes Normal | Normal | Free flight (projected

and gravitational)
Cellulosic, rutile, or Normal | Normal | Short-circuiting .
basic electrodes

Gas Metal-Arc

Argon or argon-oxygen Low Long Gravitational
shielding ' Short Short-circuiting
Ditto High Normal | Projected
Carbon dioxide shielding (Al1) Long Repelled*
Short Short-circuiting .,
Submerged Arc Normal | Normal | Free flight

*At high currents, the transfer is sufficiently directional for CO,-shielded
welding to be used in the free flight mode.
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15. GASES IN MOLTEN METALS

a. The atmosphere in which we live is composed of about four-fifths
nitrogen and one-fifth oxygen. When most metals are exposed to air, they
have a strong tendency to combine with oxygen, and to a lesser extent with
nitrogen. This tendency is especially strong when the metals are in the
molten condition. The rate of oxide formation will vary with the different
metals, but even a thin film of oxide on the surface of metals to be welded
can lead to difficulties. The oxides generally are relatively weak, brittle
materials that in no way resemble the metal from which they are formed.
A layer of oxide can easily prevent proper bonding of two pieces of metal
during welding. If quantities of oxide are entrapped in the molten weld
pool, the strength of the joint may be lowered greatly. Molten droplets
from an electrode may become coated with oxide during transfer to the
weld joint and may dissociate and dissolve in the molten metal, causing
serious embrittlement of the weld.

b. The ill effects of nitrogen are not as widely recognized because
they are often overshadowed by the oxide problems. However, many
metals will react with nitrogen to form a metal nitride. This compound
may exist as a surface film or, like the oxide, become entrapped in the
metal. Nitrogen may also dissolve in the molten metal and cause weld
embrittlement.

c. Hydrogen absorbed in molten metal may also cause problems in
the welded joint. Some metals absorb large quantities of hydrogen when
molten. Upon solidification, the metal cannot retain all of the hydrogen
and it is forced out of solution.

(1) In low-alloy steels the hydrogen coming out of solution sets
up stresses within the metal and, when large amounts of
hydrogen are present, may cause cracking of either the weld
or the heat-affected zone. The cracks do not occur instan-
taneously on cooling, but develop over a period of time.
Cracking may start at any time from a few seconds to several
days after solidification of the weld metal, and may continue
to develop for 24 hours or more. Initially, the cracks are
very fine and short, but graduallj extend in length and width,
at the same time evolving hydrogen.
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(2) Hydrogen is particularly harmful in aluminum welds.
Aluminum has a high solubility for hydrogen in the molten
condition but this solubility decreases drastically when the
metal solidifies. When the molten weld metal containing
dissolved hydrogen begins to solidify, the hydrogen forms
gas bubbles which, if they do not escape to the surface of
the weld, may become entrapped in the solidified weld as
porosity. ' '

d. It can be seen that it is very important to prevent gases combining
with the molten metal during welding. It is also important to remove the
gases already dissolved in a metal from the molten weld pool. Two methods
used to shield the molten weld from the atmosphere are (1) slag covering
and (2) gas shielding. Deoxidizing elements are added to the rod coatings
or the welding electrode wire to combine with oxygen and cause it to float
to the surface as a slag.

16. WELD SHIELDING IN THE SHIELDED METAL-ARC WELDING
PROCESS

a. In shielded metal-arc welding, the electrode is a wire or rod
with a relatively thick covering made of organic or inorganic materials,
or a mixture of both. This covering is carefully formulated so that during
welding it can perform several functions. It gives off gases which prevent
air from getting at the arc and the molten metal. The covering provides
deoxidizing or fluxing agents and slag formers which (1) combine with and
remove oxygen, (2) control the viscosity of the molten weld, and (3) blanket
the solidifying weld metal, thereby protecting it from oxidation and retard-
ing its cooling. The covering also contributes alloy elements to the weld
metal, either to make up for those which are partially consumed in the arc
or to add new ones. A further function of the covering is arc stabilization.

b. During welding, the heat of the arc concentrates on the core wire.
Consequently, the core melts ahead of the coating so that the coating pro-
trudes beyond the end of the core. This provides a mechanical shield for
the electrode t1p

17. WELD SHIELDING iN SUBMERGED-ARC WELDING

a. In submerged arc welding, the weld is shielded by a blanket of
granular material on the work. The heat produced by the arc melts the
immediately surrounding granular material so that it forms a subsurface
molten pool of glassy slag which surrounds the arc and is kept molten by
the continued heat of the arc. The granular material completely covers
the molten pool and is fed continuously as the work progresses.
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b. The granular, fusible materials used for shielding with submerged-
arc welding are made to several chemical specifications. The ingredients
are generally silicates to which powdered metals have been added. The
metals enter the weld deposit during the melting operation. All of the
shielding materials used in making the weld are selected for minimum
evolution of gases during welding. The hydrogen content is very low.

18. WELD SHIELDING IN THE INERT-GAS PROCESSES

In gas metal-arc and gas tungsten-arc welding, shielding is obtained from
inert gas. The inert gas flows from an inverted cup around the electrode
and protects the electrode, the arc stream, and the molten metal in the
weld pool from the adverse effects of oxygen and nitrogen in the air.
Usually, argon or helium or mixtures of these gases are used as the
shielding gas. The gases do not chemically react with the weld metal;
they simply displace the air around the arc. No flux is required since no
oxides are formed.

19. WELD SHIELDING IN OTHER PROCESSES

a. Electron-Beam Welding. The weld is shielded by a vacuum in
electron-beam welding. Thus, there is no oxygen, nitrogen, or hydrogen
present in the atmosphere to combine with the liquid metal.

b. Laser Welding. Since the laser delivers its energy in the form of
11ght it can be operated in any transparent environment. Therefore,
laser welds may be shielded by a vacuum, by inert gases, or by other
atmospheres that cannot be used in the open-arc welding processes.

Section III. WELDING HEAT

20. HEAT SOURCES .
a. Heat may be generated for welding by a number of methods:

(1) Electric arc maintained either between an electrode and the
work or between two electrodes. ‘
(2) Resistance heating obtained by passing an electric current
through the parts to be joined. The electric current may be
introduced into the parts by placing them in series in an
electric circuit or by inductive coupling in an electric
circuit.
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b.

(3)
(4)
(5)
(6)
(7)

(8)

Flame heating with a torch in which oxygen and a hydro-
carbon gas are mixed and burned. Oxygen and acetylene
mixtures are commonly used.

Furnace heating.

Impingement of a high velocity stream of electrons as in
electron-beam welding.

Chemical reaction of powders which release excess heat
upon reaction, as in thermit welding.

Impingement of a high-energy light beam on the metal
surface, such as in laser welding.

Mechanical methods such as heat of friction or explosive
impact.

The most widely used heat sources for welding are the electric
arc and resistance heating in that order, and most of the welding theory
is based on these two types of heating.

21. FUNCTIONS OF WELDING HEAT

a.

b.

In most welding processes, and in all of the processes discussed
in this volume, heat is used to melt the base metal and filler metal to
form the weld.

The primary function of the welding heat is to increase the atomic

mob111ty of the metal parts being joined. In processes involving metal, an
additional function is to assist in the destruction of surface films of
foreign materials on the faces of the parts to be joined.

22. DETRIMENTAL EFFECTS OF WELDING - HEAT

d.

Welding heat can have a number of detrimental effects:

(1)

Loss of strength in the weld heat-affected zone (HAZ). In
certain materials, for example, those which are strengthened
by cold working, the heat of the weld can cause softening of
the base metal adjacent to the weld, i.e., the weld-heat-
affected zone.
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(2) Loss of ductility in the HAZ possibly leading to cracking. In
steel, for example, the welding heat can cause changes in
metal structure to produce martensite, a high hardness metal
phase which can lead to cracking in the region of the HAZ.

(3) Deterioration of toughness properties. The HAZ structure
may have low toughness properties so that, if cracks are
formed, they can propagate under low applied stresses.

(4) High residual stresses. The localized heating at the weld can
. cause differential shrinkage stresses which can lead to dis-
tortion and, in some materials, increase susceptibility to

corrosion.

23. CONTROL OF WELDING HEAT--HEAT BALANCE

Heat applied during welding must be controlled carefully if optimum useful
effects are to be obtained in the weld with a minimum of harmful side
effects. Heat balance is usually an important consideration. In fusion
welding, for example, sufficient heat must be supplied to each side of the
interface to melt the surfaces and permit a weld to be made. In addition,
when filler metals are added, sufficient heat must be provided to melt the
filler wire at a rate sufficient to fill the weld groove. The total heat must
be distributed appropriately to produce the desired melting of the base
metals and filler metal. In most applications, loss of heat through the base
material is an important factor in resultant temperature distributions. The
base materials on either side of the interface may vary widely in heat
capacity, thermal conduction, or melting temperature. These material
properties and geometric effects must be compensated for by control of
heat inputs to various weld areas. In the case of similar materials joined
in areas of equal section and comparable geometries, input heat must be
balanced between adjacent interfacial areas to obtain optimum weld sym-
metry and fusion bonding.

24. WELD ENERGY INPUT IN ARC WELDING

a. Not all of the heat generated in the arc can be effectively used in
fusion welding. Values for the efficiency of heat utilization vary from 70
to 85 percent in the metal-arc welding process. For the carbon-arc
process, efficiencies are somewhat lower, ranging from 50 to 70 percent,
while 80 to 90 percent efficiencies are obtained in the submerged-arc
welding process. The balance of the heat is lost by radiation from the
arc, by spatter, by heating of the unmelted base material, and by escape
to the surrounding air.
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b. The heat developed by an arc, referred to as ""weld energy input",
can be calculated using the expression

H = £xIx60
S 2

where H - energy input in joules or watt-seconds per lineal inch of weld
E - arc voltage, volts

I - arc current, amperes

S

travel speed, inches/minute.

This energy input parameter can be used to make comparisons in welding
studies involving low weld travel speeds, e.g., up to about 10 inches per
minute with covered electrodes. With higher travel speeds, the efficiency
of heat transfer in the fusion zone is increased and the use of the energy
input parameter may not be justified.

25. TEMPERATURE DISTRIBUTION IN ARC WELDING

a. Typical temperature distributions during the deposition of bead
welds on thin and very thick plates are shown in Figure 5. The distribu-
tions are those which an observer would notice if stationed at the source
of heat during welding. This source, the arc, is at the center of the
isotherm of highest temperature.

b. As shown in Figure 5, the rise of temperature in front of the heat
source is more rapid than the fall of temperature behind the source. This
is brought about by the movement of the heat source relative to the flow of
heat in the plate. The influence of thickness may also be noted. For
- identical welding conditions, a wider heat-affected zone is created in the
thinner plate than in the thicker plate.

26. CONTROL OF COOLING RATE--PREHEATING AND POSTHEATING

a. Cooling rates can be a very important factor when welding certain
alloys. Rapid cooling from high-temperature ranges can result in the
formation of very hard structures in the heat-affected zones in such
materials as high-carbon or alloy steels. These structures lower the
toughness and ductility of the weld, and the heat-affected zones and special
precautions must often be taken to control cooling rates in critical appli-
cations.
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travel speeds, in arc welding promotes slow cooling. Also, thick plates
and low plate temperatures promote rapid dissipation of heat and there-
fore increase the cooling rate.

b. Use of high energy input, i.e., high welding currents and low I i

¢. Three methods used to decrease cooling rates are (1) preheating
the adJacent base materials to reduce the rate of heat loss during and
after welding, (2) using slower travel speeds to increase heat input and
permit the adjacent materials to rise to higher temperatures during
welding, so that they cool more slowly, and (3) postheating, in which the
heat of the weld is continued by external heating to limit cooling rates.

d. Postheating may also be used to correct some of the harmful
effects of welding after the weld is completed by annealing, tempering, or
stress relieving. Such postweld heat treatments may be local, as in
induction heating of weld areas only, or may involve the entire structure,
as in the furnace heating of welded assemblies.

27. PREHEAT AND POSTHEAT

a. General. Low-carbon and structural steels seldom require pre-
weld or postweld heat treatment, unless to assure machinability or prevent
warpage. The weld deposit and heat-affected zone of high-carbon or alloy
steels may contain a high percentage of martensite. The benefits and ‘
effects of preheat and postheat treatments are discussed in Chapter 2,
Section III.

b. Preheating. There is a simple method for determining preheat
requirements in welding steels. The hardenability of a steel is approxi-
mately related to its carbon content and to the content of certain other
alloying elements. The approximate amount of the other alloying elements
that produce the same hardness as 1 percent carbon is known. Thus, an
indication of the hardenability can be calculated as follows:

%Mn  %Ni %Mo %Cr %Cu
6 T 15 T4 Vv 5 T713 )

Equivalent Carbon Content = %C +

This formula is valid when the percentages are within the following ranges:

Carbon, less than 0.50 percent
Manganese, less than 1.60 percent
Nickel, less than 3.50 percent
Molybdenum, less than 0.60 percent
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Chromium, less than 1.00 percent
‘ Copper, less than 1.00 percent

Table II shows the suggested preheat temperatures for different values of
equivalent carbon content. Some steels may require postheat as well as
preheat. This is particularly true for those having equivalent carbon con-
tents greater than 0.60 percent and for welding in heavy sections.

c. Postheating. Postheating, in this case, refers to heating immedi-
ately after the weld is made. It differs from treatments made after the weld
cools, such as stress relieving, tempering, and annealing. It serves the
same purpose as preheating by slowing the cooling action. Postheat is
seldom used alone, but generally in conjunction with preheat. Postheat is
most often used on the highly hardenable steels when adequate preheat is
difficult to attain because of the size of the sections being welded.

Table II. PREHEAT REQUIREMENTS BASED ON EQUIVALENT

CARBON
Equivalent Carbon,
‘ % Recommended Treatment
: Up to 0.45 Preheat optional
0.45 to 0.60 Preheat at 200 to 400 F
Above 0.60 Preheat at 400 to 700 F

28. INFLUENCE OF OPERATING PARAMETERS ON WELD BEAD SHAPES

a. General. The welding current, arc length, travel speed, and
electrode diameter have a marked effect on the wire-melting rate, pene-
tration, and arc stability in all processes. In gas metal-arc and submerged-
arc welding, the electrode extension (stick out) also has an effect. The type
of shielding gas affects the weld-bead shape in gas metal-arc welding.

b. Effect of Welding Current. The depth of weld penetration and size of
. the weld reinforcement are directly dependent upon the magnitude of the
welding current. Penetration and the amount of weld reinforcement increases
as the current increases when all other variables remain constant. In most
arc-welding processes (except gas tungsten arc), penetration is lower with
direct current, straight polarity (electrode negative) than with direct current,
reverse polarity (electrode positive).
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c. Effect of Arc Length. Some control of the weld penetration and
width can be gained by regulating the arc length. A short arc is more
penetrating than a long arc, and it produces a weld nugget and reinforce-
ment that is relatively higher and narrower than one developed with a long
arc. The amount which the arc length can be changed is limited, however.
An arc which is too long or too short is generally unstable and may result
in weld porosity.

d. Effect of Travel Speed. Weld penetration and the size of the weld
bead are generally inversely proportional to the travel speed when other
welding variables are held constant.

e. Effect of Electrode Diameter. The size of the weld bead is to
some extent determined by the electrode diameter. With small-diameter
electrodes, low welding current can be used to deposit smaller welds. For
the same current, the arc becomes more penetrating and the deposition
rate increases as the electrode diameter decreases.

f. Effect of Electrode Extension. In processes which use a spooled
wire electrode, the distance between the contact tip and the arc is called
the electrode extension or ''stick out''. When this distance is increased,
more energy is used in preheating the wire, thereby increasing the burnoff
rate. Long extension is used in overlay welding to achieve a high deposition
rate with a low current, so that penetration into the base metal is minimized.
Use also has been made of long extension to permit higher welding speeds
without increasing the welding current when penetration is not important.

g. Effect of Shielding Gas. The type of shielding gas used for the
gas-shielded arc-welding processes has a pronounced effect on weldbead
shape and penetration, as well as arc characteristics. Both argon and
helium have been used as shielding gases for welding. Because much more
spatter is produced with helium than with argon, the use of helium for
ferrous applications has been relatively small compared to the use of argon.
Oxygen or carbon dioxide is added to the shielding gas almost invariably
when direct current reverse polarity is used, since the addition improves
the arc stability, minimizes undercut, improves the appearance of the weld
bead, and reduces the depth of the central finger that is characteristic of
the weld penetration obtained with gas metal-arc welding. Oxygen is a
necessary addition for operation with direct current straight polarity if a
stable arc is to be achieved with a bare electrode. Helium has been added
to the argon to increase the weld penetration while retaining the desirable
transfer characteristics of argon.
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SECTION IV. ARC WELD STRUCTURE
29. ZONES IN ARC WELD
a. An arc weld consists of three zones: the weld metal, the hef.it-

affected zone (HAZ), and the unaffected base metal. These three zones
are shown in Figure 6. '

T

Weld
Unaffected Metal Unaffected

base metal base metal
\\7
HAZ

FIGURE 6. THREE BASIC METAL ZONES IN AN ARC WELD

'b. The weld metal is that portion of the weld which has been melted
during welding.

c. The heat-affected zone is the portion of the base metal which has
not been melted but whose mechanical properties or microstructures have
been altered by the heat of welding or cutting. During welding, the tempera-
tures in the HAZ range from the melting point of the base metal to the
ambient plate temperature. '

d. The unaffected base-metal zone is that portion of the base metal
wherein the welding heat did not exceed the minimum required to affect
structure or properties.

30. OTHER IMPORTANT WELD FEATURES
‘a. In addition to the three basic zones in a weld, there are several

other weld features which should be recognized. ‘These are illustrated in
Figure 7, and are defined below. '
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FIGURE 7. FUSION ZONE, BOND, AND ROOT IN AN ARC WELD

b. Fusion Zone: the area of base metal melted as determined on the
cross section of a weld.

c. Root Of The Weld: the points as shown in a weld cross section at
which the bottom of the weld intersects the base metal surfaces.

d. Bond: the junction of the weld metal and the base metal or the
junction of the base metal parts when weld metal is not present.

31. WELD-METAL ZONE

a. The composition of the weld metal and the conditions under which
it freezes have a strong influence on the ability of weld metal to form a
sound, serviceable joint. The composition may be that of the base metal or
it may be a mixture of filler metal and base metal in proportions up to
nearly all filler metal. In arc welding, the molten weld-metal pool is con-
siderably superheated and is exposed to the various gases present in the
arc atmosphere. As the arc moves on, the weld metal is cooled by the
adjacent metal at rates that vary from relatively low to extremely high.
Also, the nature of the joint may be such that considerable restraint is
imposed on the weld metal during freezing and cooling. All of these factors
affect the characteristics of the weld metal obtained.

b. A single-pass weld has a cast structure similar to that of an input
or other casting. If examined under a microscope, it would show elongated
grains or columns beginning at the edge of the molten zone and directed
toward the center line of the weld. A columnar structure of this type is
likely to have weaknesses in directions parallel to these columns. In
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multiple-pass welds, the as-cast structure of the weld beads are exposed
to the heat of each succeeding weld pass and undergo reactions which tend
to alter the as-cast structure.

32. THE UNAFFECTED-BASE-METAL ZONE

In producing plates from ingots, the columnar structure of the ingot is
broken up to a more rounded and even size and the weaknesses of the cast
structure are reduced. The method in which an ingot is reduced to a more
usable form affects many of the mechanical properties of a material.

These properties include the ultimate strength, yield strength, impact
strength, hardness, ductility, and others. These properties may sometimes
vary with the direction in which they are tested in the same piece of material
Also, they are often changed by heating and cooling.

33. THE BASE-METAL HEAT-AFFECTED ZONE

a. The base metal in the vicinity of a weld is subjected to a complex )
thermal cycle in which peak temperatures, ranging from the melting point
down to room temperature, are involved. The change in structure of the
‘metal which is brought about by welding is determined by either or both of
the following: (1) the maximum peak temperature experienced and (2) the
rate at which the metal cools from high temperature. Practically all metals
are sensitively influenced by the peak temperature, but only a few are
sensitive to the cooling rate as well. ‘

34. EFFECT OF WELD HEAT ON VARIOUS TYPES OF BASE METALS

a. There are too many types of base materials to consider each one
in detail here. They may, however, be grouped into three general classes:
(1) non-heat-treatable materials, (2) materials hardened by changes in
metal structure such as a hardenable steel, and (3) precipitation- or age-
hardenable materials.

b. The microstructures that occur in a weldment are related to the
maximum temperature attained by the material and to the rate of heating
and cooling. The changes which take place in the microstructure will be
discussed in relation to hardness, since hardness is related to tensile
strength and microstructure of metals in a rather well-understood way.
The following discussion assumes that the filler metal added is the same
as the parent metal. It should be stressed that the material groupings are
very general and that peculiarities of specific materials are not considered.
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35. ANNEALED MATERIAL - NON-HEAT-TREATABLE

a. If two pieces of annealed material such as brass or pure
aluminum are joined by fusion welding, the hardness distribution across
the weld is as shown in Figure 8a. The fusion or weld zone is indicated
along with the region adjacent to the fusion zone where grain growth has
occurred. The fusion zone has an as-cast structure and is therefore
softer than the rolled and annealed base plate.

b. The region next to the fusion zone that was heated to a tempera-
ture near the melting point shows characteristic grain growth from the
welding heat. Coarse-grained structures are slightly softer than fine-
grained structures, so that the hardness in the heat- -affected region is
slightly lower than that of the parent plate. -

36. WORK-HARDENED MATERIAL -~ NON-HEAT-TREATABLE

“If the plates of materials in the preceding example had been cold rolled
rather than annealed, a hardness distribution such as shown in Figure 8b
would have been found. Here the plate is much harder than the weld;

the hardness is determined by the percentage of cold reduction. As the
weld region is approached, the hardness begins to drop. The first drop

is a result of the relief of internal stresses by low temperatures. Closer
to the weld, where the maximum temperature was higher, the cold-worked
material is annealed and thereby softened. The degree of softening in-
creases with increase in maximum temperature to which the metal is heated.
The HAZ therefore becomes progressively softer as we approach the bond.
Grain growth is pronounced in the area next to the bond, which means that
this region is even softer than the area only annealed. Finally, the softest
area of all is the cast structure of the weld metal itself.

37. HARDENABLE STEEL

a. The hardness distribution of a weld in a hardenable steel is shown
in Flgure 8c. The base metal is assumed to be in the annealed condition
and therefore is relatively soft. The highest hardness occurs in the
martengitic region of the heat-affected zone. This region is generally very
brittle and has very little ductility. The weld metal and other regions in the
HAZ will probably contain martensite mixed with other softer phases and
therefore will be lower in hardness.

b.f' The harmful effects of martensite in the heat-affected zone are

Well.—l—mown_. Much expense is encountered in an effort to prevent its
formation or to temper it to lower hardness after welding. Preheating the
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a will decrease the cooling rate and thus decrease the likelihood of

.rtensite formation. Postheating, on the other hand, will temper any
.nartensite that has formed and reduce its hardness. Likewise, in
multipass welding, succeeding passes will temper and soften any
martensite formed in the passges previously deposited. The last pass
deposited, however, will be untempered.

38. PRECIPITATION HARDENABLE MATERIALS

a. A hardness traverse across a weld in a precipitation hardenable
material, such as an aluminum alloy, is shown in Figure 8d. These
materials are hardened by an aging treatment which consists of holding
the material for a time at room or slightly elevated temperature. The
aging treatment causes submicroscopic particles to precipitate in the
metal structure, which cause hardening of the material. If overaged at
higher temperatures or for longer times, the particles become larger and
the hardness decreases.

.13. In Figure 8d, it is assumed that the base metal has been hardened
prior to welding. The welding heat therefore causes softening in the heat-
affected zone due to overaging. The weld metal is also softer than the base
metal since it has not been aged.
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CHAPTER 3

ARC-WELDING POWER SUPPLIES

Section I. INTRODUCTION
39. GENERAL

a. The basic types of welding power supplies, their operation and
use are discussed in this chapter. This chapter should be consulted for
more detail when reference is made to a specific type of power supply in
the next chapters on welding processes,

b. Arc-welding power supplies are made in a number of different
designs and sizes to suit different welding methods and operations. In
general, power supplies for arc welding are specialized pieces of equip-
ment capable of delivering power over a wide range of current-voltage
combinations.

c. A general idea of welding power supply ratings can be obtained
from the fact that most arc welding operations require arc voltages
ranging from about 15 to 30 volts and currents ranging from 50 to 350
amperes.

40. CLASSIFICATION

a. Power supplies for arc welding are classified by:

(1) Type of Welding Current. Welding power supplies are
classified into two broad groups depending upon the type of
welding current that they deliver to the arc. All power
supplies are basically either ac or dc and differ only in their
characteristics and in their methods of achieving suitable
welding currents.,

(2) Power Rating. |

(a) All welding power supplies are normally rated as
delivering a specified maximum current during a given
duty cycle. The current level specified is generally
the maximum average current that may be drawn from
the power supply during the specified duty cycle with-
out producing an excessive temperature buildup in the
power supply. ‘ ) ‘
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(b) Unlike many other electric devices or machines that
once turned on must deliver their rated output until
shut off, a welding power supply, unless used on auto-
matic processes, will be called on to deliver output
during limited periods only. The welder must stop
welding to change electrodes, adjust his work and his
position. Thus a welding power supply is allowed to
idle during part of its operating time. The duty cycle
expresses, as a percentage, the portion of the time that
the power supply can deliver its rated output in each of
a number of successive 10-minute intervals., Thus, a
60% duty cycle (the standard industrial rating) means
that the power supply can deliver its rated load output
6 minutes out of every 10 minutes. A 100% duty cycle
power supply can produce its rated output continuously
without exceeding the established temperature limits.
An important point to remember is that the duty cycle
is based on the output current and not on the power
rating.

(c) Power supplies may be operated at higher than rated
current on shorter duty cycles or at lower than rated
current on longer duty cycles. For example, a power
supply rated at 200 amperes and 60% duty cycle will
safely operate at 250 amperes on a 38% duty cycle or
at 155 amperes on a 100% duty cycle.

(3) Types of Power Conversion., Arc welding, as explained in
Chapter 2, requires a low-voltage, high-current power
source. Arc-welding power supplies generally convert some
other form of energy or power into a form useful for arc
welding. There are three methods of power conversion in
common use: (1) transformers for a-c welding, (2) genera-
tors for a-c and d-c welding, and (3) rectifier types for d-c
welding.

(4) Volt-Ampere Characteristics. Another common classifica-
tion of welding power sources is constant current or constant
potential (voltage). These will be discussed further in
Section III of this chapter.

b. The balance of this chapter will be devoted to discussions of arc
welding power supplies in terms of types of power conversion and the
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volt-ampere characteristics of each type. The major uses and applica-
tions of each type will be discussed. For purposes of this discussion,
manual welding will refer to processes in which the welding operator
controls both travel and wire or electrode feed into the arc. Semiauto-
matic welding will refer to processes in which the welding operator con-
trols the travel but the electrode is fed into the arc automatically. Auto-
matic processes incorporate both automatic travel control and electrode
feeding.

Section II. TYPES OF POWER CONVERSION
41. GENERAL

As noted earlier, a welding power supply serves to convert energy or
power from some other source to electrical energy usable in the arc-
welding process. The three methods of power conversion in common use
are discussed below. The applications of each type of power supply are
discussed in Section III of this chapter.

42. POWER CONVERSION METHODS

a. Transformer Type. Alternating-current power supplies usually
are transformers that take the commercial a-c power from power lines
and transform the voltage and current to values suitable for arc welding.
The transformer also serves to isolate the weld circuit from the power
lines,

b. Generator Types. A generator is used to convert mechanical
energy into electrical power suitable for welding. The mechanical energy
may be obtained from variety of sources, such as internal combustion
engines and electric motors. The power output may be either ac or dc.
The most familiar case of this type of power conversion is the d-c motor
generator.

c. Rectifier Types. The rectifier-type power supplies rectify
alternating current from a transformer or generator to produce direct
currents. The most common rectifier types employ a transformer. The
transformer-rectifier-type power supply is miore compact than a d-c
motor-generator and operates more efficiently and quietly, However,
it does not have the flexibility or overload capacity of the motor-generator

type.
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d. Combination Types. Power supplies are produced which basically

1ncorporate transformer and transformer-rectifier-type power supplies
in a single cabinet. A simple switch allows the selection of either a-c or
d-c welding power. This provides the welder with greater latitudes in
choice of welding process.

Section III. VOLT-AMPERE CHARACTERISTICS
43. GENERAL

The power supply furnishes a controlled source of electrical power to the
welding arc. For satisfactory welding, the power supply must be able to
deliver the proper type and amount of electrical power for welding in
measured and controlled amounts. The welding behavior of the arc and
its response to changing welding conditions is largely dependent on the
type of power supply and its proper adjustment for the typ of welding.

44, STATIC VOLT-AMPERE CHARACTERISTICS

a. The static volt-ampere characteristics and the response time of

a welding power source determine the welding characteristics. The static

volt-ampere characteristics of a given welding power supply are best
shown by characteristic curves, A typical set of characteristic curves
for a power supply having both current and voltage control is shown in
Figure 9. The solid lines represent various current tap settings, while
the dotted lines represent various voltage tap settings. The curves are
obtained by attaching a load across the output terminals of the welding
power source and plotting voltage and current values for each tap setting
as the load is varied.

45, DYNAMIC VOLT-AMPERE CHARACTERISTICS

a. Unlike the loads used for plotting the static volt-ampere charac-
teristic curves, the welding load is dynamic. Large variations in arc
“voltage and welding current can occur over relatively short time periods.
The dynamic response of the welding power supply to variations in arc
voltage and welding current is determined by the current-rise time. The
current-rise time is defined as the time required for the welding current
to rise from no load to maximum short-circuit load conditions.

b. Short circuits occur in milliseconds and are therefore best
recorded with the aid of an osciliograph. An oscillogram of the current
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during a typical short circuit, such as might occur during arc starting or
during short-circuiting metal transfer, is shown in Figure 10. The
particular welding process and type of metal transfer will determine what
the dynamic response of the power supply should be. For example, when
welding in the short-circuiting metal transfer mode, the welding circuit
might be modified to decrease the dynamic response of the power supply,
i.e., increase the current rise time. This would reduce weld spatter
because explosive vaporization of the electrode occurs when the current
rise time is too fast.

c. By using nonconsumable electrodes, the static volt-ampere
characteristics of an arc can also be studied. For a given arc length in
a controlled atmosphere, the arc voltage will vary with arc current as
shown in Figure 11a. As the arc current increases, the arc voltage re-
quired to maintain the arc deécreases to a minimum and then increases
slowly. ’

46. COMBINED EFFECT OF STATIC AND DYNAMIC CHARACTERISTICS

a. The establishment of an arc between an electrode and a plate is
only possible if the characteristic curves of the power source and the arc
intersect. Figure 1la shows the intersection of a typical arc curve with
one of the characteristic curves of a typical drooping characteristic power
source. The intersection point is commonly called the working point,

An increase in arc length generally causes the arc characteristic curve
to move toward higher voltage. The working point will follow the inter-
section of the two curves, When the arc length becomes too long, the
situation shown in Figure 11b occurs, thus resulting in arc extinction,

b. One must remember that the static volt-ampere curves represent
the arc and power supply under a given set of conditions. In reality, the
arc is never static during welding. The arc length is constantly changing.
The dynamic response of the welding power supply to variations in arc
length along with the static characteristics of the power supply determine
arc stability and weld quality to a large extent,

47, CONSTANT CURRENT POWER SUPPLIES

a. A constant current power supply is one that has characteristically
"drooping' volt-ampere curves producing relatively constant current with
a limited change in load voltage. Typical drooping volt-ampere curves
are shown in Figure 9. This type of supply is conventionally used in
conection with the manual welding processes and is available in both a-c
and d-c.
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b. The large arc-length variations inherent in manual welding
cause only minor variations in heat input when these power sources are
used. The steep slope of the curves shown by the solid lines in Figure

9 allows very little variations in current for large variations in voltage.
Thus, a fairly constant heat input is maintained during welding. The
welder therefore has good control over weld penetration and arc stability.

c. For out-of-position welding where variations in heat input are
desirable, the welder would select static volt- ampere characteristics
similar to those shown by the dotted lines in Figure 9. With the some-
what flatter slope, the welder can control heat input by purposely varying
arc length and thus varying the current.

d. Motor-generator power supplies generally have controls for the
magmtude of both the open-circuit voltage and the short-circuit current,
Transformer and transformer-rectifier types, however, generally have
controls for the short-circuit current only. The motor-generator power
supplies therefore provide somewhat greater versatility in slope selection
for out-of-position welding.

e. Power supplies with drooping volt-ampere characteristics are
not excluswely confined to manual processes. These power supplies can
be used for semiautomatic and automatic operations where arc length is
controlled by automatic changes in consumable-electrode feed rate,

f.  Arc starting can sometimes be a problem with drooping arc-
voltage power sources because of the limited short-circuit currents
available. In manual welding, it is usually necessary to make contact
between the electrode and the workpiece to start the arc. With some
processes, high-voltage, high-frequency devices are used to initiate
the arc so that the electrode does not have to touch the work, Many
constant current power supplies are equipped with devices which provide
current surges when short circuits occur as in arc starting and metal
transfer,

g. Table IIl gives ratings of constant-current welding generators as
standardized by the National Electrical Manufacturers Association
(NEMA). It is possible to obtain increased current capacity by connecting
generators in parallel. However, this should be done only by an ex-
perienced person following the manufacturer's specific instructions, This
is because successful paralleling depends upon the output voltage, output
setting, and polarity of each machine.
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TABLE III. RATINGS OF CONSTANT-CURRENT d-c WELDING
GENERATORS -- OUTPUT RATINGS(2) -- 60
PERCENT DUTY CYCLE AT RATED OUTPUT

Rates Minimum Maximum
Amperes at Load Volts | Amperes at Load Volts | Amperes at Load Volts

150 26 20 20 185 27
200 28 30 21 250 30
250 30 40 22 310 32
300 32 60 22 375 35
400 36 80 23 500 40
500 40 100 24 625 44
600 44 120 25 750 44

(a) The load voltages are based on the formula E = 20+0.04 I, where
E is the load voltage and I is the load current. For currents above
600 amp the voltage shall remain constant at 44 volts,
Where the output current indicator is calibrated in amperes, the
calibration points shall be based on the load voltages determined for
each current setting by the formula E = 20+0.04 I, where E is the
load voltage and I is the load current. For currents above 600 amp,
the voltage shall remain constant at 44 volts.

48. CONSTANT ARC VOLTAGE (CONSTANT POTENTIAL)

a. Constant arc-voltage or constant-potential (CP) welding power
supplies are available as d-c motor generators or transformer-rectifiers
but not as a-c transformers. A constant-voltage arc-welding power
supply is one which has characteristically flat volt-ampere curves pro-
ducing relatively constant voltage with a change in load current. This
type of power supply is conventionally used in connection with welding
processes involving consumable electrodes fed at a constant rate. The
burn-off rate of the welding electrode is automatically regulated by the
arc to match the wire feed rate. This insures a constant arc length,

b. Most CP power supplies are equipped in some manner which
perrffits the operator to adjust the slope of the characteristic volt-ampere
curve from flat to rising or drooping. The control may have tap settings,
or it may be infinitely variable, Typical volt-ampere characteristics for
a CP power source are shown in Figure 12,
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FIGURE 12. STATIC CHARACTERISTIC VOLT-AMPERE CURVES FOR
A TYPICAL CP POWER SUPPLY WITH SLOPE CONTROL

c. OSlope is important in controlling the short-circuit current. In
some welding applications, the short-circuit current will be too high for
smooth arc action when a flat or CP slope is used. The high short-circuit
currents may create spatter and cause harsh starts. The use of a slightly
drooping slope will limit short-circuit current and thus improve arc
action. Many CP power supplies also have built-in reactors which can be
used to control the rate of current buildup. This is important in short-
circuiting metal transfer, as discussed in Paragraph 45b. The rising
volt-ampere characteristic allows a greater variation in the wire feed
rate in the semiautomatic and automatic processes than is possible with
either of the other types without significantly changing the arc length,

Section IV. SPECIAL APPLICATIONS
49, GENERAL
Welding with d-c power provides more versatile control over the bead

shape, penetration, and speed, Arc starting is much easier with direct
current. Direct current is preferred: (1) where fast, accurate arc
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starting is essential, (2) where close arc control is needed, and (3)
where difficult contours are to be followed at maximum speeds. Alternat-
ing current minimizes arc blow. This assumes increasing importance at
high welding currents.

50. MULTIPLE-ARC, SINGLE-POWER-SOURCE APPLICATIONS

a. Multiple Arc. Multiple arcs are used to-increase electrode
meltmg rates and to provide increased welding speed. Two arcs in close
proximity (about 4 inches or less apart) are affected by each other's
magnetic field. Two d-c arcs of like polarity flare together, whereas
arcs of unlike polarity flare apart. Two a-c arcs allow considerable
control over the amount and direction of arc deflection at each arc and
permit maximum welding speed. Less control is obtained with the
combination of d-c and a-c arcs, but the amount of control obtained is
sufficient for many applications, When three arcs are used, the customary
combination is d-¢, a-c, a-c.

b. Two-Wire Parallel Power Techniques. The two-wire parallel
power technique is an automatic welding process which employs two
electrodes fed through the same welding head from one power source.
This technique results ina very high deposition rate, The technique is
used to gain speed on welds where fill-in is a major consideration, such
as large, flat-position fillets, and wide vee joints, The two arcs pull
together, causing back blow at the front arc and forward blow at the
trailing arc. This relationship cannot be varied. This is the simplest
form of multiple-wire welding and usually results in about a 50 percent
increase in speed over a single arc.

c. Two-Wire Series Power Technique. The two-wire series power
technique is used to obtain extremely high deposition rates with a mini-
mum of penetration into the base metal. Each electrode in series arc
welding operates independently, having its own feed motor and voltage
control, The power-supply cable is connected to one welding head. The
return power cable is connected to the second welding head instead of to
the workpiece. The welding current travels from one electrode to the
other through the weld puddle and surrounding material. The wires are
usually positioned at an angle of 45 degrees to each other and at right
angles to the direction of travel. The point of intersection of the center
lines of the electrodes controls the penetration pattern of the weld bead.
If the intersection point is too low, excessive penetration will result; if
too high, inadequate fusion will result,
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51. MULTIPLE-ARC, MULTIPLE-POWER-SOURCE APPLICATIONS

Multiple-arc, multiple-power-source applications (two or more electrodes '

each with a separately controlled power source) have a speed advantage
on both fill-in welds and butt welds with a square-groove type of prepara-
tion. While multiple-power welding gives an increase in speed, the dif-
ficulty of setting the proper procedure on multiple separate arcs makes
this process suitable mainly for long runs of identical joints. Multiple-
arc, multiple-power-source operations call for a complicated procedure
which takes into consideration the separate arcs and all the possible
variations of current, spacing, electrode size, etc. When heavy plate

is welded, at least one arc should be on alternating current. Two tandem
arcs usually increase speeds at least 100 percent over the single arc.
Three arcs may add another 50 percent,

52. STUD WELDING

Because stud welding demands more capacity, more consistency, and
better control, special power sources have been designed especially for
this process, Stud welding calls for high~energy outputs over relatively
short time periods. Power sources of various types capable of producing
high-energy outputs over short duty cycles have been developed for stud-
welding applications.

Section V, SAFETY
53. GENERAL

A welding machine should be treated with the same regard for safety that
any electrical device would be. Most of the precautions that should be
taken are obvious, but still bear repeating. The nameplates of all devices
should be checked carefully and compared to the known line power available.
When a considerable number of units are being installed, unbalanced line
loads can be minimized by connecting them to different phases. However,
in this case, welders should avoid physical contact with one another when
working on a single large weldment as a voltage will exist between electrode
holders.

54. INSTALLATION OF THE POWER SUPPLY
When adapting a unit for specific voltage, the instruction manual for the

specified power supply should be consulted to make sure that all change-
overs for the specific line voltage have been completed. Installation of
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the power supply should be done by a licensed electrician. Part of the
installation should be a fusible safety switch, mounted on the wall near
the power supply. The case of the unit should always be grounded.
Special care should always be taken to assure tight connections on the
output side of the power supply.

55. EQUIPMENT LOADING

Care should be taken in applying arc-welding equipment to insure that the
current rating chosen is adequate to handle the job. Welding machines
should not be operated above their current ratings and corresponding
rated duty cycles listed in the standards or above the limits specified by
the mamufacturer, Consideration should be given to the fact that actual
welding currents may be higher than shown by indicators on the machines
if welding is done with short leads or low arc voltages. Welding cables
should be of the extra-flexible type designed especially for welding and
of size adequate for current and duty cycles reasonably expected.

56. ELECTRIC SHOCK
Avoidance of electric shock is largely within the control of the welding

operator. Therefore, it is especially important that he be thoroughly
instructed how to avoid shock. Voltages required for arc welding are low

and normally will not cause injury or severe shock. The fact that they

are low may, and does, lead to carelessness. These voltages are never-
theless sufficiently high that under some circumstances they may be
dangerous to life. Severity of shock is determined largely by the amount
of current flowing through the body and this is determined by voltage and
contact resistance of the area of skin involved.
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CHAPTER 4.

SHIELDED-METAL-ARC WELDING

Section I. INTRODUCTION

57. DEFINITION

a. Shielded-metal-arc welding is an arc-welding process wherein
coalescence is produced by heating with an electric arc between a
covered metal electrode and the work. Shielding is obtained from de-
composition of the electrode covering. Pressure is not used and filler
metal is ob