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PREFACE

Since the publication of the first edition of this book in 1987, there has been
much new progress made in welding metallurgy. The purpose for the second
edition is to update and improve the first edition. Examples of improvements
include (1) much sharper photomicrographs and line drawings; (2) integration
of the phase diagram, thermal cycles, and kinetics with the microstructure to
explain microstructural development and defect formation in welds; and (3)
additional exercise problems. Specific revisions are as follows.

In Chapter 1 the illustrations for all welding processes have been re-
drawn to show both the overall process and the welding area. In Chapter
2 the heat source efficiency has been updated and the melting efficiency
added. Chapter 3 has been revised extensively, with the dissolution of
atomic nitrogen, oxygen, and hydrogen in the molten metal considered and
electrochemical reactions added. Chapter 4 has also been revised extensively,
with the arc added, and with flow visualization, arc plasma dragging, and
turbulence included in weld pool convection. Shot peening is added to
Chapter 5.

Chapter 6 has been revised extensively, with solute redistribution and
microsegregation expanded and the solidification path added. Chapter 7 now
includes nonepitaxial growth at the fusion boundary and formation of non-
dendritic equiaxed grains. In Chapter 8 solidification modes are explained with
more illustrations. Chapter 9 has been expanded significantly to add ferrite
formation mechanisms, new ferrite prediction methods, the effect of cooling
rate, and factors affecting the austenite—ferrite transformation. Chapter 10
now includes the effect of both solid-state diffusion and dendrite tip under-
cooling on microsegregation. Chapter 11 has been revised extensively to
include the effect of eutectic reactions, liquid distribution, and ductility of
the solidifying metal on solidification cracking and the calculation of fraction
of liquid in multicomponent alloys.

Chapter 12 has been rewritten completely to include six different liquation
mechanisms in the partially melted zone (PMZ), the direction and modes of
grain boundary (GB) solidification, and the resultant GB segregation. Chapter
13 has been revised extensively to include the mechanism of PMZ cracking
and the effect of the weld-metal composition on cracking.

Chapter 15 now includes the heat-affected zone (HAZ) in aluminum-
lithium—copper welds and friction stir welds and Chapter 16 the HAZ of
Inconel 718. Chapter 17 now includes the effect of multiple-pass welding on

xiii



xiv PREFACE

reheat cracking and Chapter 18 the grain boundary chromium depletion in a
sensitized austenitic stainless steel.

The author thanks the National Science Foundation and NASA for
supporting his welding research, from which this book draws frequently.
He also thanks the American Welding Society and ASM International for per-
missions to use numerous copyrighted materials. Finally, he thanks C. Huang,
G. Cao, C. Limmaneevichitr, H. D. Lu, K. W. Keehn, and T. Tantanawat for pro-
viding technical material, requesting permissions, and proofreading.

Sinpo Kou

Madison, Wisconsin
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1 Fusion Welding Processes

Fusion welding processes will be described in this chapter, including gas
welding, arc welding, and high-energy beam welding. The advantages and dis-
advantages of each process will be discussed.

1.1 OVERVIEW

1.1.1 Fusion Welding Processes

Fusion welding is a joining process that uses fusion of the base metal to make
the weld. The three major types of fusion welding processes are as follows:

1. Gas welding:
Oxyacetylene welding (OAW)

2. Arc welding:
Shielded metal arc welding (SMAW)
Gas—tungsten arc welding (GTAW)
Plasma arc welding (PAW)
Gas—metal arc welding (GMAW)
Flux-cored arc welding (FCAW)
Submerged arc welding (SAW)
Electroslag welding (ESW)

3. High-energy beam welding:
Electron beam welding (EBW)
Laser beam welding (LBW)

Since there is no arc involved in the electroslag welding process, it is not
exactly an arc welding process. For convenience of discussion, it is grouped
with arc welding processes.

1.1.2 Power Density of Heat Source

Consider directing a 1.5-kW hair drier very closely to a 304 stainless steel sheet
1.6mm ("4in.) thick. Obviously, the power spreads out over an area of roughly

3



4 FUSION WELDING PROCESSES

50mm (2in.) diameter, and the sheet just heats up gradually but will not melt.
With GTAW at 1.5kW, however, the arc concentrates on a small area of about
6mm (% in.) diameter and can easily produce a weld pool. This example clearly
demonstrates the importance of the power density of the heat source in
welding.

The heat sources for the gas, arc, and high-energy beam welding processes
are a gas flame, an electric arc, and a high-energy beam, respectively. The
power density increases from a gas flame to an electric arc and a high-energy
beam. As shown in Figure 1.1, as the power density of the heat source
increases, the heat input to the workpiece that is required for welding
decreases. The portion of the workpiece material exposed to a gas flame heats
up so slowly that, before any melting occurs, a large amount of heat is already
conducted away into the bulk of the workpiece. Excessive heating can cause
damage to the workpiece, including weakening and distortion. On the con-
trary, the same material exposed to a sharply focused electron or laser beam
can melt or even vaporize to form a deep keyhole instantaneously, and before
much heat is conducted away into the bulk of the workpiece, welding is com-
pleted (1).

Therefore, the advantages of increasing the power density of the heat
source are deeper weld penetration, higher welding speeds, and better weld
quality with less damage to the workpiece, as indicated in Figure 1.1. Figure
1.2 shows that the weld strength (of aluminum alloys) increases as the heat
input per unit length of the weld per unit thickness of the workpiece decreases
(2). Figure 1.3a shows that angular distortion is much smaller in EBW than in

Increasing
damage to
A workpiece

[N

\
\
\

(]

[&]

2 |gas

S |welding™,

S N

= \

o arc

b weldi

> \

Q. .
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k- Increasing

Q penetration,

- welding speed,

weld quality,
high energy ~—*-.._,equipment cost
beam welding
>

Power density of heat source

Figure 1.1 Variation of heat input to the workpiece with power density of the heat
source.



OVERVIEW 5
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Figure 1.2 Variation of weld strength with heat input per unit length of weld per unit
thickness of workpiece. Reprinted from Mendez and Eagar (2).
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Figure 1.3 Comparisons between welding processes: (a) angular distortion; (b) capital
equipment cost. Reprinted from Mendez and Eagar (2).

GTAW (2). Unfortunately, as shown in Figure 1.3b, the costs of laser and elec-
tron beam welding machines are very high (2).

1.1.3 Welding Processes and Materials

Table 1.1 summarizes the fusion welding processes recommended for carbon
steels, low-alloy steels, stainless steels, cast irons, nickel-base alloys, and
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OXYACETYLENE WELDING 7

e ———r
(a) butt joint

o (b) lap joint
) edge\ (e) corner joint (c) T-joint

Figure 1.4 Five basic types of weld joint designs.

aluminum alloys (3). For one example, GMAW can be used for all the materi-
als of almost all thickness ranges while GTAW is mostly for thinner workpieces.
For another example, any arc welding process that requires the use of a flux,
such as SMAW, SAW, FCAW, and ESW, is not applicable to aluminum alloys.

1.1.4 Types of Joints and Welding Positions

Figure 1.4 shows the basic weld joint designs in fusion welding: the butt, lap,
T-, edge, and corner joints. Figure 1.5 shows the transverse cross section of
some typical weld joint variations. The surface of the weld is called the face,
the two junctions between the face and the workpiece surface are called the
toes, and the portion of the weld beyond the workpiece surface is called the
reinforcement. Figure 1.6 shows four welding positions.

1.2 OXYACETYLENE WELDING

1.2.1 The Process

Gas welding is a welding process that melts and joins metals by heating them
with a flame caused by the reaction between a fuel gas and oxygen. Oxy-
acetylene welding (OAW), shown in Figure 1.7, is the most commonly used
gas welding process because of its high flame temperature. A flux may be used
to deoxidize and cleanse the weld metal. The flux melts, solidifies, and forms
a slag skin on the resultant weld metal. Figure 1.8 shows three different types
of flames in oxyacetylene welding: neutral, reducing, and oxidizing (4), which
are described next.

1.2.2 Three Types of Flames

A. Neutral Flame This refers to the case where oxygen (O,) and acetylene
(C,H,) are mixed in equal amounts and burned at the tip of the welding torch.
A short inner cone and a longer outer envelope characterize a neutral flame
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Reinforcement

(a)

Butt joint; T-joint;
square weld fillet weld

(b)  Reinforcement

> - Root

) Butt joint;
single-V-groove weld single bevel weld

(c) Toe
é &Toe y
/ A
Lap joint;
fillet weld

Figure 1.5 Typical weld joint variations.

(Figure 1.8a). The inner cone is the area where the primary combustion takes
place through the chemical reaction between O, and C,H,, as shown in Figure
1.9. The heat of this reaction accounts for about two-thirds of the total heat
generated. The products of the primary combustion, CO and H,, react with O,
from the surrounding air and form CO, and H,O. This is the secondary com-
bustion, which accounts for about one-third of the total heat generated. The
area where this secondary combustion takes place is called the outer enve-
lope. It is also called the protection envelope since CO and H, here consume
the O, entering from the surrounding air, thereby protecting the weld metal
from oxidation. For most metals, a neutral flame is used.

B. Reducing Flame When excess acetylene is used, the resulting flame is
called a reducing flame. The combustion of acetylene is incomplete. As a result,
a greenish acetylene feather between the inert cone and the outer envelope
characterizes a reducing flame (Figure 1.8b). This flame is reducing in nature
and is desirable for welding aluminum alloys because aluminum oxidizes
easily. It is also good for welding high-carbon steels (also called carburizing
flame in this case) because excess oxygen can oxidize carbon and form CO gas
porosity in the weld metal.
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Z P

a) flat b) horizontal
c) vertical d) overhead

Figure 1.6 Four welding positions.

Flow meter; Regulator
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- Valve
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Figure 1.7 Oxyacetylene welding: (a) overall process; (b) welding area enlarged.
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Neutral Flame

inner cone
— (a)
inner cone Reducing Flame
_ (0
acetylene feather
inner cone Oxidizing Flame

(c)

Figure 1.8 Three types of flames in oxyacetylene welding. Modified from Welding
Journal (4). Courtesy of American Welding Society.

Gas C.H, + O, Primary combustion in inner

cone (2/3 total heat) :

Torch 2C,H, + 20, (from cylinder)
—» 4CO+2H,

2800 - 3500 °C iNner  gecondary combustion in outer
CON€  envelope (1/3 total heat) :
Flame 2500 °C outer  4CO + 20, (from air)—# 4CO,
envelope

2H, + O, (from air) —m- 2H,0
1000 °C

Figure 1.9 Chemical reactions and temperature distribution in a neutral oxyacetylene
flame.

C. Oxidizing Flame When excess oxygen is used, the flame becomes oxi-
dizing because of the presence of unconsumed oxygen. A short white inner
cone characterizes an oxidizing flame (Figure 1.8¢). This flame is preferred
when welding brass because copper oxide covers the weld pool and thus pre-
vents zinc from evaporating from the weld pool.

1.2.3 Advantages and Disadvantages

The main advantage of the oxyacetylene welding process is that the equip-
ment is simple, portable, and inexpensive. Therefore, it is convenient for main-
tenance and repair applications. However, due to its limited power density, the
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welding speed is very low and the total heat input per unit length of the weld
is rather high, resulting in large heat-affected zones and severe distortion. The
oxyacetylene welding process is not recommended for welding reactive metals
such as titanium and zirconium because of its limited protection power.

1.3 SHIELDED METAL ARC WELDING

1.3.1 The Process

Shielded metal arc welding (SMAW) is a process that melts and joins metals
by heating them with an arc established between a sticklike covered electrode
and the metals, as shown in Figure 1.10. It is often called stick welding.
The electrode holder is connected through a welding cable to one terminal
of the power source and the workpiece is connected through a second cable
to the other terminal of the power source (Figure 1.10a).

The core of the covered electrode, the core wire, conducts the electric
current to the arc and provides filler metal for the joint. For electrical contact,
the top 1.5cm of the core wire is bare and held by the electrode holder. The
electrode holder is essentially a metal clamp with an electrically insulated
outside shell for the welder to hold safely.

The heat of the arc causes both the core wire and the flux covering at the
electrode tip to melt off as droplets (Figure 1.10b). The molten metal collects
in the weld pool and solidifies into the weld metal. The lighter molten flux, on
the other hand, floats on the pool surface and solidifies into a slag layer at the
top of the weld metal.

1.3.2 Functions of Electrode Covering

The covering of the electrode contains various chemicals and even metal
powder in order to perform one or more of the functions described below.

A. Protection It provides a gaseous shield to protect the molten metal from
air. For a cellulose-type electrode, the covering contains cellulose, (CsHyOs),.
A large volume of gas mixture of H,, CO, H,0, and CO, is produced when
cellulose in the electrode covering is heated and decomposes. For a limestone-
(CaCOs-) type electrode, on the other hand, CO, gas and CaO slag form when
the limestone decomposes. The limestone-type electrode is a low-hydrogen-
type electrode because it produces a gaseous shield low in hydrogen. It is often
used for welding metals that are susceptible to hydrogen cracking, such as
high-strength steels.

B. Deoxidation 1t provides deoxidizers and fluxing agents to deoxidize and
cleanse the weld metal. The solid slag formed also protects the already solid-
ified but still hot weld metal from oxidation.
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(@) Electrode Power
holder Source
?
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Figure 1.10  Shielded metal arc welding: (a) overall process; (b) welding area enlarged.

C. Arc Stabilization It provides arc stabilizers to help maintain a stable
arc. The arc is an ionic gas (a plasma) that conducts the electric current.
Arc stabilizers are compounds that decompose readily into ions in the arc,
such as potassium oxalate and lithium carbonate. They increase the electrical
conductivity of the arc and help the arc conduct the electric current more
smoothly.

D. Metal Addition 1t provides alloying elements and/or metal powder to
the weld pool. The former helps control the composition of the weld metal
while the latter helps increase the deposition rate.

1.3.3 Advantages and Disadvantages

The welding equipment is relatively simple, portable, and inexpensive as com-
pared to other arc welding processes. For this reason, SMAW is often used for
maintenance, repair, and field construction. However, the gas shield in SMAW
is not clean enough for reactive metals such as aluminum and titanium. The
deposition rate is limited by the fact that the electrode covering tends to over-
heat and fall off when excessively high welding currents are used. The limited
length of the electrode (about 35cm) requires electrode changing, and this
further reduces the overall production rate.
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1.4 GAS-TUNGSTEN ARC WELDING

1.4.1 The Process

Gas—tungsten arc welding (GTAW) is a process that melts and joins metals by
heating them with an arc established between a nonconsumable tungsten elec-
trode and the metals, as shown in Figure 1.11. The torch holding the tungsten
electrode is connected to a shielding gas cylinder as well as one terminal of
the power source, as shown in Figure 1.11a. The tungsten electrode is usually
in contact with a water-cooled copper tube, called the contact tube, as shown
in Figure 1.11b, which is connected to the welding cable (cable 1) from the
terminal. This allows both the welding current from the power source to
enter the electrode and the electrode to be cooled to prevent overheating. The
workpiece is connected to the other terminal of the power source through a
different cable (cable 2). The shielding gas goes through the torch body and
is directed by a nozzle toward the weld pool to protect it from the air. Pro-
tection from the air is much better in GTAW than in SMAW because an inert
gas such as argon or helium is usually used as the shielding gas and because
the shielding gas is directed toward the weld pool. For this reason, GTAW is

Flow Regulator
@) meter\ﬂ O'/
Welding /
direction @
()]
Torch o
Cable 1 53
. O C
Filler rod ;%g
Power ©
oA Cable 2\ sourcel
C/Workpiece
Tungsten electrode
Shieldin
(b) gag /Contact tube
Filler L Cable 1
d Shielding

A 7
Base metal Weld pool

Figure 1.11 Gas-tungsten arc welding: (a) overall process; (b) welding area enlarged.
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also called tungsten—inert gas (TIG) welding. However, in special occasions a
noninert gas (Chapter 3) can be added in a small quantity to the shielding gas.
Therefore, GTAW seems a more appropriate name for this welding process.
When a filler rod is needed, for instance, for joining thicker materials, it can
be fed either manually or automatically into the arc.

1.4.2 Polarity

Figure 1.12 shows three different polarities in GTAW (5), which are described
next.

A. Direct-Current Electrode Negative (DCEN) This, also called the straight
polarity, is the most common polarity in GTAW. The electrode is connected to
the negative terminal of the power supply. As shown in Figure 1.12a, electrons
are emitted from the tungsten electrode and accelerated while traveling
through the arc. A significant amount of energy, called the work function, is
required for an electron to be emitted from the electrode. When the electron
enters the workpiece, an amount of energy equivalent to the work function is
released. This is why in GTAW with DCEN more power (about two-thirds) is
located at the work end of the arc and less (about one-third) at the electrode
end. Consequently, a relatively narrow and deep weld is produced.

B. Direct-Current Electrode Positive (DCEP) This is also called the reverse
polarity. The electrode is connected to the positive terminal of the power
source. As shown in Figure 1.12b, the heating effect of electrons is now at the
tungsten electrode rather than at the workpiece. Consequently, a shallow weld
is produced. Furthermore, a large-diameter, water-cooled electrodes must be
used in order to prevent the electrode tip from melting. The positive ions of
the shielding gas bombard the workpiece, as shown in Figure 1.13, knocking
off oxide films and producing a clean weld surface. Therefore, DCEP can be

DC electrode DC electrode
\ hegative , \ osmve / \ /
doe G)e Do
© ® o ©
& o ® o eB C)
ey ||
deep weld, shallow weld, intermediate

no surface cleaning  surface cleaning

(a) (b) ()
Figure 1.12 Three different polarities in GTAW.
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Figure 1.13 Surface cleaning action in GTAW with DC electrode positive.

used for welding thin sheets of strong oxide-forming materials such as alu-
minum and magnesium, where deep penetration is not required.

C. Alternating Current (AC) Reasonably good penetration and oxide
cleaning action can both be obtained, as illustrated in Figure 1.12c. This is often
used for welding aluminum alloys.

1.4.3 Electrodes

Tungsten electrodes with 2% cerium or thorium have better electron
emissivity, current-carrying capacity, and resistance to contamination than
pure tungsten electrodes (3). As a result, arc starting is easier and the arc is
more stable. The electron emissivity refers to the ability of the electrode tip
to emit electrons. A lower electron emissivity implies a higher electrode tip
temperature required to emit electrons and hence a greater risk of melting the

tip.

1.4.4 Shielding Gases

Both argon and helium can be used. Table 1.2 lists the properties of some
shielding gases (6). As shown, the ionization potentials for argon and helium
are 15.7 and 24.5eV (electron volts), respectively. Since it is easier to ionize
argon than helium, arc initiation is easier and the voltage drop across the arc
is lower with argon. Also, since argon is heavier than helium, it offers more
effective shielding and greater resistance to cross draft than helium. With
DCEP or AC, argon also has a greater oxide cleaning action than helium.
These advantages plus the lower cost of argon make it more attractive for
GTAW than helium.
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TABLE 1.2 Properties of Shielding Gases Used for Welding

Molecular Specific Gravity Tonization

Chemical ~ Weight  with Respect to Air Density Potential
Gas Symbol (g/mol) at latm and 0°C (g/L) (eV)
Argon Ar 39.95 1.38 1.784 15.7
Carbon dioxide CO, 44.01 1.53 1.978 144
Helium He 4.00 0.1368 0.178 24.5
Hydrogen H, 2.016 0.0695 0.090 13.5
Nitrogen N, 28.01 0.967 1.25 14.5
Oxygen 0O, 32.00 1.105 1.43 13.2

Source: Reprinted from Lyttle (6).

Because of the greater voltage drop across a helium arc than an argon arc,
however, higher power inputs and greater sensitivity to variations in the arc
length can be obtained with helium. The former allows the welding of thicker
sections and the use of higher welding speeds. The latter, on the other hand,
allows a better control of the arc length during automatic GTAW.

1.4.5 Advantages and Disadvantages

Gas-tungsten arc welding is suitable for joining thin sections because of its
limited heat inputs. The feeding rate of the filler metal is somewhat indepen-
dent of the welding current, thus allowing a variation in the relative amount
of the fusion of the base metal and the fusion of the filler metal. Therefore,
the control of dilution and energy input to the weld can be achieved without
changing the size of the weld. It can also be used to weld butt joints of thin
sheets by fusion alone, that is, without the addition of filler metals or autoge-
nous welding. Since the GTAW process is a very clean welding process, it can
be used to weld reactive metals, such as titanium and zirconium, aluminum,
and magnesium.

However, the deposition rate in GTAW is low. Excessive welding currents
can cause melting of the tungsten electrode and results in brittle tungsten
inclusions in the weld metal. However, by using preheated filler metals, the
deposition rate can be improved. In the hot-wire GTAW process, the wire is
fed into and in contact with the weld pool so that resistance heating can be
obtained by passing an electric current through the wire.

1.5 PLASMA ARC WELDING

1.5.1 The Process

Plasma arc welding (PAW) is an arc welding process that melts and joins metals
by heating them with a constricted arc established between a tungsten elec-
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trode and the metals, as shown in Figure 1.14. It is similar to GTAW, but an
orifice gas as well as a shielding gas is used. As shown in Figure 1.15, the arc in
PAW is constricted or collimated because of the converging action of the orifice
gas nozzle, and the arc expands only slightly with increasing arc length (5).
Direct-current electrode negative is normally used, but a special variable-
polarity PAW machine has been developed for welding aluminum, where the
presence of aluminum oxide films prevents a keyhole from being established.

1.5.2 Arc Initiation

The tungsten electrode sticks out of the shielding gas nozzle in GTAW (Figure
1.11b) while it is recessed in the orifice gas nozzle in PAW (Figure 1.14b). Con-
sequently, arc initiation cannot be achieved by striking the electrode tip against
the workpiece as in GTAW. The control console (Figure 1.14a) allows a pilot
arc to be initiated, with the help of a high-frequency generator, between the
electrode tip and the water-cooled orifice gas nozzle. The arc is then gradually
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Figure 1.14 Plasma arc welding: (a) overall process; (b) welding area enlarged and
shown with keyholing.
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Plasma arc

Gas tungsten arc

Figure 1.15 Comparison between a gas—tungsten arc and a plasma arc. From Welding
Handbook (5). Courtesy of American Welding Society.

transferred from between the electrode tip and the orifice gas nozzle to
between the electrode tip and the workpiece.

1.5.3 Keyholing

In addition to the melt-in mode adopted in conventional arc welding processes
(such as GTAW), the keyholing mode can also be used in PAW in certain
ranges of metal thickness (e.g., 2.5-6.4 mm). With proper combinations of the
orifice gas flow, the travel speed, and the welding current, keyholing is possi-
ble. Keyholing is a positive indication of full penetration and it allows the
use of significantly higher welding speeds than GTAW. For example, it has
been reported (7) that PAW took one-fifth to one-tenth as long to complete
a 2.5-m-long weld in 6.4-mm-thick 410 stainless steel as GTAW. Gas—tungsten
arc welding requires multiple passes and is limited in welding speed. As shown
in Figure 1.16, 304 stainless steel up to 13mm (‘% in.) thick can be welded in a
single pass (8). The wine-cup-shaped weld is common in keyholing PAW.

1.5.4 Advantages and Disadvantages

Plasma arc welding has several advantages over GTAW. With a collimated arc,
PAW is less sensitive to unintentional arc length variations during manual
welding and thus requires less operator skill than GTAW. The short arc length
in GTAW can cause a welder to unintentionally touch the weld pool with the
electrode tip and contaminate the weld metal with tungsten. However, PAW
does not have this problem since the electrode is recessed in the nozzle. As
already mentioned, the keyhole is a positive indication of full penetration, and
it allows higher welding speeds to be used in PAW.

However, the PAW torch is more complicated. It requires proper electrode
tip configuration and positioning, selection of correct orifice size for the appli-
cation, and setting of both orifice and shielding gas flow rates. Because of the
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Figure 1.16 A plasma arc weld made in 13-mm-thick 304 stainless steel with keyhol-
ing. From Lesnewich (8).

need for a control console, the equipment cost is higher in PAW than in GTAW.
The equipment for variable-polarity PAW is much more expensive than that
for GTAW.

1.6 GAS-METAL ARC WELDING

1.6.1 The Process

Gas-metal arc welding (GMAW) is a process that melts and joins metals by
heating them with an arc established between a continuously fed filler wire
electrode and the metals, as shown in Figure 1.17. Shielding of the arc and the
molten weld pool is often obtained by using inert gases such as argon and
helium, and this is why GMAW is also called the metal—inert gas (MIG)
welding process. Since noninert gases, particularly CO,, are also used, GMAW
seems a more appropriate name. This is the most widely used arc welding
process for aluminum alloys. Figure 1.18 shows gas-metal arc welds of 5083
aluminum, one made with Ar shielding and the other with 75% He-25% Ar
shielding (9). Unlike in GTAW, DCEP is used in GMAW. A stable arc, smooth
metal transfer with low spatter loss and good weld penetration can be
obtained. With DCEN or AC, however, metal transfer is erratic.

1.6.2 Shielding Gases

Argon, helium, and their mixtures are used for nonferrous metals as well as
stainless and alloy steels. The arc energy is less uniformly dispersed in an Ar
arc than in a He arc because of the lower thermal conductivity of Ar. Conse-
quently, the Ar arc plasma has a very high energy core and an outer mantle
of lesser thermal energy. This helps produce a stable, axial transfer of metal
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Figure 1.17 Gas-metal arc welding: (a) overall process; (b) welding area enlarged.

Figure 1.18 Gas-metal arc welds in 6.4-mm-thick 5083 aluminum made with argon
(left) and 75% He-25% Ar (right). Reprinted from Gibbs (9). Courtesy of American
Welding Society.

droplets through an Ar arc plasma. The resultant weld transverse cross section
is often characterized by a papillary- (nipple-) type penetration pattern (10)
such as that shown in Figure 1.18 (left). With pure He shielding, on the other
hand, a broad, parabolic-type penetration is often observed.

With ferrous metals, however, He shielding may produce spatter and Ar
shielding may cause undercutting at the fusion lines. Adding O, (about 3%)
or CO, (about 9%) to Ar reduces the problems. Carbon and low-alloy steels
are often welded with CO, as the shielding gas, the advantages being higher
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welding speed, greater penetration, and lower cost. Since CO, shielding pro-
duces a high level of spatter, a relatively low voltage is used to maintain a short
buried arc to minimize spatter; that is, the electrode tip is actually below the
workpiece surface (10).

1.6.3 Modes of Metal Transfer

The molten metal at the electrode tip can be transferred to the weld pool by
three basic transfer modes: globular, spray, and short-circuiting.

A. Globular Transfer Discrete metal drops close to or larger than the
electrode diameter travel across the arc gap under the influence of gravity.
Figure 1.19a shows globular transfer during GMAW of steel at 180 A and
with Ar-2% O, shielding (11). Globular transfer often is not smooth and
produces spatter. At relatively low welding current globular transfer
occurs regardless of the type of the shielding gas. With CO, and He, however,
it occurs at all usable welding currents. As already mentioned, a short
buried arc is used in CO,-shielded GMAW of carbon and low-alloy steels to
minimize spatter.

Figure 1.19 Metal transfer during GMAW of steel with Ar-2% O, shielding: (a)
globular transfer at 180 A and 29V shown at every 3 x 107s; (b) spray transfer at
320 A and 29V shown at every 2.5 x 10™*s. Reprinted from Jones et al. (11). Courtesy
of American Welding Society.
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B. Spray Transfer Above a critical current level, small discrete metal drops
travel across the arc gap under the influence of the electromagnetic force at
much higher frequency and speed than in the globular mode. Figure 1.19b
shows spray transfer during GMAW of steel at 320 A and with Ar-2% O,
shielding (11). Metal transfer is much more stable and spatter free. The criti-
cal current level depends on the material and size of the electrode and the
composition of the shielding gas. In the case of Figure 1.19, the critical current
was found to be between 280 and 320 A (11).

C. Short-Circuiting Transfer The molten metal at the electrode tip is trans-
ferred from the electrode to the weld pool when it touches the pool surface,
that is, when short circuiting occurs. Short-circuiting transfer encompasses the
lowest range of welding currents and electrode diameters. It produces a small
and fast-freezing weld pool that is desirable for welding thin sections, out-of-
position welding (such as overhead-position welding), and bridging large root
openings.

1.6.4 Advantages and Disadvantages

Like GTAW, GMAW can be very clean when using an inert shielding gas. The
main advantage of GMAW over GTAW is the much higher deposition rate,
which allows thicker workpieces to be welded at higher welding speeds. The
dual-torch and twin-wire processes further increase the deposition rate of
GMAW (12). The skill to maintain a very short and yet stable arc in GTAW
is not required. However, GMAW guns can be bulky and difficult-to-reach
small areas or corners.

1.7 FLUX-CORE ARC WELDING

1.7.1 The Process

Flux-core arc welding (FCAW) is similar to GMAW, as shown in Figure 1.20a.
However, as shown in Figure 1.20b, the wire electrode is flux cored rather than
solid; that is, the electrode is a metal tube with flux wrapped inside. The func-
tions of the flux are similar to those of the electrode covering in SM AW, includ-
ing protecting the molten metal from air. The use of additional shielding gas
is optional.

1.8 SUBMERGED ARC WELDING

1.8.1 The Process

Submerged arc welding (SAW) is a process that melts and joins metals by
heating them with an arc established between a consumable wire electrode
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Figure 1.20 Flux-core arc welding: (a) overall process; (b) welding area enlarged.

and the metals, with the arc being shielded by a molten slag and granular flux,
as shown in Figure 1.21. This process differs from the arc welding processes
discussed so far in that the arc is submerged and thus invisible. The flux is sup-
plied from a hopper (Figure 1.21a), which travels with the torch. No shielding
gas is needed because the molten metal is separated from the air by the molten
slag and granular flux (Figure 1.21b). Direct-current electrode positive is most
often used. However, at very high welding currents (e.g., above 900 A) AC is
preferred in order to minimize arc blow. Arc blow is caused by the electro-
magnetic (Lorentz) force as a result of the interaction between the electric
current itself and the magnetic field it induces.

1.8.2 Advantages and Disadvantages

The protecting and refining action of the slag helps produce clean welds in
SAW. Since the arc is submerged, spatter and heat losses to the surrounding
air are eliminated even at high welding currents. Both alloying elements and
metal powders can be added to the granular flux to control the weld metal
composition and increase the deposition rate, respectively. Using two or more
electrodes in tandem further increases the deposition rate. Because of its high
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deposition rate, workpieces much thicker than that in GTAW and GMAW can
be welded by SAW. However, the relatively large volumes of molten slag and
metal pool often limit SAW to flat-position welding and circumferential
welding (of pipes). The relatively high heat input can reduce the weld quality
and increase distortions.

1.9 ELECTROSLAG WELDING

1.9.1 The Process

Electroslag welding (ESW) is a process that melts and joins metals by heating
them with a pool of molten slag held between the metals and continuously
feeding a filler wire electrode into it, as shown in Figure 1.22. The weld pool
is covered with molten slag and moves upward as welding progresses. A pair
of water-cooled copper shoes, one in the front of the workpiece and one
behind it, keeps the weld pool and the molten slag from breaking out. Similar
to SAW, the molten slag in ESW protects the weld metal from air and refines
it. Strictly speaking, however, ESW is not an arc welding process, because the
arc exists only during the initiation period of the process, that is, when the arc
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Figure 1.22 Electroslag welding: (a) overall process; (b) welding area enlarged.

heats up the flux and melts it. The arc is then extinguished, and the resistance
heating generated by the electric current passing through the slag keeps it
molten. In order to make heating more uniform, the electrode is often oscil-
lated, especially when welding thicker sections. Figure 1.23 is the transverse
cross section of an electroslag weld in a steel 7cm thick (13). Typical examples
of the application of ESW include the welding of ship hulls, storage tanks, and
bridges.

1.9.2 Advantages and Disadvantages

Electroslag welding can have extremely high deposition rates, but only one
single pass is required no matter how thick the workpiece is. Unlike SAW or
other arc welding processes, there is no angular distortion in ESW because the
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Figure 1.23 Transverse cross section of electroslag weld in 70-mm-thick steel.
Reprinted from Eichhorn et al. (13). Courtesy of American Welding Society.
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Figure 1.24 Deposition rate in arc welding processes. Modified from Cary (14).

weld is symmetrical with respect to its axis. However, the heat input is very
high and the weld quality can be rather poor, including low toughness caused
by the coarse grains in the fusion zone and the heat-affected zone. Electroslag
welding is restricted to vertical position welding because of the very large
pools of the molten metal and slag.

Figure 1.24 summarizes the deposition rates of the arc welding processes
discussed so far (14). As shown, the deposition rate increases in the order of



ELECTRON BEAM WELDING 27

GTAW, SMAW, GMAW and FCAW, SAW, and ESW. The deposition rate can
be much increased by adding iron powder in SAW or using more than one
wire in SAW, ESW, and GMAW (not shown).

1.10  ELECTRON BEAM WELDING

1.10.1 The Process

Electron beam welding (EBW) is a process that melts and joins metals by
heating them with an electron beam. As shown in Figure 1.25a, the cathode of
the electron beam gun is a negatively charged filament (15). When heated up
to its thermionic emission temperature, this filament emits electrons. These
electrons are accelerated by the electric field between a negatively charged
bias electrode (located slightly below the cathode) and the anode. They pass
through the hole in the anode and are focused by an electromagnetic coil to
a point at the workpiece surface. The beam currents and the accelerating
voltages employed for typical EBW vary over the ranges of 50-1000mA and
30-175kV, respectively. An electron beam of very high intensity can vaporize
the metal and form a vapor hole during welding, that is, a keyhole, as depicted
in Figure 1.25b.

Figure 1.26 shows that the beam diameter decreases with decreasing
ambient pressure (1). Electrons are scattered when they hit air molecules, and
the lower the ambient pressure, the less they are scattered. This is the main
reason for EBW in a vacuum chamber.

The electron beam can be focused to diameters in the range of 0.3-0.8 mm
and the resulting power density can be as high as 10'°W/m? (1). The very high
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Figure 1.25 Electron beam welding: (a) process; (b) keyhole. Modified from Arata
(15).
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Figure 1.26 Dispersion of electron beam at various ambient pressures (1). Reprinted
from Welding Handbook (1). Courtesy of American Welding Society.

Figure 1.27 Welds in 13-mm-thick 2219 aluminum: (a) electron beam weld; (b)
gas—tungsten arc weld. From Farrell (16).

power density makes it possible to vaporize the material and produce a deep-
penetrating keyhole and hence weld. Figure 1.27 shows a single-pass electron
beam weld and a dual-pass gas—tungsten arc weld in a 13-mm-thick (0.5-in.)
2219 aluminum, the former being much narrower (16). The energy required
per unit length of the weld is much lower in the electron beam weld (1.5kJ/cm,
or 3.8kJ/in.) than in the gas—tungsten arc weld (22.7kJ/cm, or 57.6kJ/in.).
Electron beam welding is not intended for incompletely degassed materi-
als such as rimmed steels. Under high welding speeds gas bubbles that do not
have enough time to leave deep weld pools result in weld porosity. Materials
containing high-vapor-pressure constituents, such as Mg alloys and Pb-
containing alloys, are not recommended for EBW because evaporation of
these elements tends to foul the pumps or contaminate the vacuum system.

1.10.2 Advantages and Disadvantages

With a very high power density in EBW, full-penetration keyholing is possi-
ble even in thick workpieces. Joints that require multiple-pass arc welding can
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Figure 1.28 Missed joints in electron beam welds in 150-mm-thick steels: (a)
2.25Cr-1Mo steel with a transverse flux density of 3.5G parallel to joint plane; (b) SB
(C-Mn) steel and A387 (2.25Cr-1Mo) steel. Reprinted from Blakeley and Sanderson
(17). Courtesy of American Welding Society.

be welded in a single pass at a high welding speed. Consequently, the total
heat input per unit length of the weld is much lower than that in arc welding,
resulting in a very narrow heat-affected zone and little distortion. Reactive
and refractory metals can be welded in vacuum where there is no air to cause
contamination. Some dissimilar metals can also be welded because the very
rapid cooling in EBW can prevent the formation of coarse, brittle intermetal-
lic compounds. When welding parts varying greatly in mass and size, the ability
of the electron beam to precisely locate the weld and form a favorably shaped
fusion zone helps prevent excessive melting of the smaller part.

However, the equipment cost for EBW is very high. The requirement of
high vacuum (10°-10"torr) and x-ray shielding is inconvenient and time con-
suming. For this reason, medium-vacuum (10725 torr) EBW and nonvacuum
(1atm) EBW have also been developed. The fine beam size requires precise
fit-up of the joint and alignment of the joint with the gun. As shown in Figure
1.28, residual and dissimilar metal magnetism can cause beam deflection and
result in missed joints (17).

1.11 LASER BEAM WELDING

1.11.1 The Process

Laser beam welding (LBW) is a process that melts and joins metals by heating
them with a laser beam. The laser beam can be produced either by a solid-
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state laser or a gas laser. In either case, the laser beam can be focused and
directed by optical means to achieve high power densities. In a solid-state
laser, a single crystal is doped with small concentrations of transition elements
or rare earth elements. For instance, in a YAG laser the crystal of yttrium—
aluminum-garnet (YAG) is doped with neodymium. The electrons of the
dopant element can be selectively excited to higher energy levels upon expo-
sure to high-intensity flash lamps, as shown in Figure 1.29a. Lasing occurs when
these excited electrons return to their normal energy state, as shown in Figure
1.29b. The power level of solid-state lasers has improved significantly, and con-
tinuous YAG lasers of 3 or even 5kW have been developed.

In a CO, laser, a gas mixture of CO,, N,, and He is continuously excited
by electrodes connected to the power supply and lases continuously. Higher
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Figure 1.29 Laser beam welding with solid-state laser: (a) process; (b) energy absorp-
tion and emission during laser action. Modified from Welding Handbook (1).
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Figure 1.30 Laser beam welding with CO, laser: (a) process; (b) weld in 13-mm-thick
A633 steel. (b) Courtesy of E.A. Metzbower.

power can be achieved by a CO, laser than a solid-state laser, for instance,
15kW. Figure 1.30a shows LBW in the keyholing mode. Figure 1.30b shows a
weld in a 13-mm-thick A633 steel made with a 15-kW CO, laser at 20mm/s
(18).

Besides solid-state and gas lasers, semiconductor-based diode lasers have
also been developed. Diode lasers of 2.5kW power and 1 mm focus diameter
have been demonstrated (19). While keyholing is not yet possible, conduction-
mode (surface melting) welding has produced full-penetration welds with a
depth—width ratio of 3:1 or better in 3-mm-thick sheets.

1.11.2 Reflectivity

The very high reflectivity of a laser beam by the metal surface is a well-known
problem in LBW. As much as about 95% of the CO, beam power can be
reflected by a polished metal surface. Reflectivity is slightly lower with a YAG
laser beam. Surface modifications such as roughening, oxidizing, and coating
can reduce reflectivity significantly (20). Once keyholing is established, absorp-
tion is high because the beam is trapped inside the hole by internal reflection.

1.11.3 Shielding Gas

A plasma (an ionic gas) is produced during LBW, especially at high power
levels, due to ionization by the laser beam. The plasma can absorb and scatter
the laser beam and reduce the depth of penetration significantly. It is there-
fore necessary to remove or suppress the plasma (21). The shielding gas for
protecting the molten metal can be directed sideways to blow and deflect the
plasma away from the beam path. Helium is often preferred to argon as the
shielding gas for high-power LBW because of greater penetration depth (22).
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Since the ionization energy of helium (24.5eV) is higher than that of argon
(15.7¢eV), helium is less likely to be ionized and become part of the plasma
than argon. However, helium is lighter than air and is thus less effective in dis-
placing air from the beam path. Helium-10% Ar shielding has been found
to improve penetration over pure He at high-speed welding where a light
shielding gas may not have enough time to displace air from the beam path
(23).

1.11.4 Lasers in Arc Welding

As shown in Figure 1.31, laser-assisted gas metal arc welding (LAGMAW) has
demonstrated significantly greater penetration than conventional GMAW
(24). In addition to direct heating, the laser beam acts to focus the arc by
heating its path through the arc. This increases ionization and hence the con-
ductivity of the arc along the beam path and helps focus the arc energy along
the path. It has been suggested that combining the arc power with a 5-kW CO,
laser, LAGMAW has the potential to achieve weld penetration in mild steel
equivalent to that of a 20-25-kW laser (24). Albright et al. (25) have shown
that a lower power CO (not CO,) laser of 7W and 1 mm diameter can initi-
ate, guide, and focus an Ar-1% CO gas—tungsten arc.

1.11.5 Advantages and Disadvantages

Like EBW, LBW can produce deep and narrow welds at high welding speeds,
with a narrow heat-affected zone and little distortion of the workpiece. It can

12T 1T T T T T T 1
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rv ® LAGMAW ]
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I IR R SR
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Figure 1.31 Weld penetration in GMAW and laser-assisted GMAW using CO, laser
at 5.7kW. Reprinted from Hyatt et al. (24). Courtesy of American Welding Society.
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be used for welding dissimilar metals or parts varying greatly in mass and size.
Unlike EBW, however, vacuum and x-ray shielding are not required in LBW.
However, the very high reflectivity of a laser beam by the metal surface is a
major drawback, as already mentioned. Like EBW, the equipment cost is very
high, and precise joint fit-up and alignment are required.
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PROBLEMS

1.1 It has been suggested that compared to SMAW, the cooling rate is

higher in GMAW and it is, therefore, more likely for heat-affected zone
cracking to occur in hardenable steels. What is the main reason for the
cooling rate to be higher in GMAW than SMAW?

1.2  The diameter of the electrodes to be used in SMAW depends on factors

such as the workpiece thickness, the welding position, and the joint
design. Large electrodes, with their corresponding high currents, tend to
produce large weld pools. When welding in the overhead or vertical
position, do you prefer using larger or smaller electrodes?

1.3 In arc welding, the magnetic field induced by the welding current

passing through the electrode and the workpiece can interact with the
arc and cause “arc blow.” Severe arc blow can cause excessive weld
spatter and incomplete fusion. When arc blow is a problem in SMAW,
do you expect to minimize it by using DC or AC for welding?

1.4 In the hot-wire GTAW process, shown in Figure P1.4, the tip of the filler

metal wire is dipped in the weld pool and the wire itself is resistance
heated by means of a second power source between the contact tube of
the wire and the workpiece. In the case of steels, the deposition rate can
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be more than doubled this way. Do you prefer using an AC or a DC
power source for heating the wire? Do you expect to apply this process
to aluminum and copper alloys?

In GTAW the welding cable is connected to the tungsten electrode
through a water-cooled copper contact tube, as shown in Figure 1.11.
Why is the tube positioned near the lower end of the electrode instead
of the top?

Measurements of the axial temperature distribution along the GTAW
electrode have shown that the temperature drops sharply from the
electrode tip toward the contact tube. Why? For instance, with a
2.4-mm-diameter W-ThO, electrode at 150 A, the temperature drops
from about 3600K at the tip to about 2000K at Smm above the tip.
Under the same condition but with a W-CeO, electrode, the tempera-
ture drops from about 2700K at the tip to about 1800K at Smm above
the tip (26). Which electrode can carry more current before melting and
why?

Experimental results show that in EBW the penetration depth of the
weld decreases as the welding speed increases. Explain why. Under the
same power and welding speed, do you expect a much greater penetra-
tion depth in aluminum or steel and why?

How does the working distance in EBW affect the depth—width ratio of
the resultant weld?

Consider EBW in the presence of a gas environment. Under the same
power and welding speed, rank and explain the weld penetration for Ar,
He, and air. The specific gravities of Ar, He, and air with respect to air
are 1.38,0.137, and 1, respectively, at 1atm, 0°C.
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1.10 Which arc welding process could have been used for joining the edge
weld of thin-gauge steel shown in Figure P1.10 and why?

1.11 Two 15-cm-thick steel plates were joined together in a single pass, as

shown in Figure P1.11. Which welding process could have been used and
why?
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2 Heat Flow in Welding

Heat flow during welding, as will be shown throughout Parts II-IV of this
book, can strongly affect phase transformations during welding and thus the
resultant microstructure and properties of the weld. It is also responsible for
weld residual stresses and distortion, as will be discussed in Chapter 5.

2.1 HEAT SOURCE

2.1.1 Heat Source Efficiency
A. Definition The heat source efficiency 1 is defined as

n= Qtweld — Q (2 1)

Qnominaltweld anminal )
where Q is the rate of heat transfer from the heat source to the workpiece,
Qromina the nominal power of the heat source, and f,.4 the welding time. A
portion of the power provided by the heat source is transferred to the work-
piece and the remaining portion is lost to the surroundings. Consequently,
n < 1. If the heat source efficiency 71 is known, the heat transfer rate to the
workpiece, O, can be easily determined from Equation (2.1).

In arc welding with a constant voltage E and a constant current /, the arc
efficiency can be expressed as

— Qtweld :g (2 2)
Eltyaa EI ‘

Equation (2.2) can also be applied to electron beam welding, where 7 is the
heat source efficiency. In laser beam welding, Oy omina in Equation (2.1) is the
power of the laser beam, for instance, 2500 W.

It should be noted that in the welding community the term heat input often
refers to Quomina, OF EI in the case of arc welding, and the term heat input per
unit length of weld often refers to the ratio Qomina/V, or EI/V, where V is the
welding speed.

B. Measurements The heat source efficiency can be measured with a
calorimeter. The heat transferred from the heat source to the workpiece is in

37
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Figure 2.1 Measurement of arc efficiency in GTAW: (@) calorimeter; (b) rise in cooling
water temperature as a function of time. Modified from Kou et al. (1, 2).

turn transferred from the workpiece to the calorimeter, which can be deter-
mined as described below.

Kou et al. (1, 2) used simple tubular calorimeters to determine the arc
efficiency in GTAW of aluminum, as shown in Figure 2.1a. The calorimeter
can be a round cross section if the workpiece is a pipe or a rectangular
cross section if the workpiece is a sheet. The temperature rise in the cool-
ing water (T, — Ti,) can be measured using thermocouples or thermistors.
Heat transfer from the workpiece to the calorimeter is as follows (1-
3):

Qtweld = J.: WC(Tout - T;n) d[ = WCJ‘: (Tout - ﬂn )dt (23)

where W is the mass flow rate of water, C the specific heat of water, T, the
outlet water temperature, T}, the inlet water temperature, and ¢ time. The inte-
gral corresponds to the shaded area in Figure 2.1b. The arc efficiency 711 can be
determined from Equations (2.2) and (2.3).

Giedt et al. (4) used the Seebeck envelop calorimeter shown in Figure 2.2a
to measure the arc efficiency in GTAW. The name Seebeck came from
the Seebeck thermoelectric effect of a thermocouple, namely, a voltage is
produced between two thermocouple junctions of different temperatures.
The torch can be quickly withdrawn after welding, and the calorimeter lid
can be closed to minimize heat losses to the surrounding air. As shown in
Figure 2.2b, heat transfer from the workpiece to the calorimeter can be
determined by measuring the temperature difference A7 and hence gradient
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Figure 2.2 Measurement of arc efficiency in GTAW: (a) calorimeter; (b) layer of tem-
perature gradient. Reprinted from Giedt et al. (4). Courtesy of American Welding
Society.

across a “gradient layer” of material of known thermal conductivity k and
thickness L:

- AT
Olyag = A fe——dt (2.4)
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where A is the area for heat flow and A7/L the temperature gradient. The arc
efficiency 1 can be determined from Equations (2.4) and (2.2). This type of
calorimeter was later used to determine the arc efficiencies in PAW, GMAW,
and SAW (5-8).

Figure 2.3 shows the results of arc efficiency measurements in GTAW and
PAW (2,5,7,9), and Figure 2.4 shows similar results in GMAW and SAW (7,
10). These results were obtained using the two types of calorimeters described
above except for the results of Lu and Kou for GMAW (10, 11), which are
described in what follows.

In GMAW the arc, metal droplets, and cathode heating all contribute to the
efficiency of the heat source. It has been observed in GMAW of aluminum
and steel with Ar shielding that current flow or electron emission occurs not
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Figure 2.3 Arc efficiencies in GTAW and PAW.
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uniformly over the workpiece surface but over localized areas on the work-
piece surface called cathode spots (12, 13). The localized heating, called
cathode heating, causes the surface oxide to dissociate and leaves a clean metal
surface (12). Cathode heating is attributed to field-type emission of electrons.
Unlike thermionic emission at the tungsten electrode in DC electrode-
negative GTAW, field emission electrons do not cool the cathode (6).

Lu and Kou (10, 11) used a combination of three calorimeters to estimate
the amounts of heat transfer from the arc, filler metal droplets, and cathode
heating to the workpiece in GMAW of aluminum. Figure 2.5a shows the mea-
surement of heat transfer from droplets (11). The arc is established between
a GMAW torch and a GTA torch and the droplets collect in the calorimeter
below. From the water temperature rise and the masses and specific heats of
the water and the copper basin, the heat transfer from droplets can be deter-

Filler wire\t
GMAW GTAW torch

torch \/@

: Droplets
' «— Radiation baffle
Cu . .
basin Thermistor
ﬁ . ﬁ Water
Insulation (@)
H Filler wire
<—L JGMAW torch (b)
Weld )
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Figure 2.5 Calorimeter for measuring heat inputs in GMAW: (a) metal droplets; (b)
total heat input; (¢) combined heat inputs from arc and metal droplets. Reprinted from
Lu and Kou (10, 11). Courtesy of American Welding Society.
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Figure 2.6 Power inputs during GMAW of aluminum: (a) measured results; (b) break-
down of total power input. Reprinted from Lu and Kou (10). Courtesy of American
Welding Society.

mined. Figure 2.5b shows the measurement of the total heat transfer to the
workpiece. Figure 2.5¢ shows the measurement of the combined heat transfer
from the arc and the droplets, with cathode heating shifted to the tungsten
electrode of a nearby GTAW torch (10). The results are shown in Figure 2.6a.
By subtracting the combined heat transfer from the arc and droplets from the
total heat transfer to the workpiece, heat transfer from cathode heating was
determined. Figure 2.6b shows the breakdown of the total heat transfer to the
workpiece into those from the arc, droplets, and cathode heating. Within the
range of the power studied, the overall efficiency was about 80%, with about
45% from the arc, 25% from droplets, and 10% from cathode heating.

The heat source efficiency can be very low in LBW because of the high
reflectivity of metal surfaces to a laser beam, for instance, 98% for CO, laser
on polished aluminum. The reflectivity can be found by determining the ratio
of the reflected beam power to the incident beam power. Xie and Kar (14)
show that roughening the surface with sandpapers and oxidizing the surface
by brief exposure to high temperatures can reduce the reflectivity significantly.

C. Heat Source Efficiencies in Various Welding Processes Figure 2.7 sum-
marizes the heat source efficiencies measured in several welding processes. A
few comments are made as follows:

LBW: The heat source efficiency is very low because of the high reflectiv-
ity of metal surfaces but can be significantly improved by surface modi-
fications, such as roughening, oxidizing, or coating.

PAW: The heat source efficiency is much higher than LBW because reflec-
tivity is not a problem.

GTAW: Unlike in PAW there are no heat losses from the arc plasma to the
water-cooled constricting torch nozzle. With DCEN, the imparting elec-
trons are a major source of heat transfer to the workpiece. They release
the work function as heat and their kinetic energy is also converted into
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Figure 2.8 Transverse cross section of weld showing areas representing contributions

from base metal and filler metal.

heat at the workpiece. In AC GTAW, however, electrons bombard the
workpiece only during the electrode-negative half cycle, and the arc effi-
ciency is thus lower. In GTAW with DCEDP, the arc efficiency is even
lower because the electrons bombard the electrode rather than the

workpiece.

GMAW, SMAW: Unlike in GTAW, heat transfer to the clectrode can be
transferred back to the workpiece through metal droplets, thus improv-

ing the arc efficiency.

SAW: Unlike in GMAW or SMAW, the arcis covered with a thermally insu-
lating blanket of molten slag and granular flux, thus reducing heat losses

to the surroundings and improving the arc efficiency.

EBW: The keyhole in EBW acts like a “black body” trapping the energy
from the electron beam. As a result, the efficiency of the electron beam

is very high.

2.1.2 Melting Efficiency

The ability of the heat source to melt the base metal (as well as the filler metal)
is of practical interest to the welder. Figure 2.8 shows the cross-sectional area
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representing the portion of the weld metal contributed by the base metal, Ay,
and that contributed by the filler metal, Ag,,. One way to define the melting
efficiency of the welding arc, 1, is as follows:

— (Abasthweld )Hbase + (Aﬁllethweld )Hﬁller

2.5
nEItweld ( )

m

where V is the welding speed, H,, the energy required to raise a unit volume
of base metal to the melting point and melt it, and Hyg,, the energy required to
raise a unit volume of filler metal to the melting point and melt it. The quantity
inside the parentheses represents the volume of material melted while the
denominator represents the heat transfer from the heat source to the workpiece.

Figures 2.9a and b show the transverse cross section of two steel welds dif-
fering in the melting efficiency (7). Here, EI = 3825 W and V = 10mm/s for the
shallower weld of lower melting efficiency (Figure 2.9a) and EI=10170 W and
V =26mm/s for the deeper weld of higher melting efficiency (Figure 2.9b).
Note that the ratio EI/V is equivalent in each case.
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Figure 2.9 Melting efficiency: (a) lower at lower heat input and welding speed; (b)
higher at higher heat input and welding speed; (c) variation with dimensionless para-
meter NEIV/Hav. Reprinted from DuPont and Marder (7). Courtesy of American
Welding Society.
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Fuerschbach and Knorovsky (5) proposed the following empirical equation
for the melting efficiency:

_B
= Aexp| ————— 2.6
n eXp( nEIV] How) (2:6)

where A and B are constants, H = Hy,se + Hier, 0 is the thermal diffusivity, and
v is the kinematic viscosity of the weld pool. The results of DuPont and Marder
(7) shown in Figure 2.9¢ confirms the validity of Equation (2.6). As the
dimensionless parameter nEIV/How increases, the melting efficiency increases
rapidly first and then levels off. If the arc efficiency 1 is known, nEIV/How is
also known and the melting efficiency can be predicted from Figure 2.9. With
the help of the following equation for determining Agper, Apase can then be
calculated from Equation (2.5):

Aﬁllethweld = nRzﬁllerVﬁllertweld (27)
or

2
_ TR iner Viier

Aﬁller - 1% (28)

In the above equations Ry, and Vi, are the radius and feeding speed of the
filler metal, respectively. The left-hand side of Equation (2.7) is the volume of
the weld metal contributed by the filler metal while the right-hand side is the
volume of filler metal used during welding.

It should be noted that the melting efficiency cannot be increased indefi-
nitely by increasing the welding speed without increasing the power input. To
do so, the power input must be increased along with the welding speed. It
should also be noted that in the presence of a surface-active agent such
as sulfur in steel, the weld pool can become much deeper even though
the welding parameters and physical properties in Equation (2.6) remain
unchanged (Chapter 4).

2.1.3 Power Density Distribution of Heat Source

A. Effect of Electrode Tip Angle In GTAW with DCEN, the shape of the
electrode tip affects both the shape and power density distribution of the
arc. As the electrode tip becomes blunter, the diameter of the arc decreases
and the power density distribution increases, as illustrated in Figure 2.10.
Glickstein (15) showed, in Figure 2.11, that the arc becomes more constricted
as the conical tip angle of the tungsten electrode increases.

Savage et al. (16) observed that, under the same welding current, speed, and
arc gap, the weld depth—width ratio increases with increasing vertex angle of
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Figure 2.10 Effect of electrode tip angle on shape and power density distribution of
gas—tungsten arc.

Figure 2.11 Effect of electrode tip angle on shape of gas—tungsten arc. Reprinted from
Glickstein (15).
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Figure 2.12 Effect of electrode tip geometry on shape of gas—tungsten arc welds in
stainless steel (pure Ar, 150 A, 2.0s, spot-on-plate). Reprinted from Key (17). Courtesy
of American Welding Society.
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Figure 2.13 Measured power density distributions. Reprinted from Lu and Kou (3).
Courtesy of American Welding Society.

the conical tip of the tungsten electrode. Key (17) reported a similar effect of
the tip angle, at least with Ar shielding, as shown in Figure 2.12.

B. Measurements Several investigators have measured the power density
distribution (and current density distribution) in the gas tungsten arc by using
the split-anode method (2, 18-20). Figure 2.13 shows the results of Tsai (20)
and Lu and Kou (3). For simplicity, the Gaussian-type distribution is often used
as an approximation (21-23).

2.2 ANALYSIS OF HEAT FLOW IN WELDING

Figure 2.14 is a schematic showing the welding of a stationary workpiece (24).
The origin of the coordinate system moves with the heat source at a constant
speed V in the negative-x direction. Except for the initial and final transients
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Figure 2.14 Coordinate system (x, y, z) moving with heat source. From Kou and Le
(24).

of welding, heat flow in a workpiece of sufficient length is steady, or quasi-
stationary, with respect to the moving heat source. In other words, for an
observer moving with the heat source, the temperature distribution and the
pool geometry do not change with time. This steady-state assumption was first
used by Rosenthal (25) to simplify the mathematical treatment of heat flow
during welding.

2.2.1 Rosenthal’s Equations

Rosenthal (25) used the following simplifying assumptions to derive analyti-
cal equations for heat flow during welding:

steady-state heat flow,

point heat source,

negligible heat of fusion,

constant thermal properties,

no heat losses from the workpiece surface, and

AN

no convection in the weld pool.

A. Rosenthal’s Two-Dimensional Equation Figure 2.15 is a schematic
showing the welding of thin sheets. Because of the small thickness of the work-
piece, temperature variations in the thickness direction are assumed negligi-
ble and heat flow is assumed two dimensional. Rosenthal (25) derived the
following equation for two-dimensional heat flow during the welding of thin
sheets of infinite width:
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Figure 2.15 Two-dimensional heat flow during welding of thin workpiece.
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where T = temperature

T, = workpiece temperature before welding

k = workpiece thermal conductivity

g = workpiece thickness

QO = heat transferred from heat source to workpiece

V' = travel speed

(2.9)

a = workpiece thermal diffusivity, namely, k&/pC, where p and C are
density and specific heat of the workpiece, respectively

K, = modified Bessel function of second kind and zero order, as shown

in Figure 2.16 (26)

r = radial distance from origin, namely, (x* + y

2)1/2

Equation (2.9) can be used to calculate the temperature 7(x, y) at any loca-
tion in the workpiece (x, y) with respect to the moving heat source, for
instance, at x = —1cm and y = 4cm shown in Figure 2.15. The temperatures at
other locations along y =4 cm can also be calculated, and the temperature dis-
tribution along y = 4cm can thus be determined. Table 2.1 lists the thermal

properties for several materials (27).

B. Rosenthal’s Three-Dimensional Equation The analytical
derived by Rosenthal for three-dimensional heat flow in a semi-infinite work-
piece during welding, Figure 2.17, is as follows (25):

27(T = T))kR
0

~exp|

20

-V(R- x)}

solution

(2.10)
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Figure 2.16 Modified Bessel function of second kind and zero order (26).

TABLE 2.1 Thermal Properties for Several Materials

Volume
Thermal Thermal Thermal Melting

Diffusivity, Capacity, Conductivity, Point
Material o (m?%/s) pC, (J/m*K) k (J/msK) (K)
Aluminum 8.5x10° 2.7 x 10° 229.0 933
Carbon steel 9.1x10° 4.5 x 10° 41.0 1800
9% Ni steel 1.1x 107 32 x10° 352 1673
Austenitic 53x%x10° 4.7 x 10° 24.9 1773

stainless steel

Inconel 600 4.7 x10°® 3.9 x10° 183 1673
Ti alloy 9.0 x 107 3.0 x 10° 27.0 1923
Copper 9.6 x 107° 4.0 x 10° 384.0 1336
Monel 400 8.0x10°° 4.4 x 10° 352 1573

Source: Gray et al. (27).

where R is the radial distance from the origin, namely, (x* + y*+ z%)"%. For a
given material and a given welding condition, an isotherm 7 on a plane at a
given x has a radius of R. In other words, Equation (2.10) implies that on the
transverse cross section of the weld all isotherms, including the fusion bound-
ary and the outer boundary of the heat-affected zone, are semicircular in
shape. Equation (2.10) can be used to calculate the steady-state temperature
T(x, y, z), with respect to the moving heat source, at any location in the work-
piece (x, y, z), for instance, at x = 1cm, y = 4cm, and z = Ocm, as shown in
Figure 2.17. The temperatures at other locations along y = 4cm can also be



ANALYSIS OF HEAT FLOW IN WELDING 51

heat source, Q
weld pool

weldin
-~ Speed’QV T(;,y,Z)

semi-infinite plates
T(x,y,2) (s:hown atx=1cm,y=4 at temperatu?e To

mandz=0cm before welding

Figure 2.17 Three-dimensional heat flow during welding of semi-infinite workpiece.

calculated, and the temperature distribution along y = 4cm can thus be
determined.

C. Thermal Cycles and Temperature Distributions Equations (2.9) and
(2.10) can be used to calculate the temperature distribution in the workpiece
during welding. The temperature distribution in the welding direction, for
instance, the T—x curves in Figures 2.15 and 2.17, are of particular interest.
They can be readily converted into temperature-time plots, namely, the
thermal cycles, by converting distance x into time ¢ through ¢ = (x — 0)/V.
Figures 2.18 and 2.19 show calculated thermal cycles and temperature distri-
butions at the top surface (z = 0) of a thick 1018 steel at two different sets of
heat input and welding speed. The infinite peak temperature at the origin of
the coordinate system is the result of the singularity problem in Rosenthal’s
solutions caused by the point heat source assumption.

It should be mentioned, however, that Rosenthal’s analytical solutions,
though based on many simplifying assumptions, are easy to use and have been
greatly appreciated by the welding industry.

2.2.2 Adams’ Equations

Adams (28) derived the following equations for calculating the peak temper-
ature T, at the workpiece surface (z = 0) at a distance Y away from the fusion
line (measured along the normal direction):

1 _413VygeC 1
T,-T, 0 T, -T,

(2.11)

for two-dimensional heat flow and
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Figure 2.18 Calculated results from Rosenthal’s three-dimensional heat flow equa-
tion: (a) thermal cycles; (b) isotherms. Welding speed: 2.4mm/s; heat input: 3200 W;
material: 1018 steel.

1
+
T, -T,

(2.12)

1 Sd4rka 2*(212
T,-T, QV 20

for three-dimensional heat flow.

Several other analytical solutions have also been derived for two-
dimensional (29-34) and three-dimensional (31, 35-37) welding heat flow.
Because of the many simplifying assumptions used, analytical solutions have
had limited success.

2.2.3 Computer Simulation

Many computer models have been developed to study two-dimensional heat
flow (e.g., refs. 38-43) and three-dimensional heat flow (e.g., refs. 44-55) during
welding. Most assumptions of Rosenthal’s analytical solutions are no longer
required. Figure 2.20 shows the calculated results of Kou and Le (24) for the
GTAW of 3.2-mm-thick sheets of 6061 aluminum alloy. The agreement with
observed fusion boundaries and thermal cycles appears good.
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Figure 2.19 Calculated results similar to those in Figure 2.18 but with welding speed
of 6.2mm/s and heat input of 5000 W.

2.3 EFFECT OF WELDING PARAMETERS

2.3.1 Pool Shape

As the heat input Q and welding speed V both increase, the weld pool becomes
more elongated, shifting from elliptical to teardrop shaped. Figure 2.21 shows
the weld pools traced from photos taken during autogenous GTAW of 304
stainless steel sheets 1.6mm thick (56). Since the pools were photographed
from the side at an inclined angle (rather than vertically), the scale bar applies
only to lengths in the welding direction. In each pool the cross indicates the
position of the electrode tip relative to the pool. The higher the welding speed,
the greater the length—width ratio becomes and the more the geometric center
of the pool lags behind the electrode tip.

Kou and Le (57) quenched the weld pool during autogenous GTAW of
1.6-mm 309 stainless steel sheets and observed the sharp pool end shown in Figure
2.22. The welding current was 85 A, voltage 10V, and speed 4.2mm/s [10in./min
(ipm)]. The sharp end characteristic of a teardrop-shaped weld pool is evident.

The effect of the welding parameters on the pool shape is more significant
in stainless steel sheets than in aluminum sheets. The much lower thermal con-
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Figure 2.20 Computer simulation of GTAW of 3.2-mm-thick 6061 aluminum, 110 A,
10V, and 4.23 mm/s: (a) fusion boundaries and isotherms; (») thermal cycles. From Kou

and Le (24).
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Figure 2.22 Sharp pool end in GTAW of 309 stainless steel preserved by ice quench-
ing during welding. From Kou and Le (57).
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Figure 2.23 Variation in cooling rates with heat input per unit length of weld (EI/V).

Reprinted from Lee et al. (58).

ductivity of stainless steels makes it more difficult for the weld pool to dissi-

pate heat and solidify.

2.3.2 Cooling Rate and Temperature Gradient

The ratio EI/V represents the amount of heat input per unit length of weld.
Lee et al. (58) measured the cooling rate in GTAW of 2024 aluminum by stick-
ing a thermocouple into the weld pool. Figure 2.23 shows that increasing EI/V



56 HEAT FLOW IN WELDING

1925 3500
o 1650 A HEN 3000 L
S K L L L )
s 1370 Electroslag 2500 &
5 ~we 5
2 1095 Sw 2000 £

|| (0]
g 815 Arc weld N~ 1500 o
£ 540 1000 §
F 260 500 ©
-18
0 2 4 6 8 10 12 14 0
Time, min

Figure 2.24 Thermal cycles of electroslag and arc welds. Reprinted from Liu et al.
(60).

decreases the cooling rate (the slope). Kihara et al. (59) showed that the
cooling rate decreases with increasing EI/V and preheating. Figure 2.24 shows
that the cooling rate in ESW, which is known to have a very high O/V,is much
smaller than that in arc welding (60). The effects of the heat input, welding
speed, and preheat on the cooling rate and temperature gradient can be illus-
trated by considering the following example.

Example: Bead-on-plate welding of a thick steel plate is carried out using
GTAW at 200A, 10V, and 2mm/s. Based on Rosenthal’s three-dimensional
equation, calculate the 500°C cooling rates along the x axis of the workpiece
for zero and 250°C preheating. The arc efficiency is 70% and the thermal con-
ductivity is 35 W/m°C.

Along the x axis of the workpiece,

y=z=0 and R=x (2.13)

r-1,--2 (2.14)

Therefore, the temperature gradient is

aIY_ Q-1 (I-T)

From the above equation and

(—]T =V (2.16)



EFFECT OF WELDING PARAMETERS 57

the cooling rate is

DA ] e

Without preheating the workpiece before welding,

o _ (o] 2
(g) =(27 x35W/m°Cx 2x107 m/s) (500°C - 25°C) =71°C/s(2.18)
o), 0.7 %200 Ax10 V
With 250°C preheating,
oT (500°C —250°C)’
— | =(27x35W/m°Cx 2x107 =20° 2.19
(az) (27 x35W/m"C x 2107 m/s) 5= S s oy = 20°C/s (2.19)

X

It is clear that the cooling rate is reduced significantly by preheating. Pre-
heating is a common practice in welding high-strength steels because it reduces
the risk of heat-affected zone cracking. In multiple-pass welding the inter-
pass temperature is equivalent to the preheat temperature 7, in single-pass
welding.

Equation (2.17) shows that the cooling rate decreases with increasing Q/V,
and Equation (2.15) shows that the temperature gradient decreases with
increasing Q.

2.3.3 Power Density Distribution

Figure 2.25 shows the effect of the power density distribution of the heat
source on the weld shape (24). Under the same heat input and welding speed,
weld penetration decreases with decreasing power density of the heat source.
As an approximation, the power density distribution at the workpiece surface
is often considered Gaussian, as shown by the following equation:

_30 r’
q=_= exp[_a2 /3} (2.20)

where ¢q is the power density, Q the rate of heat transfer from the heat source
to the workpiece, and a the effective radius of the heat source.

2.3.4 Heat Sink Effect of Workpiece

Kihara et al. (59) showed that the cooling rate increases with the thickness of
the workpiece. This is because a thicker workpiece acts as a better heat sink
to cool the weld down. Inagaki and Sekiguchi (61) showed that, under the
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Figure 2.25 Effect of power density distribution on weld shape in GTAW of 3.2-mm
6061 aluminum with 880 W and 4.23mm/s. From Kou and Le (24).

same heat input and plate thickness, the cooling time is shorter for fillet
welding (a T-joint between two plates) than for bead-on-plate welding because
of the greater heat sink effect in the former.

24 WELD THERMAL SIMULATOR

24.1 The Equipment

The thermal cycles experienced by the workpiece during welding can be dupli-
cated in small specimens convenient for mechanical testing by using a weld
thermal simulator called Gleeble, a registered trademark of Dynamic Systems.
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Figure 2.26 A weld simulator specimen held between two water-cooled jaws and
resistance heated by electric current passing through it. Courtesy of Dynamic Systems
Inc. (63).

These simulators evolved from an original device developed by Nippes and
Savage in 1949 (62). Figure 2.26 shows a specimen being resistance heated by
the electric current passing through the specimen and the water-cooled jaws
holding it (63). A thermocouple spot welded to the middle of the specimen is
connected to a feedback control system that controls the amount of electric
current passing through the specimen such that a specific thermal cycle can be
duplicated.

2.4.2 Applications

There are many applications for weld thermal simulators. For instance, a
weld thermal simulator can be used in conjunction with a high-speed
dilatometer to help construct continuous-cooling transformation diagrams
useful for studying phase transformations in welding and heat treating of
steels.

By performing high-speed tensile testing during weld thermal simulation,
the elevated-temperature ductility and strength of metals can be evaluated.
This is often called the hot-ductility test. Nippes and Savage (64, 65), for
instance, used this test to investigate the heat-affected zone fissuring in
austenitic stainless steels.

Charpy impact test specimens can also be prepared from specimens (1 x
lcm in cross section) subjected to various thermal cycles. This synthetic-
specimen or simulated-microstructure technique has been employed by
numerous investigators to study the heat-affected-zone toughness.
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2.4.3 Limitations

Weld thermal simulators, though very useful, have some limitations and draw-
backs. First, extremely high cooling rates during electron and laser beam
welding cannot be reproduced, due to the limited cooling capacity of the sim-
ulators. Second, because of the surface heat losses, the temperature at the
surface can be lower than that at the centerline of the specimen, especially if
the peak temperature is high and the thermal conductivity of the specimen is
low (66). Third, the temperature gradient is much lower in the specimen
than in the weld heat-affected zone, for instance, 10°C/mm, as opposed to
300°C/mm near the fusion line of a stainless steel weld. This large difference
in the temperature gradient tends to make the specimen microstructure differ
from the heat-affected-zone microstructure. For example, the grain size tends
to be significantly larger in the specimen than in the heat-affected zone, espe-
cially at high peak temperatures such as 1100°C and above.
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PROBLEMS

2.1 In one welding experiment, 50-mm-thick steel plates were joined using

electroslag welding. The current and voltage were 480 A and 34V, res-
pectively. The heat losses to the water-cooled copper shoes and by
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radiation from the surface of the slag pool were 1275 and 375cal/s,
respectively. Calculate the heat source efficiency.

It has been reported that the heat source efficiency in electroslag
welding increases with increasing thickness of the workpiece. Explain
why.

(a) Consider the welding of 25.4-mm-thick steel plates. Do you prefer
to apply Rosenthal’s two- or three-dimensional heat flow equation
for full-penetration electron beam welds? What about bead-on-
plate gas—tungsten arc welds?

(b) Suppose you are interested in studying the solidification structure
of the weld metal and you wish to calculate the temperature distri-
bution in the weld pool. Do you expect Rosenthal’s equations to
provide reliable thermal information in the pool? Why or why not?

(¢) In multipass welding do you expect a higher or lower cooling rate
in the first pass than in the subsequent passes? Why?

Large aluminum sheets 1.6 mm thick are butt welded using GTAW with
alternating current. The current, voltage, and welding speed are 100 A,
10V, and 2mm/s, respectively. Calculate the peak temperatures at
distance of 1.0 and 2.0mm from the fusion boundary. Assume 50% arc
efficiency.

Bead-on-plate welding of a thick-section carbon steel is carried out
using 200 A, 20V, and 2mm/s. The preheat temperature and arc effi-
ciency are 100°C and 60%, respectively. Calculate the cross-sectional
area of the weld bead.

(a) Do you expect to have difficulty in achieving steady-state heat flow
during girth (or circumferential) welding of tubes by keeping constant
heat input and welding speed? Explain why. What is the consequence
of the difficulty? (b) Suggest two methods that help achieve steady-state
heat flow during girth welding.

A cold-rolled AISI 1010 low-carbon steel sheet 0.6 mm thick was tested
for surface reflectivity in CO, laser beam welding under the following
different surface conditions: (a) as received; (b) oxidized in air furnace
at 1000°C for 20s; (c) oxidized in air furnace at 1000°C for 40s; (d)
covered with steel powder. In which order does the reflectivity rank in
these surface conditions and why?

It was observed in YAG laser beam welding of AISI 409 stainless steel
that under the same power the beam size affected the depth—width ratio
of the resultant welds significantly. Describe and explain the effect.

Calculate the thermal cycle at the top surface of a very thick carbon
steel plate at 5Smm away from the centerline of the weld surface. The



64

2.10

HEAT FLOW IN WELDING

power of the arc is 2kW, the arc efficiency 0.7, the travel speed 2mm/s,
and the preheat temperature 100°C.

Is the transverse cross section of the weld pool at a fixed value of x
perfectly round according to Rosenthal’s three-dimensional heat flow
equation? Explain why or why not based on the equation. What does
your answer tell you about the shape of the transverse cross section of
a weld based on Rosenthal’s three-dimensional equation?
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3 Chemical Reactions in Welding

Basic chemical reaction during fusion welding will be described in this chapter,
including gas-metal reactions and slag-metal reactions. The effect of these
chemical reactions on the weld metal composition and mechanical properties
will be discussed.

3.1 OVERVIEW

3.1.1 Effect of Nitrogen, Oxygen, and Hydrogen

Nitrogen, oxygen, and hydrogen gases can dissolve in the weld metal during
welding. These elements usually come from air, the consumables such as the
shielding gas and flux, or the workpiece such as the moist or dirt on its surface.
Nitrogen, oxygen, and hydrogen can affect the soundness of the resultant weld
significantly. Some examples of the effect of these gases are summarized in
Table 3.1.

3.1.2 Techniques for Protection from Air

As described in Chapter 1, various techniques can be used to protect the weld
pool during fusion welding. These techniques are summarized in Table 3.2.
Figure 3.1 shows the weld oxygen and nitrogen levels expected from several
different arc welding processes (1, 2). As will be explained below, techniques
provide different degrees of weld metal protection.

A. GTAW and GMAW Gas-tungsten arc welding is the cleanest arc welding
process because of the use of inert shielding gases (Ar or He) and a short,
stable arc. Gas shielding through the torch is sufficient for welding most mate-
rials. However, as shown in Figure 3.2, additional gas shielding to protect the
solidified but still hot weld is often provided both behind the torch and under
the weld of highly reactive metals such as titanium (3, 4). Welding can also be
conducted inside a special gas-filled box. Although also very clean, GMAW is
not as clean as GTAW due to the less stable arc associated with the use of con-
sumable electrodes. Furthermore, the greater arc length in GMAW reduces
the protective effects of the shielding gas. Carbon dioxide is sometimes
employed as shielding gas in GMAW. Under the high temperature of the arc,
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TABLE 3.1 Effect of Nitrogen, Oxygen, and Hydrogen on Weld Soundness

Nitrogen Oxygen Hydrogen
Steels Increases strength but ~ Reduces toughness ~ Induces hydrogen
reduces toughness but improves it if cracking
acicular ferrite is
promoted

Austeniticor ~ Reduces ferrite and
duplex promotes solidification
stainless steels  cracking

Aluminum Forms oxide films Forms gas porosity
that can be trapped  and reduces both
as inclusions strength and

ductility

Titanium Increases strength but  Increases strength

reduces ductility but reduces ductility

TABLE 3.2 Protection Techniques in Common
Welding Processes

Protection Technique Fusion Welding Process

Gas Gas tungsten arc, gas metal
arc, plasma arc

Slag Submerged arc, electroslag

Gas and slag Shielded metal arc, flux-
cored arc

Vacuum Electron beam

Self-protection Self-shielded arc

decomposition into CO and O is favored, potentially increasing the weld
oxygen level.

B. SMAW The flow of gas in SMAW is not as well directed toward the weld
pool as the flow of inert gas in GTAW or GMAW. Consequently, the protec-
tion afforded the weld metal is less effective, resulting in higher weld oxygen
and nitrogen levels. Carbon dioxide, produced by the decomposition of car-
bonate or cellulose in the electrode covering, can potentially increase the weld
oxygen level.

C. Self-Shielded Arc Welding Self-shielded arc welding uses strong nitride
formers such as Al, Ti, and Zr in the electrode wire alone to protect against
nitrogen. Since these nitride formers are also strong deoxidizers, the weld
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Figure 3.1 Oxygen and nitrogen levels expected from several arc welding processes.
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Figure 3.2 Gas-tungsten arc welding of titanium with additional gas shielding.
Reprinted from Harwig et al. (3). Courtesy of American Welding Society.

oxygen levels are slightly lower than in SMAW. Unfortunately, as can be seen
in Figure 3.1, the weld nitrogen content is still rather high.

D. SAW The weld oxygen level in submerged arc welds can vary signifi-
cantly, depending on the composition of the flux; the very high oxygen levels
associated with acidic fluxes containing large percentages of SiO,, according
to Eagar (2), are the result of SiO, decomposition. This is consistent with the
large increase in the weld metal silicon content when acidic fluxes are used
(2). If atmospheric contamination were the reason for the weld metal oxygen
content, the nitrogen content would also have been high.
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3.2 GAS-METAL REACTIONS

The gas—metal reactions here refer to chemical reactions that take place at the
interface between the gas phase and the liquid metal. They include the disso-
lution of nitrogen, oxygen, and hydrogen in liquid metal and the evolution of
carbon monoxide.

3.2.1 Thermodynamics of Reactions

In steelmaking, exposure of molten steel to molecular nitrogen, N,, can result
in dissolution of nitrogen atoms in the molten steel, that is,

SN:®)=N (3.1)

where the underlining bar denotes dissolution in molten metal. From ther-
modynamics (5), the equilibrium concentration of dissolved nitrogen, [N], at
any given temperature 7 can be determined from the following relationship:

In K¢ =ln(j§—])=# (3.2)

where Ky is the equilibrium constant for reaction (3.1) based on dissolution
from a diatomic gas N,, py, the partial pressure (in atmospheres) of N, above
the molten metal, AG° the standard free energy of formation (in calories
per mole), and R the gas constant 1.987 cal/(Kmol). Table 3.3 shows the values
of AG® for several chemical reactions involving nitrogen, oxygen, and hydro-
gen (6-9). From Equation (3.2), the well-known Sievert law (10) for the dis-
solution of a diatomic gas in molten metal can be written as

TABLE 3.3 Free Energy of Reactions Involving Nitrogen, Oxygen, and Hydrogen

Free Energy of Reaction,

Gas Reaction AG® (cal/mol) Reference
Nitrogen '1N,(g) = N(g) 86596.0 — 15.659T (K) 6
N(g) = N(wt % in steel) -85736.0 + 21.405T
'»N,(g) = N(wt % in steel) 860.0 + 5.71T 7
Oxygen 'h0,(g) = O(g) 60064 — 15.735T 6
O(g) = O(Wt % in steel) —88064 + 15.045 T
10,(g) = O(wt % in steel) —-28000 — 0.69T 8
Hydrogen  'hH,(g) = H(g) 53500.0 — 14.40T 9
H(g) = H(ppm in steel) —44780.0 + 3.38T 9
'"H,(g) = H(ppm in steel) 8720.0 — 11.02T 8
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[N]= K&~ (3.3)

In arc welding, however, a portion of the N, molecules can dissociate (or
even ionize) under the high temperature of the arc plasma. The atomic N so
produced can dissolve in the molten metal as follows:

N=N (3.4)

InKy = 1{%1) - % (3.5)

where KJ is the equilibrium constant for reaction (3.4) based on dissolution
from a monatomic gas N and py the partial pressure (in atmospheres) of N
above the molten metal.

It is interesting to compare dissolution of nitrogen in molten steel from
molecular nitrogen to that from atomic nitrogen. Consider an arbitrary tem-
perature of 1600°C for molten steel for the purpose of discussion. Based on
the free energy of reaction AG° shown in Table 3.3, for molecular nitrogen a
pressure of py, = 1atm is required in order to have [N]=0.045wt %. For atomic
nitrogen, however, only a pressure of py =2 x 107 atm is required to dissolve
the same amount of nitrogen in molten steel.

Similarly, for the dissolution of oxygen and hydrogen from O,(g) and H,(g),

S0:(9)=0 (3)
SH(9=H (37)

However, as in the case of nitrogen, a portion of the O, and H, molecules can
dissociate (or even ionize) under the high temperature of the arc plasma. The
atomic O and H so produced can dissolve in the molten metal as follows:

0=0 (3.8)

H=H (3.9)

DebRoy and David (11) showed, in Figure 3.3, the dissolution of mono-
atomic, rather than diatomic, nitrogen and hydrogen dominates in molten iron.
As they pointed out, several investigators have concluded that the species con-
centration in the weld metal can be significantly Aigher than those calculated
from dissolution of diatomic molecules. Dissociation of such molecules to
neutral atoms and ions in the arc leads to enhanced dissolution in the molten
metal.

In the case of hydrogen the calculated results are consistent with the earlier
ones of Gedeon and Eagar (9) shown in Figure 3.4. The calculation is based
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Figure 3.4 Equilibrium concentration of hydrogen as a function of weld pool loca-
tion. Reprinted from Gedeon and Eagar (9). Courtesy of American Welding Society.

on a dissociation temperature of 2500°C, 0.01 atm hydrogen added to the argon
shielding gas, and the pool surface temperature distribution measured by
Krause (12). As shown, the majority of hydrogen absorption appears to take
place around the outer edge of the weld pool, and monatomic hydrogen
absorption dominates the contribution to the hydrogen content. This contra-
dicts predictions based on Sievert’s law that the maximum absorption occurs
near the center of the pool surface where the temperature is highest. However,
as they pointed out, the dissolution process alone does not determine the
hydrogen content in the resultant weld metal. Rejection of the dissolved
hydrogen atoms by the solidification front and diffusion of the hydrogen atoms
from the weld pool must also be considered. It is interesting to note that
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Figure 3.5 Effect of nitrogen partial pressure in Ar-N, shielding gas on nitrogen
content in welds of duplex stainless steel. Reprinted from Sato et al. (14).

Hooijmans and Den Ouden (13) suggested that a considerable amount of
hydrogen absorbed by the liquid metal during welding leaves the weld metal
immediately after the extinction of the arc.

3.2.2 Nitrogen

For metals that neither dissolve nor react with nitrogen, such as copper and
nickel, nitrogen can be used as the shielding gas during welding. On the other
hand, for metals that either dissolve nitrogen or form nitrides (or both), such
as Fe, Ti, Mn, and Cr, the protection of the weld metal from nitrogen should
be considered.

A. Sources of Nitrogen The presence of nitrogen in the welding zone is
usually a result of improper protection against air. However, nitrogen is some-
times added purposely to the inert shielding gas. Figure 3.5 shows the weld
nitrogen content of a duplex stainless steel as a function of the nitrogen partial
pressure in the Ar—N, shielding gas (14). Nitrogen is an austenite stabilizer for
austenitic and duplex stainless steels. Increasing the weld metal nitrogen
content can decrease the ferrite content (Chapter 9) and increase the risk of
solidification cracking (Chapter 11).

B. Effect of Nitrogen The presence of nitrogen in the weld metal can sig-
nificantly affect its mechanical properties. Figure 3.6 shows the needlelike
structure of iron nitride (Fe,N) in a ferrite matrix (15). The sharp ends of such
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Figure 3.7 Effect of nitrogen on the room temperature mechanical properties of mild
steel welds. From Seferian (15).

a brittle nitride act as ideal sites for crack initiation. As shown in Figure 3.7,
the ductility and the impact toughness of the weld metal decrease with increas-
ing weld metal nitrogen (15). Figure 3.8 shows that nitrogen can decrease the
ductility of Ti welds (4).

C. Protection against Nitrogen In the self-shielded arc welding process,
strong nitride formers (such as Ti, Al, Si, and Zr) are often added to the filler
wire (16). The nitrides formed enter the slag and nitrogen in the weld metal
is thus reduced. As already shown in Figure 3.1, however, the nitrogen con-
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Figure 3.8 Effect of oxygen equivalence (OE) on ductility of titanium welds.
Reprinted from Harwig et al. (4). Courtesy of American Welding Society.

tents of self-shielded arc welds can still be rather high, and other arc welding
processes such as GTAW, GMAW, or SAW should be used if weld nitrogen
contamination is to be minimized.

3.2.3 Oxygen

A. Sources of Oxygen Oxygen in the weld metal can come from the air, the
use of excess oxygen in oxyfuel welding, and the use of oxygen- or CO,-
containing shielding gases. It can also come from the decomposition of oxides
(especially SiO, and MnO and FeO) in the flux and from the slag-metal reac-
tions in the weld pool, which will be discussed subsequently.

In GMAW of steels the addition of oxygen or carbon dioxide to argon (e.g.,
Ar-2% O,) helps stabilize the arc, reduce spatter, and prevent the filler metal
from drawing away from (or not flowing out to) the fusion line (17). Carbon
dioxide is widely used as a shielding gas in FCAW, the advantages being low
cost, high welding speed, and good weld penetration. Baune et al. (18) pointed
out that CO, can decompose under the high temperature of the welding arc
as follows:

C0,(5)=CO(g) +30.(g) (3.10)
CO(g)=C(s)+50:(s) (311)

B. Effect of Oxygen Oxygen can oxidize the carbon and other alloying
elements in the liquid metal, modifying their prevailing role, depressing
hardenability, and producing inclusions. The oxidation of carbon is as
follows:

C+0=CO(g) (3.12)
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TABLE 3.4 Effect of Oxygen—Acetylene Ratio on Weld Metal Composition and
Properties of Mild Steel

a=0,/CH,>1 a<l

Before a=114 a=133 a=2 a=237 a=1 a=0382
C 0.155 0.054 0.054 0.058 0.048 0.15 1.56
Mn 0.56 0.38 0.265 0.29 0.18 0.29 0.375
Si 0.03
S 0.030
P 0.018
(@] — 0.04 0.07 0.09 — 0.02 0.01
N — 0.015 0.023 0.030 — 0.012 0.023
Impact value, — 5.5 1.40 1.50 1.30 6.9 2.3

kg/cm?

Hardness, HB — 130 132 115 100 140 320
Grain size — 6 5 4 4 4 5

Source: Seferian (15).

The oxidation of other alloying elements, which will be discussed subse-
quently in slag-metal reactions, forms oxides that either go into the slag or
remain in the liquid metal and become inclusion particles in the resultant
weld metal.

Table 3.4 shows the effect of gas composition in oxyacetylene welding of
mild steel on the weld metal composition and properties (15). When too much
oxygen is used, the weld metal has a high oxygen level but low carbon level.
On the other hand, when too much acetylene is used, the weld metal has a low
oxygen level but high carbon level (the flame becomes carburizing). In either
case, the weld mechanical properties are poor. When the oxygen—acetylene
ratio is close to 1, both the impact toughness and strength (proportional to
hardness) are reasonably good.

If oxidation results in excessive inclusion formation in the weld metal or
significant loss of alloying elements to the slag, the mechanical properties of
the weld metal can deteriorate. Figure 3.9 shows that the strength, toughness,
and ductility of mild steel welds can all decrease with increasing oxygen con-
tamination (15). In some cases, however, fine inclusion particles can act as
nucleation sites for acicular ferrite to form and improve weld metal toughness
(Chapter 9). For aluminum and magnesium alloys, the formation of insoluble
oxide films on the weld pool surface during welding can cause incomplete
fusion. Heavy oxide films prevent a keyhole from being established properly
in conventional PAW of aluminum, and more advanced DC variable-polarity
PAW has to be used. In the latter, oxide films are cleaned during the electrode-
positive part of the current cycle.

Bracarense and Liu (19) discovered in SMAW that the metal transfer
droplet size can increase gradually during welding, resulting in increasing Mn
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Figure 3.9 Effect of the oxygen content on the mechanical properties of mild steel
welds. From Seferian (15).

and Si transfer to the weld pool and hence increasing weld metal hardness
along the weld length, as shown in Figure 3.10. As the electrode is heated up
more and more during welding, the droplet size increases gradually (becomes
more globular). This reduces the surface area (per unit volume) for oxygen to
react with Mn and Si and hence improves the efficiency of Mn and Si trans-
fer to the weld pool.

3.2.4 Hydrogen

A. Steels The presence of hydrogen during the welding of high-strength
steels can cause hydrogen cracking (Chapter 17).

A.l. Sources of Hydrogen Hydrogen in the welding zone can come from
several different sources: the combustion products in oxyfuel welding; decom-
position products of cellulose-type electrode coverings in SMAW; moisture or
grease on the surface of the workpiece or electrode; and moisture in the flux,
electrode coverings, or shielding gas.

As mentioned previously in Chapter 1,in SMAW high-cellulose electrodes
contain much cellulose, (CsHy4Os),, in the electrode covering. The covering
decomposes upon heating during welding and produces a gaseous shield rich
in H,, for instance, 41% H,, 40% CO, 16% H,O, and 3% CO, in the case of
E6010 electrodes (20). On the other hand, low-hydrogen electrodes contain
much CaCOj; in the electrode covering. The covering decomposes during
welding and produces a gaseous shield low in H,, for example, 77% CO, 19%
CO,, 2% H,, and 2% H,O in the case of E6015 electrodes. As such, to reduce
weld metal hydrogen, low-hydrogen electrodes should be used.
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A.2. Measuring Hydrogen Content Various methods have been developed
for measuring the hydrogen content in the weld metal of steels. The mercury
method and the gas chromatography method are often used. Figure 3.11 shows
the mercury method (21). A small test specimen (13 x 25 x 127mm, or % x 1
x 5in.) is welded in a copper fixture. The welded test specimen is then
immersed in mercury contained in a eudiometer tube. As hydrogen diffuses
out of the welded test specimen, the mercury level in the eudiometer tube con-
tinues to drop. From the final mercury level, H (in millimeters), the amount
of hydrogen that diffuses out of the specimen, that is, the so-called diffusible
hydrogen, can be measured. This method, however, can take days because of
the slow diffusion of hydrogen at room temperature. In the gas chromatogra-
phy method (22), the specimen is transferred to a leak-tight chamber after
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Figure 3.11 Mercury method for measuring diffusible hydrogen in welds. Reprinted
from Shutt and Fink (21). Courtesy of American Welding Society.

N

welding, which can be heated to accelerate the hydrogen evolution from the
specimen. After that, the chamber can be connected to a gas chromatograph
analyzer to measure the total amount of hydrogen present. The advantages
are that it can separate other gases present and measure only hydrogen and
it takes hours instead of days. One disadvantage is the relatively high cost of
the equipment.

Newer methods have also been developed. Albert et al. (23) developed a
new sensor for detecting hydrogen. The sensor is a conducting polymer film
coated with Pd on one side to be exposed to a hydrogen-containing gas and
the other side to air. The current going through the sensor is directionally pro-
portional to the hydrogen content in the gas. Figure 3.12 shows the hydrogen
contents measured by the new sensor as well as gas chromatography (GC).
These are gas—tungsten arc welds of a 0.5Cr-0.5Mo steel made with Ar-H, as
the shielding gas. Smith et al. (24) developed a new hydrogen sensor that gen-
erates results in less than 1h and allows analysis to be done on the actual
welded structure. The sensor is a thin porous film of tungsten oxide, which
changes color upon reacting with hydrogen.
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Figure 3.13 Effect of electrode baking temperature on weld metal diffusible hydro-
gen levels. Reprinted from Fazackerley and Gee (25).

A.3. Hydrogen Reduction Methods The weld hydrogen content can be
reduced in several ways. First, avoid hydrogen-containing shielding gases,
including the use of hydrocarbon fuel gases, cellulose-type electrode cover-
ings, and hydrogen-containing inert gases. Second, dry the electrode covering
and flux to remove moisture and clean the filler wire and workpiece to remove
grease. Figure 3.13 shows the effect of the electrode baking temperature on
the weld metal hydrogen content (25). Third, adjust the composition of the
consumables if feasible. Figure 3.14 shows that CO, in the shielding gas helps
reduce hydrogen in the weld metal (22), possibly because of reaction between
the two gases. Increasing the CaF, content in the electrode covering or the flux
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has been reported to reduce the weld hydrogen content. This reduction in
hydrogen has been ascribed to the reaction between hydrogen and CaF, (26).
Fourth, as shown in Figure 3.15, use postweld heating to help hydrogen diffuse
out of the weld (27).
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Figure 3.16 Solubility of hydrogen in aluminum. From Eastwood (28).

B. Aluminum Hydrogen can cause porosity in aluminum welds (Chapter
10). The oxide films on the surface of the workpiece or electrode can absorb
moisture from the air and introduce hydrogen into molten aluminum during
welding. Grease on the surface of the workpiece or electrode and moisture in
shielding gas can also be the sources of hydrogen. Figure 3.16 shows the sol-
ubility of hydrogen in aluminum (28). Since the solubility of hydrogen is much
higher in liquid aluminum than in solid aluminum, hydrogen is rejected into
the weld pool by the advancing solid-liquid interface. Consequently, hydrogen
porosity is often observed in aluminum welds. Devletian and wood (29) have
reviewed the factors affecting porosity in aluminum welds.

B.1. Effect of Hydrogen Porosity As shown in Figure 3.17, excessive hydro-
gen porosity can severely reduce both the strength and ductility of aluminum
welds (30). It has also been reported to reduce the fatigue resistance of
aluminum welds (31).

B.2. Reducing Hydrogen Porosity To reduce hydrogen porosity, the surface
of Al-Li alloys has been scrapped, milled, or even thermovacuum degassed to
remove hydrogen present in the form of hydrides or hydrated oxides (32, 33).
Similarly, Freon (CCL,F,) has been added to the shielding gas to reduce hydro-
gen in aluminum welds. The weld pool has been magnetically stirred to help
hydrogen bubbles escape and thus reduce hydrogen porosity (34). Keyhole
plasma arc welding, with variable-polarity direct current, has been used to
reduce hydrogen porosity in aluminum welds (35). The cleaning action of the
DCEP cycle helps remove hydrated oxides and hydrides. The keyhole, on the
other hand, helps eliminate entrapment of oxides and foreign materials in
the weld, by allowing contaminants to enter the arc stream instead of
being trapped in the weld. Consequently, the welds produced are practically
porosity free.
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Figure 3.17 Effect of porosity on tensile properties of aluminum welds. From Shore
(30).

Consider the reduction of severe gas porosity in the welding of a high-
strength, lightweight AI-5SMg—2Li alloy (33, 36). The presence of Li in the alloy
promotes the formation of lithium hydride during heat treatment as well as
the hydration of the surface oxide at room temperature. Surface cleaning and
thermovacuum treatment before welding, which help reduce the hydrogen
content of the workpiece surface, have been reported to reduce the porosity
level of the weld metal. Reduction in porosity has also been achieved by using
an alternating magnetic field to stir the weld pool and by using variable-
polarity keyhole PAW (33).

Consider also the reduction of severe gas porosity in the welding of PM
(powder metallurgy) parts of Al-8.0Fe—1.7Ni alloy (33, 36). Oxidation and sub-
sequent hydration of the aluminum powder during and after powder produc-
tion by air atomization result in a high surface moisture content. When the
powder is consolidated into PM parts, the moisture is trapped inside the parts.
Because of the difficulty in removing the moisture from deep inside the work-
piece, thermovacuum treatments at temperatures as high as 595°C have been
found necessary. Unfortunately, the use of such a high temperature causes
unacceptable degradation in the base-metal strength. Therefore, atomization
and consolidation techniques that minimize powder oxidation and hydration
are required for producing porosity-free welds.
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C. Copper Hydrogen can also cause problems in copper welding. It can react
with oxygen to form steam, thus causing porosity in the weld metal. It can also
diffuse to the HAZ and react with oxygen to form steam along the grain
boundaries. This can cause microfissuring in the HAZ. These problems can be
minimized if deoxidized copper is used for welding.

3.3 SLAG-METAL REACTIONS

3.3.1 Thermochemical Reactions

The thermochemical slag-metal reactions here refer to thermochemical reac-
tions that take place at the interface between the molten slag and the liquid
metal. Examples of such reactions are decomposition of metal oxides in the
flux, oxidation of alloying elements in the liquid metal by the oxygen dissolved
in the liquid metal, and desulfurization of the weld metal.

A. Decomposition of Flux In studying SAW, Chai and Eagar (37) suggested
that in the high-temperature environment near the welding plasma, all oxides
are susceptible to decomposition and produce oxygen. It was found that the
stability of metal oxides during welding decreases in the following order: (i)
CaO, (ii) K, 0, (iii) Na,O and TiO,, (iv) Al,Os, (v) MgO, and (vi) SiO, and MnO
(FeO was not included but can be expected to be rather unstable, too). For
instance, Si0, and MnO can decompose as follows (2):

(510:) = Si0(g) + 30(2) (3.13)
(MnO) = Mn(g)+%02(g) (3.14)

It was concluded that in fluxes of low FeO content (<10% FeO), SiO, and
MnO are the primary sources of oxygen contamination and the stability of
metal oxides in welding is not directly related to their thermodynamic stabil-
ity. It was also concluded that CaF,reduces the oxidizing potential of welding
fluxes due to dilution of the reactive oxides by CaF, rather than to reactivity
of the CaF, itself and significant losses of Mn may occur by evaporation from
the weld pool due to the high vapor pressure of Mn.

B. Oxidation by Oxygen in Metal

Mn+0 =(MnO) (3.15)
Si+20 =(Si0,) (3.16)
Ti+20 =(Ti0;) (3.17)

2Al+30 =(ALO;) (3.18)
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C. Desulfurization of Liquid Metal

S+(Ca0)=(CaS)+0 (3.19)

3.3.2 Effect of Flux on Weld Metal Composition

Burck et al. (38) welded 4340 steel by SAW with manganese silicate fluxes,
keeping SiO, constant at 40wt % and adding CaF,, CaO, and FeO separately
at the expense of MnO. Figure 3.18 shows the effect of such additions on the
extent of oxygen transfer from the flux to the weld metal, expressed in A(weld
metal oxygen). A positive A quantity means transfer of an element (oxygen in
this case) from the flux to the weld metal, while a negative A quantity means
loss of the element from the weld metal to the flux. The FeO additions, at the
expense of MnO, increase the extent of oxygen transfer to the weld metal. This
is because FeO is less stable than MnO and thus decomposes and produces
oxygen in the arc more easily than MnO. The CaO additions at the expense
of MnO decrease the extent of oxygen transfer to the weld metal because
CaO is more stable than MnO. The CaF, additions at the expense of MnO also
decrease the extent of oxygen transfer to the weld metal but more significantly.
It is worth noting that Chai and Eagar (37) reported previously that

0.08 T T T T T T T
A -SiO,-MnO-CafF, Flux

- O -Si0,-MnO-CaOFlux AISI 4340-
O -Si0,-MnO-F;OFlux
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Delta weld metal oxygen (wt.%)
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Flux addition (wt.%)
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60 50 40 30 20
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Figure 3.18 Effect of flux additions to manganese silicate flux on extent of oxygen
transfer to the weld metal in submerged arc welding of 4340 steel. Reprinted from
Burck et al. (38). Courtesy of American Welding Society.
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Figure 3.19 Effect of flux additions to manganese silicate flux on extent of manganese
transfer to the weld metal in submerged arc welding of 4340 steel. Reprinted from
Burck et al. (38). Courtesy of American Welding Society.

CaF, reduces oxygen transfer by acting as a diluent rather than an active
species.

Figure 3.19 shows the effect of flux additions on the manganese change
of the weld metal (38). It is surprising that the CaO additions at the expense
of MnO do not decrease the extent of manganese transfer from the flux to the
weld metal. From the steelmaking data shown in Figure 3.20, it appears that
the CaO additions do not reduce the activity of MnO (39), as indicated by the
dots along the constant MnO activity of about 0.30. The additions of FeO and
CaF, at the expense of MnO decrease the extent of manganese transfer
from the flux to the weld metal, as expected. Beyond 20% FeO, A(weld
metal manganese) becomes negative, namely, Mn is lost from the weld metal
to the slag. This is likely to be caused by the oxidation of Mn by the oxygen
introduced into the liquid metal from FeO, namely, Mn + O = (MnO). The flux
additions also affect the extents of loss of alloying elements such as Cr, Mo,
and Ni.

Therefore, the flux composition can affect the weld metal composition and
hence mechanical properties rather significantly. The loss of alloying elements
can be made up by the addition of ferroalloy powder (e.g., Fe-50% Si and
Fe-80% Mn) to SAW fluxes or SMAW electrode coverings. In doing so, the
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Figure 3.20 Activity of MnO in CaO-MnO-SiO, melts at 1500°C. Reprinted from
Burck et al. (38). Courtesy of American Welding Society.

alloying element recovery, that is, the percentage of the element transferred
across the arc and into the weld metal, should be considered. The recovery
varies significantly from element to element. In SMAW, for example, it can be
about 100% for Ni and Cr, 75% for Mn, 70% for Nb, 45% for Si, and 5% for
Ti (40).

3.3.3 Types of Fluxes, Basicity Index, and Weld Metal Properties

The use of proper welding fluxes during fusion welding helps control the com-
position of the weld metal as well as protect it from air. Welding fluxes can be
categorized into the following three groups according to the types of main
constituents (26):

(a) Halide-type fluxes: for example, CaF,-NaF, CaF,-BaCl,-NaF,
KC1-NaCl-Na;AlFs, and BaF,-MgF,—CaF,-LiF.

(b) Halide-oxide-type  fluxes: for example, CaF,~CaO-AlOQO;,
CaF,-Ca0O-Si0,, CaF,-Ca0O-Al,05-Si0,, and CaF,-CaO-MgO-
ALO..

(c) Oxide-type fluxes: for example, MnO-SiO,, FeO-MnO-SiO,, and
CaO-TiO,-SiO,.

The halide-type fluxes are oxygen free and are used for welding titanium
and aluminum alloys (26, 41). The halide—oxide-type fluxes, which are slightly
oxidizing, are often used for welding high-alloy steels. The oxide-type fluxes,
which are mostly oxidizing, are often used for welding low-carbon or low-alloy
steels. When oxide-type fluxes are used for welding a reactive metal such as
titanium, the weld metal can be contaminated with oxygen.

The oxides in a welding flux can be roughly categorized into the following
three groups (26):
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(a) Acidic oxides, in the order of decreasing acidity: SiO,, TiO,, P,Os,
V,0;s.

(b) Basic oxides, in the order of decreasing basicity: K,O, Na,O, CaO, MgO,
BaO, MnO, FeO, PbO, Cu,0, NiO.

(c) Amphoteric oxides: Al,Os, Fe,0;, Cr,0;, V,0;, ZnO.

Oxides that are donors of free oxide ions, O*, are considered as basic
oxides, CaO being the most well known example. Oxides that are acceptors of
O* are considered as acidic oxides, SiO, being the most well known example.
Oxides that are neutral are considered as amphoteric oxides.

3.3.4 Basicity Index

The concept of the basicity index (BI) was adopted in steelmaking to
explain the ability of the slag to remove sulfur from the molten steel. It
was later broadened to indicate the flux oxidation capability. The BI of a flux
(especially an oxide-type one) can be defined in the following general form
(42):

Y (% basic oxides)

BI =
Y (% nonbasic oxides)

(3.20)

The concept of the BI was applied to welding. Tuliani et al. (43) used the
following well-known formula for the fluxes in SAW:

CaF, +CaO + MgO + BaO + SrO
Bl - +Na,0 + K,0 + Li,O + 0.5(MnO + FeO)
~ Si0, +0.5(AL0; + TiO, + ZrO,)

(3.21)

where components are in weight fractions. Using the above expression, the
flux is regarded as acidic when BI < 1, as neutral when 1.0 < BI < 1.2, and as
basic when BI > 1.2. The formula correlates well with the oxygen content in
submerged arc welds.

Eagar and Chai (44, 45), however, modified Equation (3.21) by considering
CaF, as neutral rather than basic and omitting the CaF, term. As shown in
Figure 3.21, the formula correlates well with the oxygen content in submerged
arc welds (44,45). The oxygen content decreases as the basicity index increases
up to about 1.25 and reaches a constant value around 250 ppm at larger basic-
ity values.

Baune et al. (18, 46) modified Equation (3.21) for FCAW electrodes by
using the composition of the solidified slag after welding rather than the com-
position of the flux before welding. Furthermore, mole fraction was used rather
than weight fraction, and FeO was replaced by Fe,O;. The composition of the
solidified slag was thought to provide more information about the extent of



SLAG-METAL REACTIONS 87

0.0 T

0.081

0.06

0.04 |-

0.02

WELD METAL OXYGEN, %

FLUX BASICITY INDEX

Figure 3.21 Weld metal oxygen content in steel as a function of flux basicity in
submerged arc welding. From Chai and Eagar (45).
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Figure 3.22 Weld metal oxygen content in steel as a function of flux basicity in flux-
core arc welding. Reprinted from Baune et al. (46). Courtesy of American Welding
Society.

the slag-metal reactions during welding than the composition of the flux
before welding. The Fe,O; was thought to be the iron oxide that forms in a
welding slag. As shown in Figure 3.22, the weld oxygen content correlates well
with the new basicity index (46).

Oxide inclusions in steel welds can affect the formation of acicular ferrite,
which improves the weld metal toughness (47-50). It has been reported that
acicular ferrite forms in the range of about 200-500 ppm oxygen (51-53). This
will be discussed later in Chapter 9.

For SAW of high-strength, low-alloy steels with the CaF,-CaO-SiO, flux
system, Dallam et al. (47) used the following simple formula for the basicity
index:
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B CaO
- Sio,

BI

(3.22)

Figure 3.23 shows the effect of the basicity index on sulfur transfer (47).
As the basicity index increases from 0 to 5, Asulfur becomes increasingly
negative, namely, more undesirable sulfur is transferred from the weld metal
to the slag (desulfurization). This is because CaO is a strong desulfurizer,
as shown previously by Equation (3.19).

Excessive weld metal oxygen and hence oxide inclusions can deteriorate
weld metal mechanical properties. As shown in Figure 3.24, some inclusion
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Figure 3.23 Desulfurization of high-strength, low-alloy steel welds as a function of
basicity index CaO/SiO, of CaF,~CaO-SiO, type flux. Reprinted from Dallam et al.
(47). Courtesy of American Welding Society.

Figure 3.24 Fracture initiation at an inclusion in flux-cored arc weld of high-strength,
low-alloy steel. Reprinted from Bose et al. (54).
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particles can act as a fracture initiation site (54). Besides oxide inclusions,
oxygen in the weld pool can also react with carbon to form CO gas during
solidification. As shown in Figure 3.25, this can result in gas porosity in steel
welds (55). The addition of deoxidizers such as Al, Ti, Si, and Mn in the filler
metal helps reduce the amount of porosity. Figure 3.26 shows that the
toughness of the weld metal decreases with increasing oxygen content (56).
However, if the content of the acicular ferrite in the weld metal increases with
the weld oxygen content, the weld metal toughness may in fact increase
(Chapter 9).

Basic fluxes, however, can have some drawbacks. They are often found to
have a greater tendency to absorb moisture, which can result in hydrogen
embrittlement unless they are dried before welding. The slag detachability may

Figure 3.25 Wormhole porosity in weld metal. From Jackson (55).
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Figure 3.26 Relationship between the toughness at 20°C and the oxygen content of
steel welds. Reprinted from North et al. (56). Courtesy of American Welding Society.
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not be very good in a fully basic flux. This makes slag removal more difficult,
especially in multiple-pass or narrow-groove welding. In the case of FCAW,
basic fluxes have also been observed to generate unstable arcs (57).

3.3.5 Electrochemical Reactions

Kim et al. (58, 59) studied the effect of electrochemical reactions on the weld
metal composition in SAW, and significant composition differences were
observed when the electrode polarity was varied in DC welding. The follow-
ing anodic oxidation reactions were proposed:

M (metal)+nO?* (slag) = MO, (slag) + 2ne" (3.23)
O?* (slag) = O(metal) +2e~ (3.24)

These reactions occur at the electrode tip-—slag interface in the electrode-
positive polarity or the weld pool-slag interface in the electrode-negative
polarity. Therefore, oxidation losses of alloying elements and pickup of oxygen
are expected at the anode.

The following cathodic reduction reactions were also proposed:

M?*(slag)+2e~ = M(metal) (3.25)
Si**(slag) + 4e~ = Si(metal) (3.26)
O(metal)+2e~ = O* (slag) (3.27)

The first two reactions are the reduction of metallic cations from the slag,
and the third reaction is the removal (refining) of oxygen from the metal.
These reactions occur at the electrode tip-slag interface in the electrode-
negative polarity or the weld pool-slag interface in the electrode-positive
polarity. The current density is much higher at the electrode tip—slag interface
than at the weld pool-slag interface. Therefore, reactions at the electrode tip
may exert a greater influence on the weld metal composition than those at the
weld pool.

A carbon steel containing 0.18% C, 1.25% Mn, and 0.05% Si was sub-
merged arc welded with a low-carbon steel wire of 0.06% C, 1.38% Mn, and
0.05% Si and a flux of 11.2% SiO,, 18.14% AL Os, 33.2% MgO, 25.3% CaF,,
6.9% CaO, and 1.2% MnO. Figure 3.27 shows the oxygen contents of the
melted electrode tips and the detached droplets for both polarities, the 20 ppm
oxygen content of the wire being included as a reference (58). A significant
oxygen pickup in the electrode tips is evident for both polarities, suggesting
that the excess oxygen came from decomposition of oxide components in the
flux and the surrounding atmosphere. The anodic electrode tip has about twice
as much oxygen as the cathodic electrode tip, suggesting the significant effect
of electrochemical reactions. The difference in the oxygen content is due to
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Figure 3.27 Oxygen contents of the welding wire, melted electrode tips, and detached
droplets for both electrode-positive and electrode-negative polarities. Reprinted from
Kim et al. (58). Courtesy of American Welding Society.

oxygen pickup at the anode and oxygen removal (refining) at the cathode. In
either polarity the detached droplets contain more oxygen than the melted
electrode tip. This suggests that the electrochemical reactions cease after the
droplets separate from the electrode tips, but the droplets pick up more oxygen
from decomposed oxides while falling through the arc plasma. The higher
oxygen content in the droplets separated from the anodic electrode tip is due
to the higher oxygen content of the melted anodic electrode tip.

Figure 3.28 shows the silicon change in the weld pool for both polarities
(58). Since there is plenty of oxygen from the decomposition of oxides, loss
of silicon from the weld pool due to the thermochemical reaction Si + 20 =
(§8i0,) is likely. But the silicon loss is recovered by the cathodic reduction
(Si*") + 4e” = Si and worsened by the anodic oxidation Si + 2(0*) = (SiO,) +
4e". Consequently, the silicon loss is more significant at the anode than at the
cathode.

Figure 3.29 shows the manganese change in the weld pool for both polari-
ties (58). The manganese loss from the weld pool to the slag is significant in
both cases. This is because manganese is the richest alloying element in the
weld pool (judging from the compositions of the workpiece and the filler
metal) and MnO is among the poorest oxides in the flux. As such, the ther-
mochemical reaction Mn + O = (MnO) can shift to the right easily and cause
much manganese loss. Since manganese is known to have a high vapor pres-
sure (Chapter 4), evaporation from the liquid can be another reason for much
manganese loss. However, the manganese loss is partially recovered by the
cathodic reduction (Mn*") + 2e” = Mn and worsened by the anodic oxidation
Mn + (O*) = (MnO) + 2¢". Consequently, the manganese loss is more signifi-
cant at the anode than at the cathode.
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Figure 3.28 Gain or loss of weld metal silicon due to reactions in weld pool for
electrode-positive and electrode-negative polarities as a function of welding speed.
Reprinted from Kim et al. (58). Courtesy of American Welding Society.
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trode-positive and electrode-negative polarities as a function of welding speed.
Reprinted from Kim et al. (58). Courtesy of American Welding Society.
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3.2

3.3

34

3.5

3.6

3.7

3.8

Lithium alloys are known to have severe hydrogen porosity problems
due to the hydration of oxides and formation of hydrides on the work-
piece surface. If you were to do GMAW of these alloys using Al-Li wires,
can you avoid porosity? If so, how?

Do you prefer using an oxidizing or reducing flame in gas welding of
high-carbon steels? Explain why or why not.

(a) Will decreasing welding speed help reduce weld porosity in gas—tung-
sten arc welds of aluminum if the source of hydrogen is on the work-
piece surface?

(b) What about if the source of hydrogen is in the shielding gas? Explain
why or why not.

When welding rimmed steels or when doing GMAW of carbon steels
using CO, as the shielding gas, Mn- or Si-containing electrodes are used
to prevent gas porosity. Explain why.

Austenitic stainless steels usually contain very low levels of carbon,
around or below 0.05wt %. When welding stainless steels using CO, as
the shielding gas or covered electrodes containing abundant CaCOs, the
weld metal often tends to carburize. Explain why and indicate how to
avoid the problem.

It has been reported that gas—tungsten arc welds of aluminum made in
the overhead position tend to have a significantly higher porosity level
than those made in the flat position. Explain why.

The GTAW of pure iron with Ar-5% H, as the shielding gas showed that
the weld metal hydrogen content increased with increasing heat input
per unit length of the weld. Explain why.

Electromagnetic stirring has been reported to reduce hydrogen porosity
in aluminum welds. Explain why.



96 CHEMICAL REACTIONS IN WELDING

3.9 A steel container was welded by SAW with a filler wire containing 1.38%
Mn and 0.05% Si and a flux containing 11.22% SiO, and 1.15% MnO. Is
the electrode tip Mn content expected to be greater or smaller than the
wire Mn content and why? What about the Si content?
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4 Fluid Flow and Metal
Evaporation in Welding

In this chapter fluid flow in both the welding arc and the weld pool will
be described. The effect of weld pool fluid flow on the geometry of the
resultant weld will be discussed. Evaporation of alloying elements from the
weld pool and its effect on the weld metal composition will be presented.
Finally, the effect of active fluxes on weld penetration in GTAW will be
discussed.

41 FLUID FLOW IN ARCS

Figure 4.1 shows a gas—tungsten arc in GTAW with DC electrode negative (1).
The shape of the electrode tip is characterized by the tip angle (also called
included or vertex angle) and the extent to which the sharp point is removed,
that is, the truncation.

4.1.1 Driving Force for Fluid Flow

The welding arc is an ionic gas, that is, a plasma, with an electric current passing
through. The driving force for fluid flow in the arc is the electromagnetic force
or Lorentz force. The buoyancy force is negligible. Mathematically, the Lorentz
force F = J x B, where J is the current density vector and B is the magnetic
flux vector. The current density vector J is in the direction the electric current
flows. According to the right-hand rule for the magnetic field, if the thumb
points in the direction of the current, the magnetic flux vector B is in the direc-
tion that the fingers curl around the path of the current. Vectors F, J, and B
are perpendicular to each other. According to the right-hand rule for the elec-
tromagnetic force, F is in the direction out of and perpendicular to the palm
if the thumb points in the direction of J and the fingers stretch out and point
in the direction of B.

4.1.2 Effect of Electrode Tip Geometry

The welding arc is more or less bell shaped. The tip angle of a tungsten
electrode in GTAW is known to have a significant effect on the shape of
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Figure 4.1 Gas-tungsten welding arc. Reprinted from Tsai and Kou (1). Copyright
1990 with permission from Elsevier Science.

the arc (Chapter 2)—it tends to become more constricted as the electrode
tip changes from sharp to blunt. The change in the shape of the electrode tip
changes fluid flow in the arc plasma, which in turn changes the shape of the
arc.

A. Sharp Electrode Consider the case of GTAW with DC electrode nega-
tive. The electric current converges from the larger workpiece to the smaller
electrode tip. It tends to be perpendicular to the electrode tip surface and the
workpiece surface, as illustrated in Figure 4.2a. The electric current induces
a magnetic field, and its direction is out of the plane of the paper (as indicated
by the front view of an arrow) on the left and into the paper (as indicated
by the rear view of an arrow) on the right. The magnetic field and the con-
verging electric current field together produce a downward and inward
force F to push the ionic gas along the conical surface of the electrode tip.
The downward momentum is strong enough to cause the high-temperature
ionic gas to impinge on the workpiece surface and turn outward along
the workpiece surface, thus producing a bell-shaped arc, as illustrated in
Figure 4.2b.

Fluid flow in welding arcs has been studied by computer simulation (1-6).
Tsai and Kou (1) investigated the effect of the electrode tip geometry on heat
and fluid flow in GTAW arcs. Figure 4.3 (left) shows the current density dis-
tribution in a 2-mm-long, 200-A arc produced by a 3.2-mm-diameter electrode
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Figure 4.2 Arc produced by a tungsten electrode with a sharp tip: (a) Lorentz force
(F); (b) fluid flow.
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Figure 4.3 Current density field (left) and Lorentz force field (right) in an arc pro-
duced by a tungsten electrode with a 60° tip angle. Modified from Tsai and Kou (1).

with a 60° angle tip. The electric current near the electrode tip is essentially
perpendicular to the surface. The electromagnetic force, shown in Figure 4.3
(right), is downward and inward along the conical surface of the electrode tip.
As shown in Figure 4.4, this force produces a high-velocity jet of more than
200m/s maximum velocity and the jet is deflected radially outward along the
workpiece surface. This deflection of the high-temperature jet causes the

isotherms to push outward along the workpiece surface, thus resulting in a
bell-shaped arc.
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Figure 4.4 Velocity and temperature fields in an arc produced by a tungsten electrode
with a 60° tip angle. The isotherms from right to left are 11,000, 13,000, 15,000, 17,000,
19,000, and 21,000K. Modified from Tsai and Kou (1).

B. Flat-End Electrode With a flat-end electrode, on the other hand, there
is no longer an electrode tip to act as a fixed cathode spot, where the electric
current enters the electrode. Consequently, the cathode spot moves around
rather randomly and quickly in the flat electrode end. The time-averaged
diameter of the area covered by the moving spot can be considered as the
effective cathode spot size. Without a conical surface at the electrode end, the
resultant Lorentz force is still inward and downward but the downward com-
ponent is reduced, as illustrated in Figure 4.5a. Consequently, the resultant arc
can be expected to be more constricted, as shown in Figure 4.5b.

Figure 4.6 (left) shows the current density distribution in a 2-mm-long, 200-
A arc produced by a 3.2-mm-diameter electrode with a flat end and a 2.4-mm-
diameter cathode spot. The electromagnetic force, shown in Figure 4.6 (right),
is less downward pointing than that in the case of a 60° electrode (Figure 4.3).
As shown in Figure 4.7, the isotherms are not pushed outward as much and
the resultant arc is thus more constricted.

C. Power Density and Current Density Distributions These distributions at
the anode surface can be measured by the split-anode method (7-10). Figure
4.8 shows such distributions for a 100-A, 2.7-mm-long gas—tungsten arc mea-
sured by Lu and Kou (10). These distributions are often approximated by the
following Gaussian distributions:
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Figure 4.5 Arc produced by a tungsten electrode with a flat end: (a) Lorentz force
(F); (b) fluid flow.
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Figure 4.6 Current density field (left) and Lorentz force field (right) in an arc pro-
duced by a tungsten electrode with a flat end. Modified from Tsai and Kou (1).

_ 30 r?
q= _na2 exp( _a2/3) 4.1)
3 (o
j= e exp( —b2/3j 4.2)

where ¢ is the power density, O the power transfer to the workpiece, a the
effective radius of the power density distribution, j the current density, / the
welding current, and b the effective radius of the current density distribution.
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Figure 4.7 Velocity and temperature fields in an arc produced by a tungsten electrode
with a flat end. The isotherms from right to left are 11,000, 13,000, 15,000, 17,000, 19,000,
and 21,000K. Modified from Tsai and Kou (1).
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Figure 4.8 Gas-tungsten welding arc: (a) power density distribution; (b) current
density distribution. Reprinted from Lu and Kou (10). Courtesy of American Welding
Society.

The effective radius represents the location where g or j drops to 5% of its
maximum value. Equation (4.1) is identical to Equation (2.20).

Lee and Na (6) studied, by computer simulation, the effect of the arc length
and the electrode tip angle on gas—tungsten arcs. Figure 4.9 shows that both
the power and current density distributions at the anode (workpiece) flatten
and widen as the arc length increases.
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Figure 4.9 Effect of arc length on gas-tungsten welding arcs: (a) power density dis-
tributions; (b) current density distributions. Modified from Lee and Na (6).

4.2 FLUID FLOW IN WELD POOLS

4.2.1 Driving Forces for Fluid Flow

The driving forces for fluid flow in the weld pool include the buoyancy force,
the Lorentz force, the shear stress induced by the surface tension gradient
at the weld pool surface, and the shear stress acting on the pool surface by the
arc plasma. The arc pressure is another force acting on the pool surface, but
its effect on fluid flow is small, especially below 200 A (11, 12), which is usually
the case for GTAW. The driving forces for fluid flow in the weld pool, shown
in Figure 4.10, are explained next.

A. Buoyancy Force The density of the liquid metal (p) decreases with
increasing temperature (7). Because the heat source is located above the
center of the pool surface, the liquid metal is warmer at point a and cooler at
point b. Point b is near the pool boundary, where the temperature is lowest at
the melting point. As shown in Figure 4.10a, gravity causes the heavier liquid
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Figure 4.10 Driving forces for weld pool convection: (a, b) buoyancy force; (c, d)
Lorentz force; (e, f) shear stress caused by surface tension gradient; (g, &) shear stress
caused by arc plasma.

metal at point b to sink. Consequently, the liquid metal falls along the pool
boundary and rises along the pool axis, as shown in Figure 4.10b.

B. Lorentz Force Gas—tungsten arc welding with DC electrode negative is
used as an example for the purpose of discussion. The electric current in the
workpiece converges toward the tungsten electrode (not shown) and hence
near the center of the pool surface. This converging current field, together with
the magnetic field it induces, causes a downward and inward Lorentz force, as
shown in Figure 4.10c. As such, the liquid metal is pushed downward along the
pool axis and rises along the pool boundary, as shown in Figure 4.10d. The area
on the pool surface where the electric current goes through is called the anode
spot (mb?, where b is the effective radius of the current density distribution).
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The smaller the anode spot, the more the current field converges from the
workpiece (through the weld pool) to the anode spot, and hence the greater
the Lorentz force becomes to push the liquid metal downward.

C. Shear Stress Induced by Surface Tension Gradient In the absence of a
surface-active agent, the surface tension (7) of the liquid metal decreases with
increasing temperature (7), namely, 0y/0T < 0. As shown in Figure 4.10e, the
warmer liquid metal with a lower surface tension at point a is pulled outward
by the cooler liquid metal with a higher surface tension at point b. In other
words, an outward shear stress is induced at the pool surface by the surface
tension gradient along the pool surface. This causes the liquid metal to flow
from the center of the pool surface to the edge and return below the pool
surface, as shown in Figure 4.10f. Surface-tension-driven convection is also
called thermocapillary convection or Marangoni convection.

D. Shear Stress Induced by Plasma Jet The plasma moving outward at high
speeds along a pool surface (Figure 4.4) can exert an outward shear stress at
the pool surface, as shown in Figure 4.10g. This shear stress causes the liquid
metal to flow from the center of the pool surface to the pool edge and return
below the pool surface, as shown in Figure 4.10A.

These driving forces are included either in the governing equations or as
boundary conditions in the computer modeling of fluid flow in the weld pool
(13). Oreper et al. (14) developed the first two-dimensional fluid flow model
for stationary arc weld pools of known shapes. Kou and Sun (15) developed a
similar model but allowed the unknown pool shape to be calculated. Kou and
Wang (16-18) developed the first three-dimensional fluid flow model for
moving arc and laser weld pools. Numerous computer models have been
developed subsequently for fluid flow in weld pools.

4.2.2 Buoyancy Convection

Figure 4.11 shows the buoyancy convection in a stationary weld pool of an alu-
minum alloy calculated by Tsai and Kou (19). The liquid metal rises along the
pool axis and falls along the pool boundary. The maximum velocity is along
the pool axis and is only about 2cm/s. The pool surface is slightly above the
workpiece surface because of the expansion of the metal upon heating and
melting.

4.2.3 Forced Convection Driven by Lorentz Force

A. Flow Field Figure 4.12 shows the calculated results of Tsai and Kou (20)
for a stationary weld pool in an aluminum alloy. The liquid metal falls along
the pool axis and rises along the pool boundary (Figure 4.12a). The electric
current converges from the workpiece to the center of the pool surface (Figure
4.12b).The Lorentz force is inward and downward (Figure 4.12¢), thus pushing
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Figure 4.11 Buoyancy convection in aluminum weld pool. From Tsai and Kou (19).
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the liquid downward along the pool axis. The maximum velocity, about 40 cm/s,
is one order of magnitude greater than that in the case of buoyancy convec-
tion (Figure 4.11). The parameters used for the calculation include 150 A for
the welding current, 1800 W for the power input, 2mm for the effective radius
of the power density distribution, and 4mm for the effective radius of the
current density distribution.

B. Deep Penetration Caused by Lorentz Force The Lorentz force (Figure
4.12) makes the weld pool much deeper, as compared to the buoyancy force
(Figure 4.11). The liquid pushed downward by the Lorentz force carries heat
from the heat source to the pool bottom and causes a deep penetration.

C. Physical Simulation of Effect of Lorentz Force Kou and Sun (15) welded
Woods metal (a low-melting-point alloy) with a heated copper rod in contact
with it, as shown in Figure 4.13a. The weld became much deeper when a 75-
A current was passed through to the weld pool (no arcing and negligible re-
sistance heating), as shown in Figure 4.13b. This confirms the effect of the
Lorentz force on weld penetration.

4.2.4 Marangoni Convection

A. Heiple’s Model Heiple et al. (21-25) proposed that, when a surface-
active agent is present in the liquid metal in a small but significant amount,
dy/dT can be changed from negative to positive, thus reversing Marangoni con-
vection and making the weld pool much deeper. Examples of surface-active

Heated
rod
Weld 75 A
Heated current
rod

Weld

Figure 4.13 Welds in Woods metal produced under the influence of (a) buoyancy
force and (b) Lorentz force. Modified from Kou and Sun (15).
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agents in steel and stainless steel are S, O, Se, and Te. Figure 4.14 shows the
surface tension data of two different heats of the stainless steel, one with
approximately 160 ppm more sulfur than the other (26). Figure 4.15 shows two
YAG laser welds made in 6.4-mm- (Y-in.-) thick 304 stainless steel plates at
3000W and 3.39mm/s (8ipm). The plate with the shallower weld contains
about 40 ppm sulfur and that with the deeper weld contains about 140 ppm
sulfur (27).

Heiple’s model is explained in Figure 4.16. In the absence of a surface-active
agent (Figures 4.16a—c), the warmer liquid metal of lower surface tension near
the center of the pool surface is pulled outward by the cooler liquid metal of
higher surface tension at the pool edge. In the presence of a surface-active
agent (Figures 4.16d-f), on the other hand, the cooler liquid metal of lower
surface tension at the edge of the pool surface is pulled inward by the warmer
liquid metal of higher surface tension near the center of the pool surface. The
flow pattern in Figure 4.16e favors convective heat transfer from the heat
source to the pool bottom. In other words, the liquid metal carries heat from
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€ 1900 { )
c 1 T
g 1800 1 S
5 i T -
te 1700 ’
@ . ! high sulfur
5 1600 1 stainless steel
%]
T T T T T T T
1400 1600 1800 2000 2200
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Figure 4.14 Surface tension data of two different heats of 316 stainless steel, one with
160 ppm more sulfur than the other. Modified from Heiple and Burgardt (26).

Figure 4.15 YAG laser welds in two 304 stainless steels with (@) 40 ppm sulfur and
(b) 140 ppm sulfur. From Limmaneevichitr and Kou (27).
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Figure 4.16 Heiple’s model for Marangoni convection in a weld pool: (a, b, ¢) low-
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Figure 4.17 Marangoni convection with an outward surface flow in a NaNO; pool.
Reprinted from Limmaneevichitr and Kou (28). Courtesy of American Welding
Society.

the heat source to the pool bottom more effectively, thus increasing the weld
penetration.

B. Physical Simulation of Marangoni Convection Limmaneevichitr and
Kou (28) induced Marangoni convection in a transparent pool of NaNO; with
a defocused CO, laser beam. The NaNO; has a 90T = —0.056 dyn/cm/°C. Since
its transmission range is from 0.35 to 3 um, NaNOs is opaque to CO, laser (10.6
um wavelength) just like a metal weld pool is opaque to an arc. Figure 4.17
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shows the flow pattern induced by a CO, laser beam of 2.5W power and
3.2mm diameter (28). The pool surface is just below the two arrows that
indicate the directions of flow at the pool surface. The two counterrotating
cells are, in fact, the two intersections between the donut-shaped flow pattern
and the meridian plane of the pool. The outward surface flow is much faster
than the inward return flow, which is typical of Marangoni convection. As
the beam diameter is reduced, convection grows stronger and penetrates
deeper.

It is worth noting that in conduction-mode (no-keyholing) laser beam
welding, the pool surface can be concave due to Marangoni convection and
surface tension (29) and, in fact, this has been shown to be the case experi-
mentally (30) and by computer simulation (31). The concave NaNO; pool
surface, however, is just a coincidence; the melt wets the container wall and
the meniscus makes the pool surface concave.

Limmaneevichitr and Kou (32) added C,H;COOK to the NaNOj; pool and
reversed the direction of Marangoni convection. The C,H;COOK is a surface-
active agent of NaNOj; and, like S reduces the surface tension of liquid steel,
it reduces the surface tension of NaNQOs, dy/dC being —22 dyn/(cm/mol %) (33).
The NaNO; pool shown in Figure 4.18 contains 2mol % of C,H;COOK and
its surface flow is inward. This flow reversion is because the surface tension
is now higher at the center of the pool surface than at the pool edge. At the
center of the pool surface, C,H;COOK is lower in concentration because it
decomposes under the heating of the CO, laser beam.

Blocks of solid NaNQO;, both pure and with C,HsCOOK, were welded with
a defocused CO, laser beam. As shown in Figure 4.19, the weld in pure NaNO;
is shallow and wide (32). This is because the thermal conductivity of NaNO;
is low and heat transfer is dominated by the outward surface flow to the pool

strong surface- 93
tension reducer 2 CoH;COOK —h— CHRCOOK + CoHgCHO(g) + C + KOH

less COylaser more
C,;HLOOK, beam ¢ p.cOOK,
higher -

ug er oy C,HsCHO lowar y

NaMNO- with

Figure 4.18 Marangoni convection with an inward surface flow in a NaNO; pool
containing 2mol % GC,HsCOOK as a surface-active agent. Reprinted from
Limmaneevitchitr and Kou (32). Courtesy of American Welding Society.
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Figure 4.19 Laser welds in solid blocks of pure NaNO; (open circles) and NaNO; with
2mol % C,H;COOK (solid squares). Reprinted from Limmaneevichitr and Kou (32).
Courtesy of American Welding Society.
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Figure 4.20 Liquid iron with various levels of sulfur: (@) surface tension; (b) tem-
perature coefficient of surface tension. Reprinted from Pitscheneder et al. (36).
Courtesy of American Welding Society.

edge. The weld in NaNO; with 2mol % C,Hs;COOK is deeper and slightly
narrower, which is consistent with the inward surface flow observed during
welding.

C. Thermodynamic Analysis of Surface Tension Sahoo et al. (34) and
McNallan and DebRoy (35) calculated the surface tension of liquid metals
based on thermodynamic data. Figure 4.20 shows the surface tension of liquid
iron as a function of temperature and the sulfur content (36). For pure Fe,
dydT is negative at all temperatures. For sulfur-containing Fe, however, dy/0T
can be positive at lower temperatures, which is consistent with the surface
tension measurements by Sundell et al. (37).

Based on the surface tension data in Figure 4.20, Pitscheneder et al. (36)
calculated Marangoni convection in stationary steel weld pools. Figure 4.21
shows the results for a laser power of 5200 W and an irradiation time of 5s.
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Figure 421 Convection in stationary laser weld pools of steels with (a) 20 ppm sulfur
and (b) 150 ppm sulfur. Reprinted from Pitscheneder et al. (36). Courtesy of American
Welding Society.

For the steel containing only 20 ppm sulfur, the outward surface flow carries
heat from the heat source to the pool edge and results in a shallow and wide
pool (Figure 4.21a). For the steel containing 150 ppm sulfur, on the other hand,
the inward surface flow turns downward to deliver heat to the pool bottom
and results in a much deeper pool (Figure 4.21b). In the small area near the
centerline of the pool surface, the temperature is above 2000K and the surface
flow is outward because of negative dy/dT (Figure 4.20). It is worth noting that
Zacharia et al. (38) showed that computer simulations based on a positive
dy/dT for liquid steel at all temperatures can overpredict the pool depth.

4.2.5 Forced Convection Driven by Plasma Jet

Matsunawa and Shinichiro (39, 40) demonstrated that the plasma shear stress
induced by a long arc in GTAW can outweigh both the Lorentz force in the
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Figure 4.22 Stationary gas—tungsten arc welds in a mild steel made with a 2-mm arc
(left) and an 8-mm arc (right) for 150, 180, and 210s. Modified from Matsunawa et al.
(39).
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Figure 4.23 Stationary GTA welds in 304 stainless steels with 18ppm sulfur and
77ppm sulfur made with an arc length of (¢) 2mm and (b) 8mm. Modified from
Matsunawa et al. (39).

weld pool and the surface tension gradients along the pool surface. Figure 4.22
shows two series of stationary gas—tungsten arc welds in mild steel with 150,
180, and 210s of welding times, one with a 2-mm-long arc and the other with
a 8-mm-long arc (39, 40). The 8-mm-arc welds are much wider and shallower
than the 2-mm-arc welds. For a longer and thus wider arc, the Lorentz force
in the weld pool is smaller because of flatter and wider current density distri-
bution at the pool surface (Figure 4.9b). The surface tension gradients are also
smaller because of the flatter and wider power density distribution (Figure
4.9a). However, location of the maximum shear stress shifts outward, thus
allowing the shear stress to act on a greater portion of the pool surface.

As shown in Figure 4.23, with a 2-mm-arc length the gas—tungsten arc weld
is much deeper in the 304 stainless steel containing 77 ppm sulfur (39, 40). This
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Figure 4.24 Weld pool shapes and isotherms in a 304 stainless steel with 50 ppm sul-
fur calculated based on (@) laminar flow and (b) turbulent flow. Reprinted from Hong
et al. (42).

is expected because sulfur makes 0y/dT either less negative or even positive.
With a longer arc of 8mm, however, the welds are shallow regardless of the
sulfur level. This further demonstrates that forced convection driven by the
arc plasma dominates in the welds made with the 8-mm-long arc.

4.2.6 Effect of Turbulence

Choo and Szekely (41) first considered turbulence in gas—tungsten arc weld
pools and showed that turbulence can affect the pool depth significantly.
Hong et al. (42) demonstrated that a fluid flow model based on laminar
can over-predict the pool depth, as shown in Figure 4.24a for a GTA weld
in a 304 stainless steel. When turbulence is considered, however, the effec-
tive viscosity increases (L > () and convection slows down. Furthermore,
the effective thermal conductivity (k. > k) increases and the effect of con-
vection on the pool shape thus decreases. Consequently, the calculated
pool depth decreases and agrees better with the observed one, as shown in
Figure 4.24b.

43 METAL EVAPORATION

4.3.1 Loss of Alloying Elements

Due to the intense heating of pool surface, evaporation from the weld pool
can be significant with some alloying elements. Evaporation-induced Mg losses
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Figure 4.25 Magnesium loss in a laser weld of an Al-Mg alloy. Reprinted from Pastor
et al. (45). Courtesy of American Welding Society.

from laser welds of aluminum alloys have been reported (43-45), and Figure
4.25 is an example (45). Since Al-Mg alloys are solution strengthened by alloy-
ing with Mg, Mg loss can result in substantial reduction in the tensile strength
of the weld metal. Similarly, Figure 4.26 shows evaporation-induced Mn losses
in laser welds of stainless steels (46).

Figure 4.27 shows the vapor pressure of several metals (47). It is clear that
Mg has a much higher vapor pressure than Al at any temperature; that is, Mg
has a greater tendency to evaporate than Al. This explains Mg losses from laser
welds of aluminum alloys. It is also clear that Mn has a much higher vapor
pressure than Fe, which explains Mn losses from laser welds of stainless steels.
The Langmuir equation has been used to predict the evaporation rate of metal
from the weld pool surface (47). However, according to DebRoy et al. (48-51),
it can overpredict by a factor of 10 or more.

4.3.2 Explosion of Metal Droplets

Evaporation can also occur as metal droplets transfer from the filler wire to
the weld pool through the arc, considering the very high temperature of the
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Figure 4.26
DebRoy (46).
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arc. Unstable metal transfer has been reported in GMAW with Al-Mg
and Al-Mg-Zn filler wires (52). In fact, high-speed photography revealed
in-flight explosions of metal droplets, resulting in much spattering. Figure
4.27 shows that Zn has an even higher vapor pressure than Mg. Obviously,
the high vapor pressures of Mg and Zn are likely to have contributed to the

explosions.

4.4 ACTIVE FLUX GTAW

The use of fluxes in GTAW has been found to dramatically increase weld
penetration in steels and stainless steels (53-58). The flux usually consists of
oxides and halides, and it is mixed with acetone or the like to form a paste and
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Figure 4.28 Gas-tungsten arc welds of 6-mm-thick 316L stainless steel: (a) without a
flux; (b) with a flux. Reprinted from Howse and Lucas (56).

painted as a thin coating over the area to be welded. Figure 4.28 shows gas—
tungsten arc welds made, without and with a flux, in a 6-mm-thick 316L stain-
less steel containing low S (0.005wt %) (56).

Howse and Lucus (56) observed that the arc becomes more constricted
when a flux is used. Consequently, they proposed that the deeper penetration
is caused by arc constriction and the vaporized flux constricts the arc by cap-
turing electrons in the cooler outer region of the arc. For the same welding
current, the more the arc is constricted, the smaller the area (zb%, where b is
the effective radius of the current density distribution) on the pool surface to
which the current field converges from the workpiece (through the weld pool),
and hence the greater the Lorentz force (F in Figure 4.10c) and deeper
penetration.

Tanaka et al. (57), however, proposed that the inward surface flow in the
presence of the oxygen from the oxide-containing flux causes the deeper
penetration. They gas—tungsten arc welded a 304 stainless steel containing
little (0.002wt %) S, with He for shielding and TiO, as the flux (TiO, is a main
ingredient in several commercial fluxes). They observed both an inward
surface flow and a significant decrease in the surface tension when the flux is
used. As mentioned previously, Y07 can become positive and cause inward
surface flow in the presence of a surface-active agent such as oxygen. They
observed a steep temperature gradient across the pool surface caused by the
inward surface flow. Spectroscopic analysis of the arc showed that the blue
luminous plasma appears to be mainly composed of metal vapor (Cr, Fe, etc.)
from the weld pool. The steeper temperature gradient across the smaller pool
surface suggests a more localized metal evaporation and hence a more con-
stricted arc, which also help increase the penetration.
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4.10

Experimental results show that the depth—width ratio of stainless steel
welds increases with increasing electrode tip angle. How does the angle
affect the effective radius of the electric current at the pool surface (the
anode spot)? How does this radius in turn affect weld pool convection
and the weld depth—width ratio?

Experimental results show that the depth—width ratio of stainless steel
welds decreases with increasing arc length. Explain why.

It has been suggested that the weldability of stainless steels can be
improved by oxidizing the surface by subjecting it to an elevated tem-
perature in an oxidizing environment. From the penetration point of
view, do you agree or disagree, and why?

Two heats of a stainless steel with the same nominal composition but
significantly different sulfur contents are butt welded by autogenous
GTAW. Which side of the weld is deeper and why?

Two GTA welds of the same 304 stainless steel were made, one with a
shielding gas of Ar and the other with Ar plus 700 ppm SO, gas. Which
weld was deeper and why?

Consider Marangoni convection in a simulated weld pool of NaNO;
such as that shown in Figure 4.17. As the laser beam diameter is reduced
at the same power from 5.9 to 1.5mm, does Marangoni convection in
the pool become faster or slower and why?

In electron beam welding with the surface melting mode, which driving
force for flow is expected to dominate?

In conduction-mode laser beam welding of a 201 stainless steel sheet
7mm thick, the welding speed was 3mm/s. The power was increased
from 400 to 600W. It was found that: (a) the Mn evaporation rate
increased, (b) the weld pool grew significantly larger in volume, and (c)
the Mn concentration decrease in the resultant weld metal decreased.
The Mn concentration was uniform in the resultant weld metal. Explain
(c) based on (a) and (b).

(a) Name the four different driving forces for weld pool convection.

(b) In GMAW with spray metal transfer, is there an additional driving
force for weld pool convection besides the four in (a)? If so,
explain what it is and sketch the flow pattern in the pool caused
by this force alone.

Paraffin has been used to study weld pool Marangoni convection. The
surface tension of molten paraffin decreases with increasing tempera-
ture, and convection is dominated by the surface tension effect. A thin



PROBLEMS 121
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Figure P4.10

slice of paraffin is sandwiched between two pieces of glass, and its top
surface is in contact with the tips of two hot soldering irons to produce
a weld pool that penetrates downward into the thin slice, as shown in
Figure P4.10. Sketch and explain the flow pattern and the shape of the
pool.
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5 Residual Stresses, Distortion,
and Fatigue

In this chapter the causes of residual stresses, distortion, and fatigue failure in
weldments will be discussed, and the remedies will be described.

5.1 RESIDUAL STRESSES

Residual stresses are stresses that would exist in a body if all external loads
were removed. They are sometimes called internal stresses. Residual stresses
that exist in a body that has previously been subjected to nonuniform tem-
perature changes, such as those during welding, are often called thermal
stresses (1).

5.1.1 Development of Residual Stresses

A. Three-Bar Arrangement The development of residual stresses can be
explained by considering heating and cooling under constraint (2). Figure 5.1
shows three identical metal bars connected to two rigid blocks. All three bars
are initially at room temperature. The middle bar alone is heated up, but its
thermal expansion is restrained by the side bars (Figure 5.1a). Consequently,
compressive stresses are produced in the middle bar, and they increase with
increasing temperature until the yield stress in compression is reached. The
yield stress represents the upper limit of stresses in a material, at which plastic
deformation occurs. When heating stops and the middle bar is allowed to cool
off, its thermal contraction is restrained by the side bars (Figure 5.1b). Con-
sequently, the compressive stresses in the middle bar drop rapidly, change to
tensile stresses, and increase with decreasing temperature until the yield stress
in tension is reached. Therefore, a residual tensile stress equal to the yield
stress at room temperature is set up in the middle bar when it cools down to
room temperature. The residual stresses in the side bars are compressive
stresses and equal to one-half of the tensile stress in the middle bar.

B. Welding Roughly speaking, the weld metal and the adjacent base metal
are analogous to the middle bar, and the areas farther away from the weld
metal are analogous to the two side bars (Figure 5.1c). This is because the
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Figure 5.1 Thermally induced stresses: (a) during heating; (b) during cooling;
(c) residual stresses in weld.

expansion and contraction of the weld metal and the adjacent base metal are
restrained by the areas farther away from the weld metal. Consequently, after
cooling to the room temperature, residual tensile stresses exist in the weld
metal and the adjacent base metal, while residual compressive stresses exist
in the areas farther away from the weld metal. Further explanations are given
as follows.

Figure 5.2 is a schematic representation of the temperature change (AT)
and stress in the welding direction (o,) during welding (2). The crosshatched
area M-M’ is the region where plastic deformation occurs. Section A-A is
ahead of the heat source and is not yet significantly affected by the heat input;
the temperature change due to welding, AT, is essentially zero. Along section
B-B intersecting the heat source, the temperature distribution is rather steep.
Along section C-C at some distance behind the heat source, the temperature
distribution becomes less steep and is eventually uniform along section D-D
far away behind the heat source.

Consider now the thermally induced stress along the longitudinal direction,
o,. Since section A—A is not affected by the heat input, o, is zero. Along section
B-B, o, is close to zero in the region underneath the heat source, since the
weld pool does not have any strength to support any loads. In the regions
somewhat away from the heat source, stresses are compressive (o, is negative)
because the expansion of these areas is restrained by the surrounding metal
of lower temperatures. Due to the low yield strength of the high-temperature
metal in these areas, o, reaches the yield strength of the base metal at
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Figure 5.2 Changes in temperature and stresses during welding. Reprinted from
Welding Handbook (2). Courtesy of American Welding Society.

corresponding temperatures. In the areas farther away from the weld o, is
tensile, and o, is balanced with compressive stresses in areas near the weld.

Along section C-C the weld metal and the adjacent base metal have cooled
and hence have a tendency to contract, thus producing tensile stresses (o, is
positive). In the nearby areas o, is compressive. Finally, along section D-D the
weld metal and the adjacent base metal have cooled and contracted further,
thus producing higher tensile stresses in regions near the weld and compres-
sive stresses in regions away from the weld. Since section D-D is well behind
the heat source, the stress distribution does not change significantly beyond it,
and this stress distribution is thus the residual stress distribution.

5.1.2 Analysis of Residual Stresses

Figure 5.3 shows typical distributions of residual stresses in a butt weld.
According to Masubuchi and Martin (3), the distribution of the longitudinal
residual stress o, can be approximated by the equation
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Figure 5.3 Typical distributions of longitudinal (o,) and transverse (o,) residual
stresses in butt weld. Modified from Welding Handbook (2).

where o, is the maximum residual stress, which is usually as high as the yield
strength of the weld metal. The parameter b is the width of the tension zone
of o, (Figure 5.3a).

The distribution of the transverse residual stress o, along the length of the
weld is shown in Figure 5.3b. As shown, tensile stresses of relatively low mag-
nitude are produced in the middle part of the weld, where thermal contrac-
tion in the transverse direction is restrained by the much cooler base metal
farther away from the weld. The tensile stresses in the middle part of the weld
are balanced by compressive stresses at the ends of the weld. If the lateral con-
traction of the joint is restrained by an external constraint (such as a fixture
holding down the two sides of the workpiece), approximately uniform tensile
stresses are added along the weld as the reaction stress (1). This external con-
straint, however, has little effect on o,.

Figure 5.4 shows measured and calculated distributions of residual stresses
o, in a butt joint of two rectangular plates of 5083 aluminum (60cm long, 27.5
cm wide, and 1cm thick) welded by GMAW (4). The c