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Welding induced residual stress and distortion are among the most studied
subjects for welded structures. The localized heating and non-uniform
cooling during welding results in a complex distribution of the residual
stress in the joint region, as well as the often undesirable deformation or
distortion of the welded structure. As residual stress and distortion can sig-
nificantly impair the performance and reliability of the welded structure,
they must be properly dealt with during design, fabrication, and in-service
use of the welded structures.

A number of factors influence the residual stress and distortion of a
welded structure.They are related to the solidification shrinkage of the weld
metal, non-uniform thermal expansion and contraction of the parent metal,
the internal constraints of the structure being welded, and the external
structural restraints of fixtures used in a welding operation. For many 
engineering materials, a transient welding thermal cycle also results in
microstructural changes in the joint region, which can further complicate
the formation of the residual stress field.

Since the early 1990s, considerable progress has been made on 
welding residual stress and distortion. Measurement techniques have
improved significantly and, more importantly, the development and appli-
cation of computational welding mechanics methods have been remarkable
due to the explosive growth in computer capability and to the equally rapid
development of numerical methods. The advances in the last decade or so
have not only greatly expanded our fundamental understanding of the
processes and mechanisms of residual stress and distortion during welding,
they have also provided powerful tools to enable quantitative determina-
tion of the detailed residual stress and distortion information for a given
welded structure. New techniques for effective residual stress and distor-
tion mitigation and control have also been applied in different industry
sectors.

This book provides an up-to-date comprehensive summary of the recent
developments and is organized into the following major subject areas:

Preface
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• the fundamentals of welding residual stress and distortion,
• computational methods and analysis methodology,
• measurement techniques,
• control and mitigation techniques,
• applications and practical solutions.

It is hoped that the text will be useful not only for advanced analysis of the
subject, but that it will also provide sufficient examples and practical solu-
tions for welding engineers.

The book is the result of collaboration between a number of leading
experts.We would like to express our thanks to all the contributors for their
hard and effective work, their promptness and their saintly patience with
regard to the editorial pressures. Finally, our sincere thanks go to Emma
Cooper at Woodhead Publishing for her major editorial and administrative
contribution.

Zhili Feng, Ph.D.
Metals and Ceramics Division

Oak Ridge National Laboratory
Oak Ridge, Tennessee

USA
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1
Understanding residual stress and distortion 

in welds: an overview

C. L. TSAI, The Ohio State University, USA and
D. S. KIM, Shell Global Solutions (US), USA

1.1 Introduction

One common problem associated with welding, which has been realized
and documented for many years, is the dimensional tolerance and stability
of the finished products. The welding-induced residual stresses in the weld-
ment are sometimes also a concern with respect to their effect on the frac-
ture and fatigue behaviors of the welded structures subject to dynamic
loading or adverse service environment.

In making a weld, the heating and cooling cycle always causes shrinkage
in both base metal and weld metal, and the shrinkage forces tend to cause
a degree of distortion. Machining of a welded product may cause dimen-
sional changes of the product owing to relaxation of weld residual stresses.
As a result of welding, the finished product may not be able to perform its
intended purpose because of poor fit-up, vibration problems, high reaction
stresses, reduced buckling strength, premature cracking or unacceptable
appearance. Control of weld residual stresses and distortion is a vital task
in welding manufacturing.

Attempts have been made by many researchers since 1930 to understand
weld residual stresses and distortion using predictive methodology, para-
metric experiments or empirical formulations. Attempts have also been
made in the last three decades to predict weld residual stresses and distor-
tion through computer simulations of welding process using the finite-
element analysis (FEA) method. One significant conclusion from these
studies is that the weld residual stresses and distortion are not influenced
much by the weld heating cycle but instead occur as a result of shrinkage
in the weld metal and its adjacent base metal during cooling when the yield
strength and modulus of elasticity of the material are restored to their
higher values at lower temperatures. Therefore, analysis of the shrinkage
phenomena of welds alone may be sufficiently accurate to predict the state
of weld residual stresses and distortion.This conclusion has led to the devel-
opment of a modeling scheme referred to as the ‘inherent shrinkage model’

3
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by some researchers. The root cause for welding-induced residual stresses
and distortion may be described using a plasticity-based hypothesis1.

This chapter will present the following.

1. A summary on the thermal and mechanical evolution process during
welding that leads to weld residual stresses and distortion.

2. An explanation of the significance of the shrinkage plastic strains in 
the formation of weld residual stresses and distortion using simple
analogies.

3. An overview of the common issues on analysis approaches predicting
weld residual stresses and distortion.

4. A list of references in the analysis of weld residual stresses and 
distortion.

1.2 Thermal and mechanical processes 

during welding

In a welded joint, the expansion and contraction forces act on the weld
metal and its adjacent base metal. As the weld metal solidifies and fuses
with the base metal, it is in its maximum expanded state. However, at this
point, the weld metal and its adjacent base metal are at high temperatures
and have little strength or rigidity.The volume expansion causes local thick-
ening in the weld area but is incapable of causing a significant amount of
plastic strains in the cooler joint neighborhoods. On cooling, it attempts to
contract to the volume that it would normally occupy at the lower temper-
ature, but it is restrained from doing so by the adjacent cooler base metal.
Stresses develop within the weld, finally reaching the yield strength of the
weld metal. At this point the weld stretches, or yields, and thins out, thus
adjusting to the volume requirements of the lower temperature, but only
those stresses that do not exceed the yield strength of the weld metal, or
the elastic mechanical strains, are relieved by this accommodation. In 1960,
Blodgett2 properly described this thermal and mechanical evolution process.

The plastic strains accumulated over the welding thermal cycles are pri-
marily compressive and remain in the weldment. By the time that the weld
reaches room temperature, the weld will contain locked-in tensile stresses
(residual stresses) of yield magnitude and the base metal away from the
weld is usually in compression with smaller magnitude. The internal tensile
and compressive forces are in equilibrium with the joint deforming to
comply with the strain compatibility. The residual stress distributions and
the amount of weld distortion depend on the final state of the plastic strain
distributions and their compatibility in the joint. Over three decades since
1930, the shrinkage distortion phenomena were studied by Spraragen and
Ettinger3, Guyot4, Watanabe and Satoh5 and others.

4 Welding residual stress and distortion
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The welding-induced incompatible inelastic strains in the weldment
during the heating and cooling weld cycles include transient thermal strains,
cumulative plastic strains and final inherent shrinkage strains.At any instant
during welding, the incompatible thermal strains resulting from the non-
linear temperature distributions generate the mechanical strains, which lead
to incremental plastic strains in the weldment if yielding occurs. The 
incremental plastic strains accumulate over the periods of heating and
cooling. Upon completion of the welding cycles, the cumulative plastic
strains interact with the weldment stiffness and the joint rigidity, resulting
in the final state of residual stresses and distortion of the weldment. This
final state of the inelastic strains, which are always compressive, is referred
to as the ‘inherent shrinkage strains’. Ueda et al.6 first presented this inher-
ent shrinkage concept to predict weld residual stresses and distortion in
1979, followed by many publications demonstrating the numerical proce-
dures for weld residual stresses and distortion prediction using the inher-
ent shrinkage concept7–10. In 1993–1995, Tsai and coworkers11,12 used spring
elements to describe the inherent shrinkage strains in the numerical 
simulation and analysis of angular weld distortion of tubular joints in 
automotive frames.

Welding-induced incompatible plastic strains (assuming a two-dimensional
(2D) plane-strain condition for illustration purpose) at each heating or cooling
time increment may be described mathematically as follows1:

[1.1]

where —2 is the Laplacian operator, sx and sy are thermal stress compo-
nents in the respective x and y directions, E is Young’s modulus, n is
Poisson’s ratio, a is the thermal expansion coefficient, q is a temperature
function, g(x, y) is a cumulative plastic strain function and Dg(x, y) is the
plastic strain increment function over each thermal loading step.The plastic
strain functions may be written as follows:

[1.2]

[1.3]

The Laplacian thermal strains are governed by the rate of enthalpy
change in the weldment. Upon completion of the heating and cooling cycles
the cumulative plastic strains in the weldment are usually compressive and
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become the inherent shrinkage strains gI(x, y) that interact with the struc-
tural rigidity to result in residual stresses s x

R and s y
R and distortion strains

ex
D and ey

D. Residual stresses may be written with a possible reverse yield-
ing gR(x, y) as follows:

[1.4]

The distortion strains may be written in the form of final total strains as
follows:

[1.5]

[1.6]

[1.7]

[1.8]

with the following superscripts: D represents distortion strains, I represents
the inherent (cumulative) shrinkage strains, R represents residual stresses
and PR represents plastic strains due to reverse yielding.

With known distortion strains determined from the inherent shrinkage
plastic strains, the distortion shape of a weldment can be determined by
integrating these strains with respect to spatial coordinate variables. For a
simple longitudinal plate bending case (e.g. welding along one edge of a
long plate), the total strain eD

cg at the center of gravity of any cross-sections
and its curvature C may be written as follows:

[1.9]

[1.10]

where AI is the shrinkage strain area that contains the inherent shrinkage
plastic strains and Asection is the geometric cross-sectional area. Zsection

cg and
ZI

cg are the distances from weld to the centers of gravity of these two 
areas respectively. The average shrinkage strain eD

cg at the section centroid
shows the amount of longitudinal shrinkage of the weldment. The curva-
ture C is the curvature of the cross-section at a given location along the
weld axis.

C
Z Z

I
y zx

A

=
-

ÚÚcg
section

cg
I

I d d
I

e

e
e

cg
D

I

section

d d
I=
ÚÚ x

A

y z

A

g g
n

t gxy xy xy xyE
D I R PR- =

+( )
+

2 1

e e e s n s s e ez x y z x y x yE
tD I I R R R PR PR constants tan- +( ) = - +( )[ ] - - = ¥

1

e e s n s s ey y y z x yE
D I R R R PR- = - +( )[ ]+1

e e s n s s ex x x y z xE
D I R R R PR- = - +( )[ ]+1

— +( )+ ( ) = - ( )2 s sx y g x y g x yR R R I, ,

6 Welding residual stress and distortion

© 2005, Woodhead Publishing Limited



For an inherent plastic strain distribution uniform along the welding
direction, the maximum bending distortion dB may be determined by 
integrating the curvature of all cross-sections along the weld length and 
can be written as

[1.11]

Equations [1.1]–[1.8] demonstrate that the cumulative plastic strains
govern the final state of weld residual stresses and distortion. Therefore, an
engineering approach to estimating welding-induced residual stresses or
distortion is to establish the relationships between these plastic strains and
variables associated with welding process, joint design and structural detail.
Some physical phenomena that occur during welding may not be described
using these theoretical equations, and the effects of these phenomena can
only be analyzed by the numerical simulations. During the heating process
all the strains in the molten pool relax to the nil strain state. Upon solidifi-
cation the weld metal shrinks from the melting temperature resulting in
high shrinkage stresses. The inherent shrinkage strains should include these
shrinkage strains. However, depending upon the relative stiffness of the
shrinkage zone and the elastic-resistance zone in the base metal, only those
inherent strains that are twice the material’s yield magnitude are effective
in causing the final state of residual stresses and distortion.

The inherent shrinkage strains are primarily caused by material soften-
ing and nonlinear thermal gradients in the cooler areas. The inherent
shrinkage strains are uniform along the weld length, except in the areas of
arc start and stop. They are nearly uniform within the softening area in the
direction transverse to the weld. The strain magnitude decreases at a steep
slope to zero within a short distance from the edges of the softening zone.
The peak temperatures attained in the weldment are uniquely related to
the longitudinal inherent shrinkage strains owing to the relatively large
stiffness ratio between the soften zone and its cooler surroundings. The
peak temperature distribution can be used to estimate the longitudinal
inherent shrinkage strains with good accuracy. The longitudinal residual
stresses and the longitudinal cambering can therefore be determined from
the peak temperature distributions. Buckling can also be predicted in large
thin-plate weldments13.

The peak temperatures alone are insufficient to determine the transverse
inherent shrinkage strains because of the smaller stiffness ratio and its 
sensitivity to the joint thickness and the external constraint conditions13.
Nevertheless, with a procedure considering the material incompressibility,
the transverse inherent shrinkage strains considering the effect of varying
stiffness ratios can be used to estimate with good accuracy the transverse
residual stresses and angular distortion of the weldment14.

d B =
CL2

8
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1.3 Modeling welding processes

To illustrate the basic formation process of the plastic strains in heating 
and cooling situations and the significance of the cumulative plastic strains
on the final state of residual stresses and distortion, three simple
thermal–mechanical models are presented as follows.

1.3.1 One-dimensional bar–spring model

A one-dimensional (1D) bar model15 that consists of a bar and a restrain-
ing spring at one end of the bar is shown in Fig. 1.1. Assume that the bar 
is going through a uniform heating and cooling cycle resulting in the
maximum (peak) temperature qp. The spring is insulated from the bar and
remains at room temperature during the thermal cycle. The stiffness of the
bar, kb = EA/L, where E is the elastic modulus, A is the cross-sectional area
and L is the original length of the bar. The spring stiffness is represented
by the spring constant ks. A stiffness ratio b is defined as

[1.12]

The stiffness ratio represents a degree of restraint on the bar during the
thermal cycle. The bar would stretch in accordance with the thermal strain

b =
+
k

k k
s

s b

8 Welding residual stress and distortion

Rigid support

Rigid support

Spring ks  

aq

   
L  

E 

 

–ksetL
EA  

Bar kb

et
ee + ep

1.1 A 1D bar–spring model.
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aq for a very soft spring (i.e. b approaches zero). However, owing to the
spring stiffness, it compresses a portion of the free expansion, resulting in
mechanical strain, which includes both elastic (ee) and plastic (ep) com-
ponents if the mechanical strain surpasses the yield point of the bar. The
total strain et of the bar represents the actual unit elongation of the bar at
a given temperature. The spring is compressed to the same amount as bar
elongation etL because of displacement compatibility at the junction of the
bar and the spring. The force exerted on the bar by the spring should be in
equilibrium with the spring force.

Assuming that the bar is a perfect plastic material (i.e. no strain harden-
ing) under monotonic loading (i.e. path independent due to one-
dimensional (1D) thermal loading), by equilibrating the bar force eeEA
or eekbL and the spring force -ksetL or -ks(aq + ee + ep)L the normalized
(i.e. divided by the yield strain of the bar) mechanical strain components
and thermal strain can be derived as

[1.13]

Both elastic and plastic strains have negative values during heating. The
elastic strain will change and may become tensile upon cooling of the bar;
however, the plastic strain will remain compressive and cumulative in the
bar during the entire heating and cooling cycle.

Depending upon the maximum temperature that the bar reaches during
heating, the cumulative plastic strain can be derived and summarized as
follows.

1. When aq* � 1/b, no yielding occurs. There should be no plastic strain
component (ep* = 0) and the elastic strain equals e e* = -baq*. The stress
in the bar is s = -baq*E.

2. When 1/b � aq* � 2/b, yielding occurs during the heating cycle. The 
normalized elastic strain or stress is unity when yielding occurs (i.e.
e e* = 1). There is no reverse yielding during the cooling cycle.
Therefore, the normalized cumulative plastic strain will be compressive
and equals

[1.14]

3. When 2/b � aq*, reverse tensile yielding would occur that compensates
the compressive plastic strains.The normalized cumulative plastic strain
will remain constant regardless of the maximum temperature. The
elastic strain remains unity (i.e. ee* = 1):

[1.15]e
bp* = -
1

e aq
bp* *= - +
1

e b aq ee p* = - +( )* *
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The cumulative plastic strain is always compressive. When the spring is
removed from the bar after completion of the thermal cycle, the bar will
shrink by an amount ep*L, which has the minimum possible magnitude of
1/b. This cumulative plastic strain ep* is often called the ‘inherent shrinkage
strain ep

i’ in the analysis of weld residual stresses and distortion.
Figure 1.2 plots the relationship between the inherent shrinkage strain

and the stiffness ratio, with various magnitudes of thermal strain up to ten
times the yield strain of the bar material. It shows that the inherent shrink-
age strain will not be generated if the stiffness ratio b is small depending
upon the magnitude of the maximum temperature. The higher the
maximum temperature, the less constraint would be required to start the
plastic strain formation. However, on the other hand, increasing the stiff-
ness ratio beyond the threshold value would eventually result in less cumu-
lative plastic strain. The reverse-yielding tensile plastic strain generated
from cooling compensates the compressive plastic strain developed during
heating. For a highly restrained bar, the shrinkage strain has the magnitude
of one material’s yield strain regardless of the magnitude of the maximum
temperature ever reached in the bar.

It is realized that the bar softens when the temperature reaches a thresh-
old temperature. Under this circumstance, almost the entire thermal strain
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turns into compressive plastic strain with very little elastic strain in the bar.
A spring of any stiffness would restrain any extension of the bar. Should
the bar melt when the maximum temperature rises beyond the melting
point of the material, the compressive cumulative plastic strain would be
totally relaxed. Upon solidification and cooling, the bar will start to shrink
upon recovering the material’s stiffness at the softening temperature. The
plastic strain will be in tension; however, its effect is to cause the bar to
shrink. This tensile plastic strain can therefore be inverted and considered
as shrinkage strain. This phenomenon would be similar to weld metal
shrinkage in the actual weldment.

Figure 1.3 shows the elastic strain change with increasing thermal strain
(i.e. the same as temperature change) for four different stiffness ratios: 0.25,
0.33, 0.50 and 1.00. Assuming the yield strain to be a constant value until
the temperature reaches 600°C or the normalized thermal strain aq* equals
4.0, when the material’s yield strain becomes zero,Table 1.1 summarizes the
state of the elastic strain (i.e. residual stress) and the inherent shrinkage
strain before and after the removal of the spring constraint.

When the bar temperature is greater than the material’s softening tem-
perature (aq* > 4.0), there will be no elastic strain or total strain in the bar
until the bar cools to the softening temperature. The cumulative compres-
sive plastic strain has the same magnitude as the thermal strain at this tem-
perature (ep* = -4.0). No other strain components exist. Upon further
cooling, tensile elastic strain (stress) begins to develop. Reverse yielding

An overview 11
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occurs when the tensile strain reaches the material’s yield point. The com-
pressive plastic strain is reduced by the tensile plastic strain because of
reverse yielding. The elastic strain (stress) remains in tension and unity 
(e e* = 1.0) after reverse yielding occurs. Upon cooling to room temperature,
the inherent plastic strain ep

i is -4.0 plus any tensile plastic strain generated
during the cooling process.Table 1.1 shows that increasing the stiffness ratio
will reduce the inherent shrinkage strain, as well as the final shrinkage dis-
tortion after removing the spring constraint.

A general observation from this 1D analogous model suggests that yield-
ing would occur at a lower temperature when the degree of constraint
increases. However, with increasing constraint the final shrinkage of the bar
after completion of the thermal cycle and removal of the constraint would
be proportionally reduced. This implies that weld joints either with no con-
straint (i.e. free joint) or on the other hand under strong jigging constraint
would reduce the amount of inherent shrinkage strain in the weldment and,
hence, result in less distortion. Weld residual stress is not much influenced
by the restraint if softening of the material is considered. In such a case, the
residual stress remains at yield stress level in tension regardless of the stiff-
ness ratio except for the totally free bar.

1.3.2 Longitudinal plate shrinkage and bending model

To illustrate the theoretical basis of the inherent shrinkage behavior of a
weldment, a 2D welding model that simulates a welding arc moving along
one edge of a plate is presented. Figure 1.4 shows the thermal strain dis-
tribution corresponding to the peak temperature distribution (i.e. the
maximum temperature trace in the cross-section during the weld thermal
cycle) along a cross-section beneath the edge weld (line a–b–c–d–e–f–g–h).
Line k–i represents the softening temperature boundary (600°C or aq* =
4.0). The total strain distribution can be approximated by a straight line
(line a–b–e–f–i). The nonlinear stiffness of the softened area is insignificant
in comparison with the rigid elastic cooler area in the same cross-section.
The total strain line shows an average longitudinal elongation at the section
centroid (middepth point n) and the bending curvature as shown by the
slope C of the total strain line. When the thermal strain is subtracted from
the total strain, the difference between the two is the mechanical strain,
which includes both elastic and plastic strain components.

In the area where the temperature is greater than the material’s soften-
ing temperature, there should not exist any elastic strain (stress) and, there-
fore, the effective thermal strain has the same magnitude as the total strain
(line a–b). Since the plastic strain does not influence the total strain due to
the assumption of a perfect plastic material, the effective thermal strain in
the region represented by line i–d is actually bounded by the material’s
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yield strain (line c–d). Assuming that no other yielding exists, the effective
thermal strain distribution in the cross-section is shown by the adjusted
thermal strain contour (line a–b–c–d–e–f–g). The location point m is the
centroid of the effective thermal strain area. The plastic strain area is 
represented by area a–b–c–d–i–j–i–k–a.

The transient thermal stress distribution just before completion of the
weld thermal cycle is shown in four regions in the cross-section.

1. Zero stress between 0 and 1.
2. Compressive stress with partial yielding between 1 and 2.
3. Tensile stress between 2 and 3.
4. Compressive stress between 3 and 4.

Because of equilibrium of longitudinal forces and moments in the cross-
section, the sum of the compressive areas b–c–d–e–b and f–g–h–i–f equals
the tensile area bounded by the total strain line e–f and the thermal strain
curve between 2 and 3.

Upon complete cooling of the weldment, the inherent shrinkage strain in
the cross-section is inverted on the strain coordinate to show negative strain
values. Since the thermal strain diminishes as it returns to room tempera-
ture, this inverted shrinkage strain plays a key role, similar to the thermal
strain effect on the transient deformations in the plate, in determining the
final state of strains of the weldment. Figure 1.5 shows the final elastic strain
(residual stress) and the final total strain (distortion) components. The base
width of the plastic strain (line o–e) is close to the diffusion depth of the
peak temperature in the cross-section (distance 1–5 as shown in Fig. 1.4).

The inherent shrinkage strain is the cumulative plastic strain that actu-
ally affects the final total strain (distortion) and the final elastic strain (resid-
ual stress) in the cross-section. It is represented by area o–a–b–c–d–e–o as
shown in Fig. 1.5. Because of the high stiffness ratio b in the longitudinal
bending model, the magnitude of the inherent shrinkage strain is no more
than twice the material’s yield strain. The weld residual stresses shown in
the three regions are as follows.

1. Tensile stress with partial yielding between 0 and 1.
2. Compressive stress between 1 and 2.
3. Tensile stress between 2 and 3.

The average longitudinal shrinkage is represented by the total strain ecg

at the geometric centroid n of the cross-section, which is proportional to
the inherent shrinkage strain area Ai

p but inversely proportional to the plate
depth d. The average longitudinal shrinkage strain is

[1.16]ecg
p
i

=
A
d
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The curvature C is the slope of the total strain line. It is proportional 
to the area Ai

p of the inherent shrinkage strain multiplied by the distance
zm - zn between the two centroids, but inversely proportional to the unit-
thickness moment d3/12 of inertia of the cross-section:
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[1.17]

Equations [1.16] and [1.17] hold the same relationships as Eqns [1.9] 
and [1.10].The total longitudinal shrinkage (DL) and bending displacements
dB of the plate can be determined by integrating the cross-sectional 
shrinkage and bending curvature over the entire weld length Lw. Equation
[1.11] explains the procedure for bending displacement calculation.
Thus

[1.18]

[1.19]

Assuming, firstly, that a weld bead is instantaneously deposited on one
of the plate edges by a line heat source (i.e. welding completes before any
place in the plate cools below the material’s softening temperature), sec-
ondly, that the centroid of the plastic strain zone is close to the weld edge
of the plate, thirdly, that the upper bound of the total strain at the weld edge
of the plate remains the same during heating and cooling and, fourthly, that
the thermal and mechanical properties of the plate material are tempera-
ture independent, the upper bound solution of the inherent shrinkage strain
area may be approximately written as follows16:

[1.20]

where a is the thermal expansion coefficient, rCp is the volumetric specific
heat, ha is the arc efficiency, Ea is the arc voltage, Iw is the welding current,
V is the travel speed and t is the plate thickness. The proportional constant
in Eqn [1.20] reflects the peak temperature (°C) that defines the boundary
of the inherent strain depth. Ai

p (cm) may also be expressed in terms of
linear heat input per unit plate thickness as qlin (cal/cm2).

For low-carbon steel, let a = 1.2 ¥ 10-5 °C-1 and rCp = 1.14cal/cm3; the
inherent shrinkage area (cm) becomes

[1.21]

The final longitudinal shrinkage (cm) and bending distortion (cm) can be
written as follows:

[1.22]DL lin
w= - ¥ -0 53 10 6. q

L
d

A qp
i

lin= - ¥ -3 53 10 6.

A
C

E I V
t C

qp
i

p

a w

p
lin

a= - = -0 335
0 24

0 335.
.

.
a

r
h a

r

d B
w=

CL2

8

DL cg w= e L
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d

A=
-z zm n
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i
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[1.23]

where d is the depth of the plate.

1.3.3 Transverse shrinkage and angular distortion of
groove welded butt joint

The transverse shrinkage and angular distortion of groove welded butt joint
without jigging constraint are practically caused by the shrinkage strains
existing in the weld nugget and its vicinity bounded by the softening 
temperature of the material. Very little plastic strain exists outside this 
temperature boundary owing to the low stiffness ratio of the free joint.
Therefore, it is reasonable to assume that weld shrinkage and bending cur-
vature occur in the cross-sections beneath the width of the weld face. The
inherent shrinkage strains may be assumed to be a constant value that
equals the thermal expansion coefficient multiplied by the shrinkage tem-
perature, aqs, which can be determined by the equilibrium conditions
between the shrinkage strains and the total strains with adjustment of the
material’s yielding behavior.The shape of the inherent shrinkage strain area
is influenced by the groove geometry, energy input and plate thickness. Its
shape may be triangular (V-groove), rectangular (U-groove) or semicircu-
lar (bead on plate), or a more generic parabolic shape for a partial joint
penetration detail. Assuming that shrinkage occurs only within the weld
nugget area (i.e. this is a situation for high-speed welding), with the weld
face width b and weld penetration depth s being the two geometric para-
meters, the shrinkage area As can be defined as

[1.24]

where g is the geometric factor that equals unity for a rectangular shape,
0.78 for a semicircular shape, 0.67 for a parabolic shape or 0.5 for a trian-
gular shape.

Figure 1.6 shows a schematic presentation of shrinkage deformation for
a triangular nugget shape and the resulting average transverse shrinkage
deformation and bending curvature of the butt joint. All the strain values
can be obtained by dividing the shrinkage deformation by the weld face
width b. The proportional constant k represents the portion of the shrink-
age strain over the material’s yield point, which does not influence the total
strain or stress.

The maximum shrinkage deformation is at the weld face, which is shown
as baqs. The shrinkage deformation becomes zero at the weld root (weld
penetration). The inherent shrinkage deformation area Ai

s (cm2) is shown

A bss = g

d B lin
w= ¥ Ê

Ë
ˆ
¯

-2 64 10 6

2

. q
L
d
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by area o–a–b–c–d–e–o and the transverse shrinkage deformation Dcg is
shown by line a–d–f–g. The average transverse shrinkage is the deforma-
tion value at the midthickness n of the plate.The angular distortion f is rep-
resented by the curvature, which is the slope of the deformation line. They
can be written as follows:

[1.25]Dcg
s
i

=
A
t
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[1.26]

where zm is the distance from the weld face to the centroid of the inherent
shrinkage deformation area.

Equations [1.25] and [1.26] contain two unknowns, which are Dcg, and f
with a further two unknowns embedded in Ai

s. In addition to two mechani-
cal conditions, namely force and moment equilibrium for Dcg and f, there
are also two trigonometric conditions for k and zm within the triangular area
o–a–b–h–c–d–e–o. The average transverse shrinkage and angular distortion
can be written as follows:

[1.27]

[1.28]

[1.29]

The normalized average transverse contraction r and angular distortion m
for a triangular nugget shape may be written as follows:

[1.30]

[1.31]

where k is a function of s/t as shown in Eqn [1.29] and zm can be deter-
mined from the geometric relation of Ai

s.
Assuming that the linear heat input for a given penetration requirement

s (cm) of a given joint thickness t (cm) and a given nugget shape in a given
material is qs (cal/cm), the weld nugget (shrinkage) area As can be expressed
as As = g bs = qs/L, where L (cal/cm3) is the melting energy density, the value
of which depends on the welding process and conditions. The penetration-
to-thickness ratio can therefore be written as

[1.32]

Assuming that L = 3900cal/cm3 for a carbon steel, that the nugget is tri-
angular (g = 0.5) and that s/t = 5.13 ¥ 10-4 qs/bt, the parameter qs/bt may be
substituted for s/t in Eqns [1.30] and [1.31] for the normalized transverse
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contraction and normalized angular distortion respectively. Both expres-
sions become functions of qs/bt for a given aqs/eys ratio. The heat input 
parameter qs/bt can be obtained for a given weld penetration s and weld
face width b experimentally.

For different weld nugget shapes, the same analysis procedure as for the
triangular shape can be performed to obtain relationships of s/t versus k, r
versus (s/t, k) and m versus (s/t, k). A more detailed procedure has been
described by Okerblom16.

1.4 Predicting weld residual stresses and distortion

The plasticity-based analysis provides an engineering basis for study of weld
residual stresses and distortion. There exist unique relationships between
the inherent shrinkage strains and the weld residual stresses and distortion.
This engineering analysis methodology can be extended to incorporate 
the effects of initial deformation, interaction between neighboring 
welds, welding sequence and structural stiffness16. To apply the plasticity-
based analysis procedure for practical situations it usually requires mock-
up welding tests calibrating the engineering solutions for characteristic
process parameters, material nonlinearities and geometrical constraints.
This engineering approach may be oversimplified to address many essen-
tial but inexplicable physical phenomena of welding. Therefore, the pre-
dicted results are often more useful towards development of heuristic
knowledge than quantification of weld residual stresses and distortion in
complex fabrication situations. However, heuristic knowledge, integrated
with relevant practical experience, is critical to the success of any welding
fabrication projects, especially when welding distortion is of a significant
concern.

An alternative to the experimental calibration procedure for the 
plasticity-based analysis is to perform virtual simulation of the welding
process and procedure using numerical modeling schemes such as the FEA
method. Many of the physical phenomena associated with welding can be
simulated using FEA models. The significance of this virtual simulation
method is the capability to isolate essential parameters of the complex
welding process and procedure to study the effects of respective param-
eters on the formation of welding-induced stresses and deformation.
Although the simulation procedure still requires experimental calibrations
on measurable parameters, the simulation procedure can be used for sys-
tematic investigations on relevant parameters, which may not be accom-
plished by experimental studies alone. For example, the inherent shrinkage
strain can only be realistically determined using the modeling and simula-
tion procedure. The FEA modeling and simulation procedure can be used
to develop the database of inherent shrinkage strains for various welding
situations of different characteristic processes and procedures.
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To date, many attempts have been made by researchers to predict weld
residual stresses and distortion through computer modeling and simulations
of the welding process and procedure using the FEA method7–54. A non-
linear time-dependent thermal elastic–plastic analysis of a moving source
problem is usually performed to predict the thermal and mechanical
responses of the connections under welding. Metallurgical evolutions due
to welding have also been incorporated in the analysis for some materials.
Weld residual stresses and distortion can be quantitatively determined.
Through parametric studies of various welding factors by welding process
and procedure simulations, appropriate weld design, welding procedure,
jigging–fixturing and assembly sequence to minimize weld distortion have
been realized by many researchers17–25.

Despite recent efforts in the development of predictive weld stress and
deformation methodologies using the FEA method, little success has been
achieved for practical problems. The enormous temperature differential in
the arc area creates a non-uniform distribution of heat in the workpiece.
As the temperature increases, the yield strength decreases, the coefficient
of thermal expansion increases, the thermal conductivity decreases and the
specific heat increases. In addition, welding causes changes in the physical
phases and metallurgical structures in the weld. To anticipate the weld
stresses and deformation from a straightforward analysis of heat is difficult.

The FEA method has been used to predict weld residual stresses and dis-
tortion by many researchers in various studies. However, the weld residual
stresses and distortion predicted by the thermal, elastic and plastic FEA
method have been reported to be much smaller than the magnitude of the
experimentally measured distortion26. This is because of the existence of
compressive plastic strains in the weld metal created during the heating
cycle of the welding process in the FEA model. In reality, these heating-
induced plastic strains are relaxed when the weld metal becomes molten
liquid. The physically non-existing compressive plastic strains in the FEA
model results in the prediction of smaller weld distortions27.

Besides the problems associated with heating-induced plastic strains, the
major obstacles in the FEA simulations of welding processes are the enor-
mous requirements for computing time and processing memory (central
processing unit (CPU)) for simulating structural welding. To predict weld
distortion caused by a 6 in weld segment, a CPU time of 72h would be
required on a CRAY Y-MP supercomputer28. To include numerical proce-
dures for relaxing the plastic strains in the molten weld pool, an estimated
additional CPU time of several hours would be required. These CPU
requirements practically prohibit the use of the thermal, elastic and plastic
FEA method for the prediction of distortion in a welded structure.

The common FEA simulation models may incorporate several unique
features, which are briefly summarized as follows.
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1.4.1 Modeling strategy

Although realistic welding problems tend to be truly three dimensional
(3D) with complex geometry, transient and nonlinear, the 3D numerical
modeling procedure usually requires huge computer resources. Since the
computational demands by 3D models have limited the size of welds that
can be analyzed, 2D models have long been utilized to reduce computing
cost. Although it is a common belief that 3D models formulated with a
moving heat source simulating the welding heat input and other nonlinear
physical parameters can accurately compute weld residual stresses and dis-
tortion, using a hybrid weld and structural model with mixed 2D and 3D
elements can be a realistic alternative modeling approach in many practi-
cal situations23,24.

For 2D modeling and analysis, some geometrical conditions have to be
met and some assumptions have also to be made before a 2D model can
be generated and used to simplify a 3D model. According to the geometri-
cal conditions and the assumptions adopted, there are three general types
of 2D FEA model that are frequently applied to predict weld residual
stresses and distortion.

1. Axisymmetric model.When both geometry and loading have a common
axis of symmetry, the axisymmetric condition exists. This model is
usually applied in the analysis of a spot or projection welding process.

2. Plane-stress model. When the plate thickness is small or the tempera-
ture and stress changes in the thickness direction are negligible, the
plane-stress condition exists. In most structural welding projects, it
involves thin-plate weldments in 3D frames. Therefore, it is reasonable
to apply the plane-stress weld model in a 3D structural analysis.

3. Generalized plane-strain model. It assumes the existence of a plane,
which contains all displacement vectors that have a constant strain
value normal to the plane (i.e. a cross-sectional plane remains a plane
when it deforms). For 2D modeling analysis of a weld cross-section, the
generalized plane-strain condition must be specified in lieu of the
general plane-strain condition that restricts displacements normal to
the cross-sectional plane. When the general plane-strain condition is
applied, the entire cross-section would yield because of complete rigid-
ity of the cross-section26.

Another modeling issue commonly asked by the researchers is the coupling
of the thermal and mechanical analyses in the numerical procedure. In the
coupled analysis, thermal and mechanical behaviors are analyzed sequen-
tially in the time increments incorporating the effect of the mechanical
work in the thermal evolution process. This coupled analysis is CPU inten-
sive. Because the effect mechanical work is insignificantly small in 
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comparison with the welding heat input in most of the welding processes,
uncoupled thermomechanical analysis is a common practice. In addition,
when using the uncoupled analysis approach the thermal evolution results
predicted by the welding analysis can be independently verified prior to the
mechanical analysis26.

1.4.2 Heat input model

The welding heat source has been modeled with different degrees of sim-
plicity depending upon the analysis requirements. For a generalized plane-
strain welding model of a 2D cross-section, the heat source is scanned across
the cross-section at the travel speed with the linear heat input energy con-
sistent with the welding heat input. In this case, heat diffuses into the mate-
rial on both sides of the weld without any heat dissipation along the weld
axis. This 2D analysis results in significant inconsistency in the cooling rates
due to ignorance of heat diffusion along weld axis. This is particularly true
for a slow travel speed. When the welding travel speed is high, direct heat
deposition to the joint circumvents the material’s diffusivity effect, which
would reduce the inaccuracy of the 2D heat flow model. In order to com-
pensate for the heat flow inconsistency in a 2D model; a ramp-heat model
has been studied29.This ramp-heat model assigns more heat to the later part
of the scanning period to adjust both heating and cooling rates. If only the
final states of weld stresses (residual stresses) and deformation (distortion)
are of interest, they are generally insensitive to the heat input model
because these final states are primarily influenced by the cooling tempera-
tures below materials softening temperature. These temperatures occur at
greater distance from the moving heat source and are usually insensitive to
the heat input model.

The other issue associated with welding of a thick joint is simulation of
multiple weld passes in the 2D model. The root and cap weld passes usually
dominate the formation of weld residual stresses and distortion. The fill
passes have less influence on the final states of weld stresses and distortion.
Therefore, the fill passes may be lumped into individual weld layers without
compromising the accuracy of the prediction29.

In the 2D plane-stress model for a thin plate or the 3D model of a plate
with a finite thickness a moving heat source is usually incorporated in the
analysis. Several different heat source distribution models have been
studied. The traditional Adam’s point (thick-plate) or line (thin-plate) heat
source models are often used in the theoretical welding heat analysis30–33.
A singularity condition occurs at the heat source owing to the assumption
of heat concentration at a point or along a line through the plate thickness.

Several heat source models with flux distribution over a surface area have
been studied. Pavelic et al.34 proposed a Gaussian distribution of flux
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deposited on the surface. Tsai35 modified the model proposed by Pavelic et
al. with a skewed Gaussian distribution of flux in which the arc column is
distorted backwards to reflect the effect of welding speed and to adjust the
cooling evolution in the analysis. Anderson36 used a piecewise constant flux
over the weld pool. Goldak et al.37,38 proposed a non-axisymmetric 3D heat
source model in which the power density is dispensed with a Gaussian dis-
tribution in a double ellipsoid representing the weld pool. All these heat
source models require calibration with the weld pool boundary (i.e. the
peak temperature at this boundary is the material’s melting temperature)
as an intimate correction factor. The double-ellipsoidal heat input function
has been commonly used by researchers in the modeling analysis requiring
accurate prediction of thermal evolution in or near the weld pool39,40.
However, for weld distortion analysis, such a detailed heat source model is
usually unnecessary. FEA analysis using normal heat distribution function
has also been conducted for weld residual stresses and distortion studies by
researchers41–43.

1.4.3 Strain relaxation model due to melting

When melting occurs in the weld pool, molten metal does not retain the
plastic strains accumulated during the heat cycle. Upon solidification and
reducing the temperature to regain the material’s strength and rigidity, the
weld shrinks by one to several times the yield strain magnitude depending
upon the joint stiffness, as demonstrated by the one-dimensional bar–spring
model. However, a numerical procedure incorporating the strain relaxation
phenomenon may be unnecessary in the analysis. Weld shrinkage strains
may be directly superimposed on the inherent shrinkage strains predicted
with a model without considering the relaxation phenomenon. The magni-
tude of the weld shrinkage strain can be determined by adding about once
the yield strain magnitude to the predicted total strain in the weld using an
iterative procedure. As illustrated by the analogous examples presented
earlier in this chapter, any shrinkage strain magnitude more than one yield
strain beyond the total strain is irrelevant to the force and moment equi-
librium conditions as required in the analysis procedure.

1.4.4 Metallurgical evolution model

The metallurgical evolution may develop stresses due to strain incompati-
bility during solid-state phase transformation36,44. This strain incompatibil-
ity results in stresses between the grains of different phases, which may have
a significant influence on the state of residual stresses in the weld metal and
heat-affected zone in joining certain types of material such as martensitic
weldments. However, this phase transformation stress is usually ineffective
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in influencing the final state of weld distortion. The actual weld shrinkage
strain is already beyond the effective shrinkage strain magnitude in the
weld zone; therefore, weld distortion is usually not affected by the trans-
formation stress.

1.4.5 Large-scale distortion analysis model

To date, analysis of weld residual stresses and distortion using either a 2D
or a 3D FEA model has been primarily applied to study individual weld
joints. For practical industrial applications, the large structural FEA model
with adequately meshed elements is usually cost prohibitive for a detailed
thermal elastic–plastic analysis with moving heat source. Attempts have
been made by many researchers to develop new techniques to handle the
large-scale structure problem. Paul et al.45 studied distortion of long steady
welds using an Eulerian formulation. The ESI Group46 developed a decou-
pled 3D weld modeling and 3D structural response and implemented them
in a FEA program, called SYSWELD. This hybrid modeling technique has
also been applied for large structures using a 2D weld model and 3D struc-
tural model for thin-plate space frames.

To study the structural behaviors of welded components during their fab-
rication process, a large-scale computational algorithm is usually required47.
This algorithm may be realized on the basis of the physical fact that thermal
strains above several times the yield strain of material are almost ineffec-
tive in causing weld residual stresses and distortion. Therefore, simple but
more efficient computational heat flow schemes may be implemented to
reduce the computational requirements. Using the adaptive meshing tech-
nique48,49 in the numerical analyses can also drastically reduce the compu-
tational requirements. This computation algorithm can predict distortion of
large structures. It can also be used to study the effect of the scaling factors
between a mock-up model and a real structure model50.

Since the inherent shrinkage strain is the primary cause for weld distor-
tion, these plastic strains may be mapped onto a structural model to inter-
act with the structure rigidity if the plastic strains can be determined by
simulation of an individual weld using either a 2D or a 3D model. The lon-
gitudinal plastic strain component has been mapped to a butt or T-joint to
predict buckling behavior in large ship panels51–53. More recent work by
Jung and Tsai54 studied the significance of each individual plastic strain com-
ponents on angular distortion of fillet welded T-joints. This plasticity-based
distortion analysis verified a unique relationship between cumulative plastic
strains and angular distortion. It is believed that modeling of the shrinkage
phenomenon of welds alone may be sufficiently accurate in predicting the
weld distortion in large structures. User interface software has been devel-
oped to map the plastic strains from the weld model automatically to a
structural model14.
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1.4.6 Practical applications of modeling analysis results

To incorporate variations in the field practice of welding assemblage, the
heuristic rules expressed in algorithmic form (analytical), as experimental
data (empirical), and in a realm of experience (skills or know-how) are
needed. This heuristic knowledge is generally stored in the mind of an
‘expert’ in the field. Modeling analysis is an effective supplement or an
alternative to the empirical experience of experts in developing the heuris-
tic knowledge base in the form of an electronic expert system for practical
applications.

In production environments, heuristic knowledge on weld residual
stresses and distortion control may be implemented via an expert system
that is a computer program using the artificial intelligence (AI) architec-
ture. The AI architecture integrates components such as knowledge (algo-
rithmic and empirical), heuristics and decision making. It also produces
‘intelligent’ behaviors by operating on the knowledge of a human or a
virtual (i.e. modeling and simulation) expert in a well-defined application
domain.The expert guidelines may be used to provide consultation services
for structural designers and welding fabricators to determine quickly the
optimum relationship between structural geometry, joint detail or jigging
planning and the resulting weld residual stresses and distortion. The 
plasticity-based algorithms may be used as the heuristic engine of the expert
system.

As a commentary on the analysis approaches, regardless of the com-
plexity or completeness in modeling the physical behaviors of the welding
simulation models, the purpose of modeling analysis should not be consid-
ered only as a predictive tool trying to quantify weld residual stresses and
distortion. This common misconception may be counterproductive in
solving the weld residual stresses and distortion problems. Precise predic-
tion of quantitative measures is often a very difficult task to accomplish,
especially for large-scale structures or welding fabrication in any produc-
tion environments. It is recommended that all modeling efforts should be
regarded as a good numerical approach for generating heuristic knowledge.
A realistic solution to practical problems in weld residual stresses and dis-
tortion is to make intelligent decisions by a learned human expert with the
assistance of a virtual expert with AI.

1.5 Conclusions

Although the inherent shrinkage model has been demonstrated to be accu-
rate, convenient and cost effective in the prediction of weld residual stresses
and distortion, several fundamental issues remain unsolved to date. The
inherent shrinkage model needs calibration constants for different 
applications. These calibration constants will depend on the thermal 
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characteristics of the welding process and the geometric details of the joint,
as well as the jigging constraints. For example, the submerged arc welding
process will result in very distinct thermal characteristics in the weldment
from that caused by the shielded metal arc welding process. Welding thick
joints will result in complete different calibration constants from welding
thin sheet metals. To prescribe the inherent shrinkage strains in the weld
joint, the equivalent thermal strains may be defined using the artificial tem-
perature fields. A standard procedure to determine the effective shrinkage
strain temperatures will be required. Finally, an inherent shrinkage strain
database for various production situations, joint designs and welding pro-
cedures needs to be developed. The FEA modeling, simulation and analy-
sis procedures can be useful in determining the inherent shrinkage strains.
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2
Welding heat transfer

J. ZHOU and H. L. TSAI, University of Missouri-Rolla, USA

2.1 Introduction

Heat transfer during welding can strongly affect phase transformations and
thus the metallurgical structure and mechanical properties of the weld.
Also, the complicated heat and mass transfer and fluid flow phenomena in
welding can result in the formation of residual stresses in the joint region
and distortion of the welded structure. Understanding the fundamentals of
heat flow and the basic features of heat transfer, such as the cooling rates
of the weld metal, the distribution of heat between the weld metal and heat-
affected zone provides insight into ways in which the welding process 
can be optimized. It also may suggest new directions for improvements in
welding technology and how welding defects can be minimized.

In this chapter, the fundamentals of heat transfer in various welding
processes, such as arc welding, laser welding and some new welding tech-
nologies including hybrid laser–arc welding and dual-beam laser welding
are discussed. The complex mathematical models that describe the heat
transfer process in the aforementioned welding processes are included.
With the advent of modern computer technology, the complicated differ-
ential equations in the models can be solved numerically. The advanced
numerical technologies for solving these equations are discussed and 
some simulation results are provided. Finally, the related publications and
references and future trends of the welding heat transfer research will 
be discussed.

2.2 Arc welding

Welding generally involves the application or development of localized heat
near the intended joint. The term arc welding applies to a large and diver-
sified group of welding processes that use an electric arc as the source of
heat to melt and join metals, as illustrated in Fig. 2.11. The welding arc is
struck between the workpiece and the tip of an electrode. The electrode
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will be either a consumable wire or rod or a nonconsumable carbon or tung-
sten rod which carries the welding current. When a nonconsumable is used,
filler metal can be supplied by a separate rod or wire if needed. A con-
sumable electrode is designed not only to conduct the current that sustains
the arc but also to melt and supply filler metal to the joint. An electric arc
consists of a relatively high current discharge sustained through a thermally
ionized gaseous column called plasma. The power of an arc may be
expressed in electrical units as the product of the current passing through
the arc and the voltage drop across the arc.

2.2.1 Conduction heat transfer

In arc welding, the heat in the weld pool is transported by means of 
convection and conduction. A rigorous solution of the complete heat flow
equation considering heat transfer by both conduction and convection is
complicated. As a first step, it is often useful to discuss a simplified solution
considering only conduction heat transfer. This simplification is attractive

Welding heat transfer 33

Base metal

Arc stream

Gaseous shield

Electrode

Slag

Molten pool

Extruded
covering

2.1 Shielded metal arc welding process.

© 2005, Woodhead Publishing Limited



since analytical solutions can be obtained for the heat conduction equation
in many situations, and these solutions can provide interesting insight about
the fusion process. As illustrated in Fig. 2.2, the workpiece is stationary and
the origin of the coordinate system moves with the heat source at a con-
stant speed U in the negative x direction. The transfer of heat in the weld-
ment is governed primarily by the time-dependent conduction of heat,
which is expressed by the following equation2:

[2.1]

where x is the coordinate in the welding direction, y is the coordinate 
transverse to the weld, z is the coordinate normal to the weldment surface,
T is the temperature (°C) in the weldment, k(T) is the thermal conductiv-
ity (J/cms) of the metal, r is the density (g/cm3) of the metal and CM(T) is
the specific heat (J/g °C) of the metal.

Rosenthal2 used the following assumptions to derive analytical solutions
for the heat transfer equation during welding.

1. Steady-state heat flow.
2. A point heat source.
3. Constant thermal properties.
4. Negligible heat of fusion.
5. No heat losses from the workpiece surface.
6. No convection in the weld pool.
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When the thickness of the workpiece is small, the heat transfer in the
thickness direction is assumed negligible and heat flow is assumed two
dimensional. Rosenthal2 derived the following equation to calculate the
two-dimensional temperature distributions during welding of thin sheets of
infinite width:

[2.2]

where T0 is initial workpiece temperature before welding, g is the work-
piece thickness, U is the welding speed, K0 is the modified Bessel function
of second kind and zero order, as shown in Fig. 2.3, and Q is the heat flux
in terms of the welding current I, the welding voltage V and the efficiency
h of the arc as in

[2.3]Q VI= h

T T
Q
kg

Ux
K

U x y

k
C

- = Ê
Ë

ˆ
¯

+( )Ê

ËÁ
ˆ

¯̃

=

0 0

2 2 1 2

2 2 2p
exp

a a

a
r M

Welding heat transfer 35

X

K
0(

X
)

0 1 2 3 4
0

0. 5

1

1. 5

2

2. 5

2.3 Modified Bessel function of second kind and zero order.

© 2005, Woodhead Publishing Limited



The arc efficiency depends on the welding process and some typical values
are given in Table 2.13. The 1–10% loss in efficiency of the submerged arc
process is related to that part of the flux which does not fuse. The lower
efficiency of the tungsten–inert gas (TIG) process is associated with heat
losses through the electrode holder.

The analytical solution derived by Rosenthal for three-dimensional heat
conduction in a semi-infinite workpiece during welding is as follows:

[2.4]

This equation implies that on the transverse-cross section of the weld all
isotherms, including the fusion boundary and the outer boundary of the
heat-affected zone, are semicircular in shape. Despite the restrictions
imposed by the aforementioned simplifying assumptions, these equations
have been widely used in the welding community mainly because of their
simplicity. Examples of results based on Rosenthal’s two- and three-
dimensional heat flow equations are presented in Fig. 2.44. More discussion
has been given by Kou4 and Jenney and O’Brien5.
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Table 2.1 Arc efficiencies

Process h

Manual metal arc 0.7–0.85
Tungsten–inert gas (argon) 0.22–0.48
Metal-inert gas (argon) 0.66–0.75
Submerged arc 0.90–0.99

z = 0

Pool boundary

1.5 in
(4cm)

0.9 in
(2.4cm)

0.9 in
(2.4cm)

0 3.1 in
(8cm)

1 2 3 4 5

2.4 Calculated results from Rosenthal’s three-dimensional heat flow
equation (welding speed, 2.54 mm/s; heat input, 3200 W; material, 1018
steel): curve 1, 5018°F (1530°C); curve 2, 3668°F (1100°C); curve 3,
2588°F (780°C); curve 4, 1886°F (550°C); curve 5, 1357°F (400°C).
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2.2.2 Convection heat transfer

In both gas–tungsten arc welding (GTAW) and gas–metal arc welding
(GMAW), fluid flow in the weld pool can significantly affect the heat trans-
fer, weld penetration depth, segregation and porosity6. Szekely and cowork-
ers7 made the most significant breakthrough in computer simulation of weld
pool convection.Then,numerous investigations followed his method8–14.Tsai
and Kou15 used the finite-difference method and pool-surface-fitting orthog-
onal curvilinear coordinates to calculate heat transfer and fluid flow in 
a weld pool for GTAW, focusing on the effect of the electromagnetic force
on weld pool surface deformation. Kim and Na16, on the other hand, used the
boundary-fitted coordinates to calculate the pool surface shape, as well as
heat transfer and fluid flow in the weld pool. Fan et al.17 developed a numer-
ical model for partially or fully penetrated weld pools in stationary GTAW.

The process of GMAW is much more complicated than that of GTAW,
as GMAW involves the impingement of droplets onto the weld pool,
creating the mixing of mass, momentum, thermal energy and species in the
weld pool.Tsao and Wu18 presented a two-dimensional stationary weld pool
convection model, in which the weld pool surface was assumed to be flat
and mass transfer was not considered. Wang and Tsai19 investigated the
dynamic impingement of droplets on to the weld pool and the solidification
process in spot GMAW. They20 continued to investigate the Marangoni
effect caused by surface-active elements on weld pool mixing and weld pen-
etration. Also, the effect of droplet size and drop frequency on weld pool
penetration was studied21. Using boundary-fitted coordinates, Kim and Na22

presented a three-dimensional quasi-steady heat and fluid flow analysis for
the moving heat source of the GMAW process with a free surface. Ushio
and Wu23 used a boundary-fitted nonorthogonal coordinate system to
handle the largely deformed GMA weld pool surface and predicted the
area and configuration of weld reinforcement. By using the volume-of-fluid
(VOF) technique24 and the continuum formulation25, Wang26 developed a
mathematical model for three-dimensional moving GMAW. The fluid flow,
heat transfer and species transfer are calculated when droplets carrying
mass, momentum, thermal energy and species periodically impinge on to
the weld pool. So far, calculations of convective heat transfer in the weld
pool are mainly performed through the numerical solution of the equations
of conservation of mass, heat and momentum.These equations and the asso-
ciated boundary conditions for solving these equations will be discussed in
the following.

Governing equations

Figure 2.5 is a schematic sketch of a moving GMAW for a plain plate. The
three-dimensional x–y–z coordinate system is fixed to the stationary base
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metal, while a two-dimensional r–z cylindrical coordinate system is moving
with the arc center. In GMAW, the total arc energy is split into two parts:
one to melt the electrode and generate droplets, and the other to heat the
base metal directly. Hence, in addition to thermal energy, mass and momen-
tum carried by the droplets, arc heat flux is simultaneously impacting on
the base metal. Droplets containing sulfur at different concentrations from
that of the base metal periodically impinge onto the base metal in the neg-
ative z direction, while they move at the same velocity along the y direc-
tion as the arc. The mathematical formulation given below is valid for both
the base metal and the liquid droplets. Once a droplet reaches the free
surface, it is immediately considered to be part of the base metal and then
the exchange of momentum, energy and species between the droplet and
the weld pool occurs. The differential equations governing the conservation
of mass, momentum, energy and species based on continuum formulation
are as follows26: the equation for the conservation of mass is

[2.5]

the equations for the conservation of momentum are

∂
∂

( ) + ( ) =◊
t

r r— V 0
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z

x

2.5 Schematic sketch of a moving GMAW system; x–y–z is a fixed
coordinate system and r–z is a local coordinate system moving along
with the arc center.
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[2.6]

[2.7]

[2.8]

the equation for the conservation of energy is

[2.9]

and the equation for the conservation of species is

[2.10]

where u, v and w are the velocities in the x, y and z directions respectively
and Vr (= Vl - Vs) is the relative velocity vector between the liquid phase
and the solid phase.The subscripts s and l refer to the solid and liquid phases
respectively; p is the pressure; m is the viscosity; f is the mass fraction; K is
the permeability, which is a measure of the ease with which fluids pass
through the porous mushy zone; C is the inertial coefficient; b T is the
thermal expansion coefficient; g is the gravitational acceleration; T is
the temperature; the subscript 0 represents the initial condition; J is the 
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electric current density vector; B is the magnetic flux vector; h is the
enthalpy; k is the thermal conductivity; c is the specific heat.

The third and fourth terms on the right-hand side of Eqns [2.6], [2.7] 
and [2.8] represent the first and second drag forces respectively for the flow
in the mushy zone. The fifth term represents an interaction between 
the solid and liquid phases. These three terms are zero except in the 
mush zone, in which case neither fs nor fl is zero. The sixth term represents
the effect of shrinkage and is identical with zero when the density differ-
ence between the solid and liquid phases is not considered. The second-to-
last term on the right-hand side of Eqn [2.8] is the buoyancy force 
term which is based on the Boussinesq approximation for natural convec-
tion caused by both thermal and solutal convection. The last terms of Eqns
[2.6], [2.7] and [2.8] are electromagnetic force (Lorentz force) terms. The
first two terms on the right-hand side of Eqn [2.9] represent the net 
Fourier diffusion flux. The last represents the energy flux associated with
the relative phase motion. The electromagnetic force is assumed to be 
independent of the properties of fluid flow in the weld pool, and the x, y
and z components are calculated first, as discussed next, before the veloc-
ity is calculated.

In Eqns [2.5]–[2.10], the continuum density, specific heat, thermal con-
ductivity, mass diffusivity, solid mass fraction, liquid mass fraction, velocity,
enthalpy and mass fraction of constitute are defined as follows:

[2.11]

where gs and gl are the volume fractions of the solid and liquid phases
respectively. If the phase specific heats are assumed constant, the phase
enthalpies for the solid and the liquid can be expressed as

[2.12]

where H is the latent heat of fusion of the alloy.
The permeability function analogous to fluid flow in porous media is

assumed employing the Carman–Kozeny equation27,28:

[2.13]

where d is proportional to the dendrite dimension, which is assumed to be
a constant and is on the order of 10-2 cm The inertial coefficient C can be
calculated as follows29:
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[2.14]

Tracking of solid–liquid interface

The solid–liquid-phase change is handled by the continuum formulation24.
The third, fourth and fifth terms on the right-hand side of Eqns [2.6] and
[2.7], and similar terms in Eqn [2.8], vanish at the solid region because u =
us = v = vs = w = ws = 0 and fl = 0 for the solid phase. For the liquid region,
since K goes to infinity because gl = 1 in Eqn [2.13] and fs = 0, all these terms
also vanish. These terms are only valid in the mushy zone where 0 < fl < 1
and 0 < fs < 1. Therefore, the liquid region, mushy zone and solid region can
be handled by the same equations. Also, in GMAW, as the arc heat flux is
rather concentrated and solidification time is very short (compared with
casting), it is expected that the mushy zone in the base metal is very small,
and the solid-phase velocity is assumed to be zero in the mushy zone.
During the fusion and solidification process, latent heat is absorbed or
released in the mushy zone. By using enthalpy, conduction in the solid
region, and conduction and convection in the liquid region and mushy zone,
the absorption and release of latent heat are all handled by the same equa-
tion, namely Eqn [2.9].

The algorithm of the VOF is used to track the dynamic geometry of the
free surface23. The fluid configuration is defined by a VOF function F(x, y,
z, t), which tracks the location of the free surface. This function represents
the VOF per unit volume and satisfies the following conservation equation:

[2.15]

When averaged over the cells of a computing mesh, the average value of
F in a cell is equal to the fractional volume of the cell occupied by the fluid.
A unit value of F corresponds to a cell full of fluid, whereas a zero value
indicates a cell containing no fluid. Cells with F values between zero and
one are partially filled with fluid and identified as surface cells.

Boundary conditions

The boundary conditions for the solution of previous equations (Eqns
[2.5]–[2.10]) are divided as follows.

1. Normal to the free surface boundary.
2. Tangential to the free surface boundary.
3. Top surface boundary.
4. Symmetrical boundary.
5. Other boundaries including a convective boundary.

d
d
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F=
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The last two kinds of boundary condition are simple and will not be dis-
cussed here.Wang26 has given details of these.The first three types of bound-
ary conditions are complicated and are discussed in detail below.

1. Normal to the local free surface. For the free surface, i.e. the liquid
metal–arc plasma interface, the following pressure conditions must be
satisfied23:

[2.16]

where p is the pressure at the free surface in a direction normal to the local
free surface and pv is the vapor pressure or any other applied external pres-
sure acting on the free surface, which is the plasma arc pressure in this study.
The plasma arc pressure is assumed to have a radial distribution in the 
following form23:

[2.17]

where Pmax is the maximum arc pressure at the arc center, r is the distance
from the arc center (x = xa, y = 0), and sp is the arc pressure distribution
parameter. In Eqn [2.16], k is the free-surface curvature given by24

[2.18]

where n is a normal vector to the local surface, which is the gradient of the
VOF function

[2.19]

2. Tangential to the local free surface. The temperature- and sulfur-
concentration-dependent Marangoni shear stress at the free surface in
a direction tangential to the local free surface is given by

[2.20]

where s is a tangential vector to the local surface. The surface tension g
for a pseudobinary Fe–S system as a function of temperature T and the
sulfur concentration f a is given by30

[2.21]

where R is the gas constant. Figure 2.6 shows the surface tension and its
gradients as functions of temperature and sulfur concentration.
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3. Top surface. At the moving arc center, in addition to droplet impinge-
ment, the arc heat flux is also impacting on the base metal. As the arc
heat flux is relatively concentrated, it is assumed that the heat flux is
perpendicular to the base metal (i.e. neglecting the inclination nature
of current and heat flux). Hence, the temperature and concentration
boundary conditions at the top surface of the base metal are

[2.22]

[2.23]

where I is the welding current, h is the arc thermal efficiency, hd is the ratio
of droplet thermal energy to the total arc energy, uw is the arc voltage and
sq is the arc heat flux distribution parameter. The heat losses due to con-
vection, radiation and evaporation can be written as

[2.24]

[2.25]

[2.26]

where Hv is the latent heat for liquid–vapor-phase change and W is the melt
mass evaporation rate. For a metal such as steel, W can be written as31
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[2.27]

[2.28]

Electromagnetic force

In each of Eqns [2.6]–[2.8], there is a term caused by the electromagnetic
force that should be calculated first before the calculation of velocity.
Assuming that the electric field is in a quasi-steady state and the electrical
conductivity is constant, the scalar electric potential f satisfies the follow-
ing Maxwell equation in the local r–z coordinate system10:

[2.29]

Assuming that the current is in the negative z direction, the required
boundary conditions for the solution of Eqn [2.29] are:

[2.30]

[2.31]

[2.32]

[2.33]

where se is the electrical conductivity and sc is the arc current distribution
parameter. After the distribution of electrical potential is solved, current
density in the r and z directions can be calculated via

[2.34]

[2.35]

The self-induced azimuthal magnetic field is derived from Ampere’s law
through10

[2.36]

where m0 is the magnetic permeability. Finally, the three components of elec-
tromagnetic force in Eqns [2.6]–[2.8] are calculated via
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[2.37]

[2.38]

[2.39]

Driving forces for the weld pool convection

The fluid flow in the weld pool during the arc welding process is mainly
driven by the buoyancy force, the electromagnetic force (Lorentz force),
the surface-tension-gradient-driven force, the arc pressure and the stirring
force resulting from the falling momentum of droplets.

1. The electromagnetic force is caused by the converging current field,
along with the magnetic field that it induces. They can be found in the
first from last term in Eqn [2.6], the first from last term in Eqn [2.7] and
the second from last term in Eqn [2.8] respectively.

2. The buoyancy force results from three contributions. The first is caused
by the density difference between the liquid metal and surrounding air.
Since the density of air is much less than metal, this part can be
regarded as a pure gravity force. In GTAW, the surface can be consid-
ered flat32 when the arc current is below 200A but, in GMAW, when
droplets depress the free surface, the gravity can translate potential
energy into kinetic energy and also translate kinetic into potential
energy; then a wave is produced. The second is due to the temperature
gradient in the weld pool. Since there is nearly no difference between
the results considered with this force or not, it is concluded that this
force is much smaller than the electromagnetic force and can be pre-
cluded from the analysis of GMAW just as in GTAW7. The third is
caused by the difference of species concentration in the weld pool. It
is also much smaller than the electromagnetic force and can be pre-
cluded from the analysis of GMAW.

3. The surface-tension-gradient-driven force is called the Marangoni
stress. In welding, as shown in Eqn [2.16], this stress may arise as a result
of variations in the concentration of the surface-active agents and the
temperature gradient. It cannot be considered small when there is a
great gradient in temperature and concentration. For GMAW, when
droplets just reach the surface, this gradient in temperature and 
concentration is dramatically great.

4. The plasma arc pressure is effective near the arc center and cannot be
ignored when the current is above 200A. It depresses the weld pool
near the arc center.
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5. The stirring force resulting from the impinging process of the droplets
is the most complicated of all the forces since it involves the mixing of
mass, momentum, thermal energy and species between droplets and
weld pool.

These five driving forces interact with each other during the welding
process and they are included either in the governing equations or as
boundary conditions in the mathematical model of fluid flow and heat trans-
fer in the weld pool. The weld pool dynamics, penetration depth and heat
transfer in the weld pool are strongly influenced by these forces, as shown
in Fig. 2.7 and Fig. 2.8.

2.2.3 Metal transfer

The subject of this section is liquid-metal transfer in arc welding, namely
the detachment of metal from the electrode, transfer of droplets across the
arc, and flow in the weld pool. Consumable electrode arc welding processes
are used extensively because filler metal is deposited more efficiently and
at higher rates than is possible with other welding processes. To be most
effective, the filler metal needs to be transferred from the electrode with
small losses due to spatter. In GMAW, the heat transfer and fluid flow in
the welding are strongly affected by the liquid-metal transfer process. In the
following, the physics of liquid-metal transfer in arc welding are investi-
gated by studying the droplet formation and detachment, the droplet
impingement and the ripple formation processes using the aforementioned
mathematical models.

Droplet generation and transfer

For electrode melting and droplets generation, two major models have been
proposed; one is the static-force balance theory (SFBT)33, 34 and the other
is the magnetic pinch instability theory (MPIT)32, 35.The SFBT considers the
balance between gravity, electromagnetic force, plasma drag force and
surface tension acting on a pendant drop. The MPIT considers the pertur-
bation of the surface of an infinite cylindrical liquid column due to a radi-
ally inward force of the magnetic pinch. Nemchinsky36 developed a
steady-state model to describe the equilibrium shape of a pendant droplet,
accounting for surface tension and magnetic pinch force. Simpson and Zhu37

developed a one-dimensional dynamic model to predict the formation of
the droplet. Haidar38 and Haidar and Lowke39 developed a time-dependent
two-dimensional model for the prediction of droplet formation including
arc plasma. Fan and Kovacevic40 developed a model that includes the
droplet formation, detachment and impingement on the welding pool.
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However, a distribution of current density was assumed, and the arc plasma
was not included in the model. Zhu41 assumed that the pressure of the
surface cells is equal to the pressure of the adjacent arc plasma cell since
the surface tension has been converted to a body force:

[2.40]p pliquid metal arc=
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The friction drag force on the surface is given as follows42:

[2.41]

where m is the viscosity of arc plasma, Vr is the relative velocity between
plasma and liquid metal, n is the normal direction and the subscript s means
at the surface.

At the plasma–electrode interface, there exists an anode sheath region43.
In this region, the mixture of plasma and metal vapor may depart from local
thermodynamic equilibrium (LTE); thus it no longer complies with the
model presented above. The thickness of this region is very thin (about 0.02
mm)44. According to Lowke et al.44, the sheath does not have a major 
influence on the temperature of the arc column, but it will have a major
effect on the temperature of the electrode. Since the sheath region is very
thin, it is treated as a special interface and takes into account the thermal
effects on the electrode. For the surface of the anode, the energy balance
equation [2.9] is modified to include an additional source term Sa as the 
following40, 42, 45:

[2.42]

The first term on the right-hand side of Eqn [2.42] is the contribution due
to thermal conduction from the plasma to the anode. The second term rep-
resents the electron heating associated with the work function (fw) of the
anode material; the magnitude of this term is in the order of 108 W/m2.
The third term accounts for thermal energy carried by the electrons into
the anode; this term is also in the order of 108 W/m2. The fourth term is
black-body radiation loss from the anode surface; it is in the order of 
105 W/m2. The fifth term is the radiation heat from arc to electrode; it is in
the order of 105 W/m2. The final term is heat loss due to the evaporation of
electrode materials. The symbol d is the width of the anode sheath region;
the maximum experimentally observed thickness of the anode fall region
is 0.1mm46; Tarc is the arc temperature; Tanode is the anode temperature; keff

is the effective thermal conductivity at the anode–plasma interface; e is the
emissivity of the surface; KB is the Stefan–Boltzmann constant; Te is the
electron temperature and, since LTE is assumed in the model, it is equal to
the local temperature; Ja is the square root of jr

2 and jz
2; L is the latent heat

of vaporization; qev is the mass rate of evaporation of metal vapor from the
droplet. For metals such as steel, qev can be written as31

[2.43]log log . logq A P Tev v atm( ) = + - 0 5

S
k T T

j j
K T

e
K T F q La

eff arc anode
a w a

B e
B R ev2

=
-( )

+ + - + -
d

f e
5 4

t m0 =
∂
∂

Ê
Ë

ˆ
¯

V
n

r

s

© 2005, Woodhead Publishing Limited



[2.44]

Figure 2.9 shows the formation and detachment of the first droplet41. As
shown in Fig. 2.9(a), with increasing time, the electrode is heated by Joule
heating and the high-temperature arc plasma. When the temperature of
metal reaches the liquidus temperature, the electrode melts and a droplet
is formed on the electrode tip and detaches. Under the aggregate efforts of
gravity, electromagnetic force, surface tension, viscous drag force and arc
pressure, necking starts to form at approximately t = 19.0ms when the total
melting volume reaches a certain value. As the volume of melting metal
increases, at time t = 24.0ms, the detaching forces (gravity, electromagnetic
force and arc drag force) surpass the surface tension, leading to the detach-
ment of the first droplet. Figure 2.9(b) shows the corresponding velocity
distributions for liquid metal. It is seen that the droplet velocity is less than
0.4m/s. By controlling the ‘current wave’, Zhu41 has demonstrated that ‘one
droplet per pulse’ can be achieved. This can significantly reduce the spatter
phenomena.

Droplet impingement and weld pool dynamics

After the droplet is detached from the electrode, the droplet will fall across
the arc plasma and impinge on the weld pool.As soon as the droplet touches
the weld pool, the mass, momentum and thermal energy carried by the
droplet will mix with and merge into the base metal; very complicated heat
and mass transfer phenomena will occur and weld pool dynamics and the
solidification process can be greatly affected by this impinging process19.
The calculation of its velocity, temperature and concentration distributions
follows the formulas in Eqns [2.6]–[2.10].

Figure 2.10 shows a sequence of a typical periodic droplet impinging
process onto the weld pool26. As shown, at t = 2.938s, resulting from the 
previous droplet, the fluid flows outward in two directions at about x =
33mm, one along the top of the base metal in the welding direction and the
other toward the left-hand side at a much higher speed. The left-hand fluid
is downward and along the inclined solid-phase base metal, and it then flows
upward after reaching the bottom of the weld pool. This creates a clock-
wise vortex between x = 28mm and x = 32mm.As the former droplet carries
higher thermal energy, a skewed hot spot is formed in the weld pool near
the arc center. It is noted that the flow of high-temperature fluid downward
and toward the left-hand side has a ‘cutting’ effect to melt the base metal
so that the weld pool ‘moves’ to the right-hand side. When this ‘hot fluid’
turns left near the weld pool surface and flows to the left-hand side
(between x = 25.0mm and x = 30.0mm), it collides with another fluid from

log .P
Tatm = -6 121

18 836
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2.9 The formation and detachment of the first droplet.
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2.10 A typical sequence showing the impinging process, weld pool
dynamics and temperature distributions.
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the left-hand side of the weld pool, leading to another ‘hot spot’ near the
surface. It is noted that, in addition to the thermal energy carried by
droplets, thermal arc flux also impacts on the surface of the weld pool,
resulting in a relatively high surface temperature near the arc center. The
fluid collision creates a ‘bump’ with the highest liquid level at about x =
25mm. These two hot spots form the shape of a ‘skewed W’, which moves
as the welding proceeds in the right-hand direction. The shape of the liq-
uidus line implies that at a location along the horizontal direction (say, z =
5.5mm) the weld is subjected to a cycle of high temperature (possibly
melted), low temperature (possibly resolidified), high temperature (pos-
sibly remelted) and low temperature (final solidification) as welding moves
in the right-hand direction. This heat–cool phenomenon can be important
if one wants to consider weld microstructure evolution and residue stress
in the weld.

At t = 2.942s, the droplet has already plunged into the weld pool at the
arc center. The just flattened surface is deformed by the impinging momen-
tum, while the temperature near the arc center is higher than that of its sur-
roundings. A ‘crater’ is formed. The impinging momentum destroys the
existing vortex under the arc center and enhances the outer flow at the
surface near the arc center (between x = 25.0mm and x = 30.0mm). When
the ‘crater’ becomes deeper and wider, the surface fluid velocity near the
left-hand side of the crater increases, pushing the liquid level there upward.
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As a result, the kinetic energy of the droplet has converted into potential
energy of the weld pool fluid. The formation of a crater facilitates the
cutting effect on base metal, influencing weld penetration and weld mixing.

Ripple formation

Ripples remaining in the solidified weld bead, as shown in Fig. 2.11, are very
common in gas metal arc welding26. Understanding the mechanisms leading
to the formation of ripples is helpful in determining the weld bead shape
and understanding undercut formation which can affect weld quality.

Based on the existing studies26, the mechanisms leading to the formation
of a ripple can be summarized as follows. First, owing to droplet impinge-
ment, a crater is created, pushing the fluid upward and away from the arc
center. A wave with its peak height greater than the liquid level is also gen-
erated, propagating outward. Second, owing to the hydrostatic force, the
high-level fluid tends to fill up the crater and to decrease the liquid level.
Third, as welding proceeds in the right-hand direction, solidification also
moves in the same direction. As high-level fluid near the tail edge is solid-
ified before moving down and flowing back in the crater direction, a ripple
is created. Hence, the formation of ripples is related to the opening and
closing of the crater and the resulting up-and-down nature of the weld pool
fluid level. The time required for the up-and-down cycle for fluid level near
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2.11 Partial view of the three-dimensional mesh system, weld bead
shape and velocity distributions.
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the tail edge and the ‘pitch’ of the ripples depends on many welding para-
meters, including droplet size (electrode diameter), droplet momentum,
drop frequency (wire feed speed), welding speed, welding power (current
and voltage) and others. It is noted that all these welding parameters and
conditions are coupled together.

2.2.4 Arc plasma

In the GMAW process, the arc plasma can affect the droplet formation and
detachment and provide additional heat and pressure to the weld pool,
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2.12 Temperature and current density distributions in GMAW.
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which will affect the heat transfer and the final weld bead shape. Hence, it
is necessary to study the characteristics of the arc plasma. Modeling the heat
transfer and fluid flow in arc plasma during an arc welding process has been
well documented. Choo et al.11 dealt with the arc plasma between a tung-
sten electrode (cathode) and a water-cooled copper plate (anode). Waszink
and Graat33 studied the arc characteristics in GMAW of aluminum using
argon as the shielding gas. Haidar38 developed a unified model for arc
plasma and electrode in GMAW.

Figure 2.12 shows the arc temperature and current distributions41. As
shown, an arc plasma mantle covers the tip of the electrode, the droplet and
the top surface of the weld pool. The maximum temperature occurs just
under the tip of the electrode before the droplet detaches from the elec-
trode. After detachment, the droplet is stuck between the electrode and the
workpiece, distorting the arc plasma. Before droplet detachment, the
maximum current density is just under the electrode tip. Because the major
heating source of arc plasma is the Ohmic heat by the arc current, a high-
temperature region corresponds to a high-current-density region. After
droplet detachment, the droplet is stuck in the pathway of the arc current,
distorting the distribution of current density, and two high-current-density
areas are formed corresponding to two high-temperature regions. Since the
current density under the electrode tip is higher than that of the droplet,
the temperature is higher under the electrode tip. As the current flows out
of the electrode tip, the distribution is similar to a fan shape, and the current
converges to the base metal on a circle of 3.6mm diameter. When the
droplet is stuck between the electrode and base metal, almost half of the
current flows out of the electrode tip, converges to the droplet and flows
out from the droplet in another fan shape.

2.3 Laser welding

Laser welding has gained in popularity in recent years because of its high
intensity, small heat-affected zone, higher welding speed and precision, etc.
Laser welding represents a delicate balance between heating and cooling
within a spatially localized volume overlapping two or more solids. Main-
tenance of the balance between heat input and heat output depends on the
absorption of laser radiation and dissipation of heat inside the workpiece.
The absorption by laser radiation toward the workpiece is often interrupted
because of the evolution of hot gas from the laser focus. Under certain con-
ditions this hot gas may turn into plasma that can severely attenuate the
laser beam owing to absorption and scattering. The complexity of the inter-
actions involved in this process and the subsequent behavior of liquids gen-
erated in a solid by incident laser radiation preclude a completely rigorous
simulation of laser welding. However, heat and mass transfer calculations
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are useful in quantifying the laser welding process and in suggesting how
changes in process parameters may influence weld properties.

The two fundamental modes of laser welding are, first, conduction
welding and, second, keyhole or penetration welding47. The basic difference
between these two modes is that the surface of the weld pool remains
unbroken during conduction welding and opens up to allow the laser beam
to enter the melt pool in keyhole welding. The schematic sketches of these
two welding modes are shown in Fig. 2.13. The transition from the conduc-
tion mode to a keyhole mode depends on the peak laser intensity. Normally,
when the laser intensity is smaller than 106 W/cm2, a conduction mode
welding is formed. When the laser intensity is greater than 106 W/cm2, a
keyhole mode welding is started.

2.3.1 Conduction-mode welding

Conduction-mode welding offers less perturbation to the system because
laser radiation does not penetrate into the material being welded; as a
result, conduction welds are less susceptible to gas entrapment during
welding. The energy equation for solving the temperature distributions in
a thick workpiece during bead-on-plate conduction-mode welding is 
given in Eqn [2.1], which is due to Rosenthal. Equations [2.3] and [2.4] give
the temperature distributions in the workpiece during arc welding 
assuming a point source. However, in laser welding, the shape of the 
temperature field should be more accurate if the point heat source 
was replaced by a diffuse source. A solution to this, using a diffuse (Gauss-
ian) heat source, has been given by Ashby and Easterling48. The diffuse
source solution was actually developed for the case of a laser beam tra-
versing the surface of a sample, as illustrated in Fig. 2.14. With reference to
the figure, consider a laser beam of power q and radius rB tracking in the x
direction with a velocity v. A point (y, z) below the surface of the work-
piece is subject to a thermal cycle T(y, z, t), where t refers to time. The tem-
perature field T(z, t) at a point below the center of the tracking beam (y =
0) is given by2

[2.45]

where l is the thermal conductivity and a is the thermal diffusivity.The term
A refers in laser treatments to the efficiency of absorption by the sample
of the energy of a laser (light) beam. For steels, A is usually about 0.7,
depending on the coating material used. In welding, it can be assumed that
A = 1. The constant t0 measures the time for heat to diffuse over a distance
equal to the beam radius as given by
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2.13 Schematic sketch of (a) conduction-mode and (b) keyhole-mode
welding.

[2.46]

The length z0 measures the distance over which heat can diffuse during 
the beam interaction time rB/v and it should be pointed out that this para-
meter is a mathematical ‘adjustment’ factor and as such should not strictly 
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be assigned any physical meaning. More details have been given by 
Rosenthal2.

2.3.2 Keyhole-mode welding

Laser welding is in general keyhole-mode welding. Figure 2.15 shows a
schematic sketch of keyhole laser welding. The formation of a keyhole
increases the coupling of laser energy into the workpiece resulting in a weld
with high depth-to-width ratio and a narrow heat-affected zone compared
with conventional arc welding and conduction-mode laser welding. As the
weld quality depends on the heat transfer and molten metal flow during 
the formation and collapse of the keyhole, it is necessary to understand the
detailed transport phenomena associated with the keyhole formation and
collapse.

60 Welding residual stress and distortion

Mirror

Laser beam

energy q

Lens

x, v

y
z

2r B

2.14 Welding configuration in terms of a diffuse (Gaussian) heat
source of energy q and a constant velocity v.

© 2005, Woodhead Publishing Limited



Welding heat transfer 61

Over the years, a number of researchers have developed models to sim-
ulate keyhole-mode welding. Semak et al.49 divided those models into two
categories; one is based on the vaporization approach and the other is based
on the recoil pressure approach. The vaporization approach can be further
divided into two types. In the first type50–52, it is assumed that there is a
balance between the sum of recoil pressure and vapor pressure in the
keyhole and the sum of surface tension and hydrostatic pressure. The first
two keep the keyhole open, while the last two tend to close the keyhole.
This type of model fails to describe the process of keyhole formation and
predicts lower values of melt velocity than experimental results do53. The
second type54 assumes that the keyhole is stabilized and held open when
the vaporization rate is equal to the mass flow rate of molten metal coming
into the keyhole due to hydrostatic pressure. The predicted behavior for a
longer time process using this type of model does not coincide with exper-
imental data of keyhole dynamics53.

The model based on the recoil pressure approach assumes that the recoil
pressure acts as a driving force for melt motion and keyhole formation. The
recoil pressure, acting toward the metal, is a kind of reaction force as
opposed to the action force caused by the sudden ‘burst’ of vapor from the
metal when a laser beam impinges onto it. Also, the laser-induced plasma
is considered to be an important factor affecting keyhole behavior and is a
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2.15 A schematic sketch of keyhole laser welding.
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limiting factor for penetration. Klemens55 proposed a model in which the
motion of the melt was a significant factor for keyhole support. Allmen and
Blatter56 proposed that a Knudsen layer was formed above the molten
region and extended beyond the keyhole surface for a few mean free paths.
Solana et al.57 further developed a mathematical model for the ablation
process. Clucas et al.58 developed a mathematical model for the keyhole
welding process by suggesting a pressure and energy balance at the keyhole
walls. Ducharme et al.59 developed an integrated keyhole and weld pool
model for the welding of thin metal sheets. Sudnik et al.60 further analyzed
the three driving forces of melt flow, including the force resulting from tem-
perature-dependent surface tension, the friction force of metal vapor escap-
ing from the capillary and the movement of capillary relative to the
workpiece. Zhou61 developed a comprehensive model of three-dimensional
keyhole laser welding that includes the simulations of temperature field,
pressure balance, melt flow, free surface, laser-induced plasma and multiple
reflections.

Governing equations

In keyhole laser welding, since the energy transport phenomena in keyhole
plasma is different from that in the workpiece, two sets of governing equa-
tions are discussed to handle the transport phenomena in plasma and work-
piece respectively. For the workpiece (including solid and liquid metal), the
differential equations governing the conservation of mass, momentum and
energy in the laser welding process are in the same form as listed in Eqns
[2.5]–[2.10]. In laser welding, the electromagnetic force terms in Eqns [2.6],
[2.7] and [2.8] are neglected. As to the keyhole plasma, the governing equa-
tions and the associated boundary conditions to solve the equations are dis-
cussed in the following section.

Laser-induced plasma

Laser-induced plasma was presented as a result of ablation vapor from the
keyhole wall, which was heated sufficiently to become partially ionized
under the laser radiation. Kapadia et al.62 thought the high vapor tempera-
ture required for plasma ignition was due to the small droplet radius and
the presence of surface tension around the droplet. Farson and Kim63 sim-
ulated the laser-induced evaporation and plume formation at the same time.
The simulation included material melting and evaporation phenomena, a
Knudsen layer and the formation of a partially ionized plume consisting of
shielding gas and metal vapor. It was pointed out that a stable plume could
be formed when the material surface irradiance was reduced. For the
welding process at a lower flow rate of argon assistant gas, the inverse
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Bremsstrahlung absorption in the plasma and the heating of the keyhole
walls by the heat transfer from plasma lump could not be neglected64.

The energy equation for calculating the temperature distributions in
plasma can be written in the following form65, 66:

[2.47]

where hv and rv represent the enthalpy and density respectively of the
plasma, kv and cv represent the thermal conductivity and specific heat of 
the plasma respectively, qr stands for the radiation heat flux vector, kpl is the
plasma absorption coefficient due to inverse Bremsstrahlung absorption, I
represents the incident laser intensity, aiB,1 is the absorption fraction in the
plasma due to the original laser beam, aiB,mr is the absorption fraction due
to the mr

th reflected laser beam and aFr is the Fresnel absorption coefficient
on the keyhole wall.

When an intense laser beam interacts with metal vapor, a significant
amount of the laser energy is absorbed by the ionized particles. The radia-
tion, absorption and emission by the vapor plume may couple strongly with
the plume hydrodynamics. This coupling, shown on the right-hand side of
Eqn [2.47], is included through the plasma laser light absorption and radi-
ation cooling terms. The radiation source term —·(-qr) is defined via66

[2.48]

where ka, Ib and W denote the Planck mean absorption coefficient,
black-body emission intensity and solid angle respectively. For the laser-
induced plasma inside the keyhole, the scattering effect is not significant
compared with the absorbing and emitting effects. So it will not lead to large
errors to assume the plasma is an absorbing-emitting medium. The radia-
tion transport equation66 has to be solved for the total directional radiative
intensity I:

[2.49]

where s denotes a unit vector along the direction of the radiation intensity
and r denotes the local position vector. The Planck mean absorption coef-
ficient ka is defined in the following equation66:
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where ni and ne represent the particle density of ions and electrons, Tv is
the temperature of the plasma, Z stands for the charge of ions, e is the
proton charge and me is the mass of electrons.

The boundary conditions at the vapor–liquid interface are critical to
solving Eqns [2.47] and [2.49]. In the classical kinetic model of evaporation,
the vapor particles escaping from a hot liquid surface possess a half-space
Maxwellian distribution, corresponding to the liquid surface temperature.
This anisotropic velocity distribution is transformed into an isotropic distri-
bution by collisions among the vapor particles within a few mean free paths
(typically the order of a few micrometers) from the surface in a discontinu-
ity region known as the Knudsen layer, as illustrated in Fig. 2.16. Beyond the
Knudsen layer the vapor reaches a new internal equilibrium at a tempera-
ture different from the surface temperature.The vapor temperature outside
the Knudsen layer can be used as a temperature boundary. The calculation
of the vapor temperature outside the Knudsen layer is given by67

[2.51]

where TK is the temperature outside of the Knudsen layer, TL is the 
liquid surface temperature adjacent to the Knudsen layer, m is closely
related to the Mach number MK at the outer edge of the Knudsen layer and
is defined as m = MK(2/g)

1–
2 and g is the specific heat. So, the temperature

and intensity boundary conditions for the liquid–vapor interface are given
below as66

[2.52]
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2.16 A schematic diagram of the gas dynamic of vapor and air away
from a liquid surface at an elevated temperature.
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Keyhole dynamics

The keyhole is basically an unstable structure even in the absence of
motion. To understand the keyhole formation and collapse, the force and
energy balance at the keyhole wall must be considered.At the keyhole wall,
the following pressure conditions must be satisfied:

[2.54]

where P is the pressure at the free surface in a direction normal to the local
free surface, Pr is recoil pressure, Ps is surface tension, Pg is hydrostatic pres-
sure and Ph is hydrodynamic pressure. The pressure terms Pr and Ph tend
to keep the keyhole open, whereas Ps and Pg try to close the keyhole.
According to Duley47, in laser keyhole welding, the values of Pg and Ph are
very small compared with Pr and Ps; so only Pr and Ps are considered. Ps

is the main restoring force that tries to close the keyhole and it can be cal-
culated in the following form19:

[2.55]

where k is the free surface curvature given by Eqn [2.18] and g is the surface
tension coefficient. For a pseudo-binary Fe–S system, g is expressed in 
the form of Eqn [2.21]. Pr is the evaporation-induced recoil pressure, which
is exerted on the surface of the weld pool to open the keyhole. This 
recoil pressure results from the rapid evaporation from the surface that has
been heated to high temperatures. When the liquid–vapor interface tem-
perature reaches the boiling point, evaporation begins to occur. It is known
that there exists a very thin layer of several mean free path lengths, called
the kinetic Knudsen layer, just outside the liquid–vapor interface. Inside the
Knudsen layer, there is a transition from a non-equilibrium state at the
liquid wall to an equilibrium state of the metallic vapor. Anisimov68

and Knight67 carried out the early investigations on the Knudsen layer.
Here, the calculation of recoil pressure follows the work of Semak and 
Matsunawa69:

[2.56]

where A is a factor dependent on the environmental pressure, and A = 0.55
was employed; B0 is an evaporation constant and was taken to be 3.9 ¥
1012 kg/ms2 for iron; Ts is the temperature of the keyhole wall. U is defined
as follows69:

[2.57]U
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where Ma is the atomic mass, Hv is the latent heat of evaporation, NA is
Avogadro’s number and kB is the Boltzmann constant.

The energy balance at the liquid–vapor interface (keyhole wall) must
satisfy

[2.58]

The meaning and calculation of each term is discussed in the following.

1. qconv is the heat loss due to convection. Since there is assumed to be no
vapor flow inside the keyhole, qconv can be omitted.

2. qevap is the heat loss due to evaporation. It is defined in the following
form:

[2.59]

where Hv is the latent heat for liquid–vapor phase change and W is the melt
mass evaporation rate. For a metal such as steel, W can be written as69

[2.60]

where Tl is the liquid surface temperature, ma is the atomic mass, nl and
nv are the numbers of atoms per unit volume for liquid and vapor respec-
tively, Tv represents the evaporation temperature and qs denotes the prob-
ability that a vapor atom returning to the liquid surface from equilibrium
conditions at the edge of the discontinuity layer manages to penetrate this
layer to finally be absorbed on the liquid surface, which is in the range of
15–20%.

3. qlaser is the total heat input to the keyhole wall. The following absorp-
tion mechanisms are considered. First, the laser power is directly
absorbed at the keyhole wall by Fresnel absorption, but also plasma
absorption occurs. The metal vapor reaches temperatures much higher
than the metal evaporation temperature, resulting in strong ionization.
The resulting plasma absorbs laser power by the effect of inverse
Bremsstrahlung absorption. Another absorption mechanism is Fresnel
absorption due to multiple reflections of the beam inside the keyhole.
So, qlaser consists of Fresnel absorption Ia,Fr of the incident intensity
which is directly from the laser beam and Fresnel absorption Ia,mr

due
to multiple reflections of the beam inside the keyhole. They are defined
as follows61:

[2.61]
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[2.63]

where Ilaser is the incoming laser intensity. For a Gaussian-like laser
beam, it is in the following form:

[2.64]

where rf is the beam radius, rf0 is the beam radius at the focal position
and I0 is the peak intensity. aFr is the Fresnel absorption coefficient and
it can be defined by using the following formula59:

[2.65]

where j is the angle of incident light with the normal to the keyhole
surface and e is a material-dependent coefficient. Also n is the total
amount of incident light from multiple reflections, I is the unit vector
along the laser beam radiation direction and n is a unit vector normal
to the free surface. In CO2 laser welding of mild steel, e = 0.2 is used.
aiB,1 is the absorption fraction in the plasma due to the original laser
beam; aiB,mr

is the absorption fraction due to the mrth reflected laser
beam. They can be defined by the following formula70:

[2.66]

where and are optical thicknesses of the laser 

transportation path for the first incident reflection and multiple reflec-
tions respectively and kpl is the plasma absorption coefficient due to
inverse Bremsstrahlung absorption47:

[2.67]

where Z is the average ionic charge in the plasma, w is the angular 
frequency of the laser radiation, e0 is the dielectric constant, kB is
the Boltzmann constant, ne and ni are particle densities of electrons and
ions respectively, h is Planck’s constant, me is the electron mass,
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Te is the excitation temperature, c is the speed of light and ḡ is the
quantum-mechanical Gaunt factor. For the weakly ionized plasma in
the keyhole, the Saha equation47 is used to calculate the densities of
plasma species:

[2.68]

4. qrad is the heat input due to radiation heat transfer by the high-
temperature plasma in the keyhole. It is a heat transfer problem of an
enclosure containing emitting–absorbing–scattering media. Because
the temperature of the keyhole wall is much lower than the tempera-
ture of the plasma, only the radiation transfer between the plasma and
the keyhole wall is considered. By using the zone method, qrad is calcu-
lated from the formula61

[2.69]

[2.70]

where gg s— is the gas–surface direct-exchange area, Tg is the mean tem-
perature in the gas zone, G is the number of gas zones and e is the 
radiation coefficient. Figure 2.17 illustrates the keyhole formation
process in three-dimensional moving keyhole laser welding61. The 
corresponding velocity and temperature distributions are shown in 
Fig. 2.18 and Fig. 2.19 respectively.

Weld porosity formation and prevention

In laser keyhole welding, pores are frequently observed71–74, which cause the
strength of the welded part to deteriorate. In order to optimize a laser
welding process and to ensure high weld quality and strength, it is neces-
sary to understand the porosity formation mechanism and subsequently to
find methods to reduce or eliminate pore defects.

Over the years, a number of researchers have experimentally investigated
pore formation in laser welding. Katayama et al.75 studied pore formation
in welding A5083 alloy and type 304 steel with a high-power yttrium alu-
minum garnet (YAG) laser. They reported that many pores were formed
owing to the evaporation of metal from the bottom tip of the keyhole, and
the vapor was trapped by the solidifying front. Seto and coworkers76 took
X-ray transmission images of the keyhole dynamics during laser welding by
using a high-speed video camera. They concluded that the shape of the
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2.17 The keyhole formation process in three-dimensional moving
keyhole laser welding.
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2.18 The temperature distributions corresponding to Fig. 2.17.
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keyhole front had a great influence on the pore formation. Katayama 
et al.77 observed the fusion and solidification behavior of a molten 
puddle during laser spot welding of type 316S steel. They found that the
formation of pores had a close correlation with the collapse of the keyhole
right after the irradiation termination. Once the laser beam was terminated,
the melt in the upper part of the keyhole flowed downward to fill the
keyhole; meanwhile this part of the melt rapidly solidified, which prevented
the melt from flowing to fill the keyhole. Then a pore was formed in the
weld.

Zhou and coworkers 78–80 developed mathematical models to investigate
systematically the porosity formation mechanisms and its prevention
method in pulsed laser welding. Figure 2.20 shows a typical porosity for-
mation process in pulsed laser welding78. The corresponding temperature
distributions are given in Fig. 2.21. As shown, the formation of porosity 
is found to be determined by two competing mechanisms: one is the 
solidification rate and the other is the speed at which molten metal 
backfills the keyhole after laser energy is terminated. If the backfill 
speed of the liquid on the upper part of the keyhole is not large enough to
make the liquid completely fill back the keyhole before its solidification,
pores will appear in the final weld. Also, the depth-to-width ratio of 
the keyhole has a great influence on pore formation. The greater the ratio,
the larger is the size of the pore. When the ratio is small enough, no pores
occur.

Based on the investigations on porosity formation mechanisms, a 
technique to control the laser power tailing77,79 has been proposed (Fig.
2.22). Figure 2.23 shows a porosity elimination process and its correspond-
ing temperature distributions in workpiece by using the controlled 
power tailing as shown in Fig. 2.2279. As shown, this technique can 
postpone the solidification speed and, as a result, prevent the porosity for-
mation. However, this method fails for a ‘deep’ keyhole. Another technique
to apply external electromagnetic force to increase the backfill speed of 
the molten metal is proposed80. Figure 2.24 shows the keyhole collapse 
and molten metal solidification processes by using this technique, and 
its corresponding temperature distribution is shown in Fig. 2.25.
This method is shown to be capable of eliminating the porosity 
formation in laser welding effectively, but parametric studies are needed 
to determine the desired strength of the electromagnetic force and its 
duration.
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2.20 A sequence of the keyhole collapse process showing the
possibility of forming a pore in the weld.
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2.21 The temperature distributions corresponding to Fig. 2.20.
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2.4 New welding processes

In recent years, new welding technologies, such as hybrid laser–arc welding
and dual-beam laser welding are receiving increasing interest in both aca-
demic and industrial fields. Research shows that the welding efficiency and
weld quality can be improved by these new welding processes. In the fol-
lowing, the hybrid laser–(metal–inert gas (MIG)) welding process and the
dual-beam welding process will be discussed respectively.

2.4.1 Hybrid laser–(metal–inert gas) welding

In order to overcome the disadvantages of laser welding and conventional
arc welding, an idea to combine these two processes was proposed to
become the hybrid laser–arc welding technique, as illustrated in Fig. 2.26.
As shown, in hybrid laser–arc welding, a laser beam (a CO2 or neodymium-
doped yttrium aluminum garnet (Nd: YAG) laser) and an arc (tungsten–
inert gas (TIG), plasma or gas–metal) are coupled and they mutually 
influence and assist each other. The arc, in addition to the laser beam,

Laser beam

GMAW

Shielding gas

Fusion zone

Keyhole

2.26 Schematic diagram of the hybrid laser–GMAW process.
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supplies heat to the weld metal in the upper weld region. In summary, the
advantages of hybrid welding over laser welding include higher process 
stability, higher bridgeability, deeper penetration depth, lower capital
investment costs, less porosity and cracking, and greater flexibility. The
advantages of hybrid welding over MIG welding include higher welding

(a)

(b)

2.27 Comparison between (a) a laser weld and (b) a hybrid laser–arc
weld in 250 grade mild steel.
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speed, deeper penetration depth at higher welding speeds, lower thermal
input, higher tensile strength and narrower weld seams. Figure 2.27 shows
some typical weld beads of hybrid laser–arc welding81.

Research and development of hybrid laser–arc welding have been con-
ducted since 197882–84. After the 1980s for an extended period of time, little
progress was achieved for improving the quality of laser welds and no
further research and development were undertaken. Recently, researchers
have turned their attention to this topic again. Dilthey85 investigated the
prospects in hybrid laser–arc welding by using different kinds of lasers (CO2

laser and Nd:YAG laser) and arc processes (TIG, plasma and gas–metal).
Staufer et al.86 and Graf and Staufer87 studied the application of hybrid
laser–arc welding in Volkswagen vehicles. They concluded that, by merging
the two processes, hybrid laser–arc welding could offer synergies for wide
fields of application in the automotive industries. Minami et al.88 tried to
apply CO2 laser and hybrid MIG arc welding on thick stainless steel. They
found that the penetration depth is influenced by the distance from the laser
beam axis to the MIG electrode, and shield gas flow.The weld defects could
be reduced by suitable gas components and arc current waveform. Nielsen
et al.89 investigated the hybrid CO2 laser–(metal–active gas (MAG)) welding
of 12mm C–Mn steel, in which the gap size, the process parameters and the
hybrid welding speed were compared with those of the pure laser welding
process. Engstrom et al.90 studied the laser hybrid welding of high-strength
steels, in which a CO2 laser and a MIG electrode are used. They pointed
out that this process is capable of handling different kinds of joint 
preparation, thereby expanding the industrial production capabilities.
Jokinen et al.91 investigated the welding of thick austenitic stainless steel
using a Nd:YAG laser and GMAW. They studied the effect of distance
between the arc point and laser beam. Nilsson et al.92 investigated the hybrid
laser–arc process for different industrial joint preparations. Ishide et al.93

developed various hybrid TIG–YAG and MIG–YAG welding methods, in
which the layout of laser and arc, and the optimization of focusing perfor-
mance were studied. They found that the arc stability could be improved
by the hybrid conditions. Ono et al.94 studied the application of hybrid
laser–arc welding on zinc-coated steel sheets. They found hybrid laser–arc
welding is characterized by large gap tolerance in lap welding, high strength
of welded joint and excellent lap weldability. Naito et al.95 experimentally
studied the keyhole behavior and liquid flow in the molten pool in laser–arc
hybrid welding. In the experiment, they found that the deepest weld bead
could be produced when the YAG laser beam was shot on the molten pool
which is stabilized by the TIG arc. Kutsuna and Chen96 investigated the
interaction of laser plasma and MAG arc plasma in hybrid laser–MAG
welding. Their experimental results indicated that the interaction of laser
beam and plasma is dependent on the laser-to-arc distance.
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Zhou et al.97,98 used mathematical models to simulate the heat and mass
transfer and fluid flow phenomena in both pulsed and three-dimensional
moving hybrid laser–MIG welding. As shown in Fig. 2.2898, hybrid
laser–MIG welding can prevent pores that are easily found in laser welding.
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2.28 A sequence of the keyhole collapse process and solidification
process during hybrid laser–arc welding.
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In the hybrid welding process, the mixing and heat transfer process in the
weld pool are also found to be greatly affected by the droplet size, droplet
frequency, etc.98. Hence, the microstructure and final weld quality can be
improved. Figure 2.29 shows the temperature distributions in a moving
three-dimensional hybrid laser–MIG process97. The heat transfer process is

Welding heat transfer 85

x (mm)x (mm)

X (mm)
0

3700
3570
3440
3310
3180
3050
2920
2790
2660
2530
2400
2270
2140
2010
1880
1750
300

T (K )
–1.5

–1

–0.5

0

0.5

1

1.5

–1.5

–1

–0.5

0

0.5

1

1.5

–1.5

–1

–0.5

0

0.5

1

1.5

–1.5

–1

–0.5

0

0.5

1

1.5

–1.5

–1

–0.5

0

0.5

1

1.5

–1.5

–1

–0.5

0

0.5

1

1.5

t = 0.8 ms

y 
(m

m
)

–1.5 –1 –0.5 0 0.5 1 1.5 –1.5 –1 –0.5 0 0.5 1 1.5

t = 1.6ms

t = 2.4ms

t = 4.8ms

t = 9.6ms

t = 12.8ms

y 
(m

m
)

y 
(m

m
)

y 
(m

m
)

y 
(m

m
)

y 
(m

m
)

2.30 A sequence of temperature evolution and weld shape variation
during dual-beam laser welding.
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2.31 A sequence of temperature evolution and weld shape variation
during three-dimensional moving dual-beam laser welding.

greatly affected by the laser-to-arc distance, welding speed, etc. More details
have been given by Zhou et al.97.

2.4.2 Dual-beam welding

Dual-beam laser welding is reported to increase the stability of the keyhole,
which leads to a better weld quality99–103. Dual-beam laser welding is also
found to be able significantly to stabilize the welding process, to reduce
porosity and blowhole formation and to improve surface quality of the weld
with fewer surface defects such as undercut, surface roughness, spatter and
underfill. Iwase et al.103 observed a larger keyhole during dual-beam
Nd:YAG laser welding by real time X-ray observations. An elongated
keyhole was found to be the reason that enables the vapor to escape from
the keyhole freely and thus results in a stable welding process101,103.
Fabbro104 and Coste et al.105,106 reported that the shape of the weld pool in
dual-beam welding is different from that observed for single-beam welding.
Chen and Kannatey-Asibu107 studied the heat transfer during a conduction-
mode dual-beam laser welding process. Hou108 and Capello et al.109 simu-

© 2005, Woodhead Publishing Limited



Welding heat transfer 87

lated a welding process involving two laser beams as a system in which one
beam served as a minor heat source and the other was a major heat source.
The fluid flow was not considered in their models and the beam distance
was much larger than the beam size.

Hu and Tsai110 developed a stationary three-dimensional model to simu-
late the dual-beam laser welding process that calculates the heat transfer
and fluid flow in the weld pool. Figure 2.30 shows the temperature distrib-
ution of the melt pool surface in stationary dual-beam laser welding. The
oval weld pool shape agrees with the observations by Coste et al.105,106 and
Fabbro104 in their experiments. The formation of the oval shape is due to
the keyhole interaction of the two laser beams which causes the stronger
fluid flow in the direction perpendicular to the connection line of the two
beam centers. Zhou and Tsai111 studied the heat transfer and fluid flow phe-
nomena in a three-dimensional moving dual-beam laser welding process.
The keyhole dynamics, the temperature distributions in the workpiece and
the weld pool dynamics are found to be dependent on the laser beam dis-
tance and beam configurations as shown in Fig. 2.31. Detailed information
has been provided by Hu and Tsai110 and Zhou and Tsai111.

2.5 Numerical considerations

In the welding process, the transport phenomena of the metal and arc
plasma–laser-induced plasma is coupled in a transient manner. As the ther-
mophysical properties of the plasma and the metal are very different, it is
numerically inefficient to solve simultaneously the entire domain including
the metal and the plasma. Hence, only the electric potential equation [2.29]
and its associated boundary conditions were solved for the entire domain,
while a ‘two-domain’ method has been used to solve sequentially the
arc/keyhole plasma domain and the metal domain. In other words,
the primary variables are calculated separately in the metal domain and the
arc/keyhole plasma domain. Iterations are required to assure convergence
of each domain and the coupling between the two domains.

The governing differential equations (Eqns [2.5]–[2.10] and [2.29]) and
all related supplemental and boundary conditions were solved through the
following iterative scheme.

1. Equation [2.29] and the associated boundary conditions were solved
and the electromagnetic forces were calculated.

2. The momentum equations [2.6]–[2.8] and the associated boundary 
conditions were solved iteratively to obtain velocity and pressure 
distributions.

3. The energy equation [2.9] was solved for the enthalpy and temperature
distributions. Iteration was performed between steps 2 and 3 until con-
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verged solutions of velocity, pressure and temperature distributions
were achieved.

4. The free-surface equation [2.15] was solved to obtain the new free
surface and domain of the weld pool.

5. Advance to the next time step and back to step 2 until the desired time
is reached.

The momentum differential equations are cast into the general format
suggested by Patankar112:

[2.71]

where t is the viscous stress tensor and Sf is the source term, which includes
the pressure gradient, the Darcy function, the relative phase motion, the
plasma drag force and the body forces (electromagnetic force, gravitational
force and buoyancy force) in the momentum equations. Equation [2.71] is
solved in finite-difference form with a two-step projection method involv-
ing the time discretization of momentum (Eqns [2.6]–[2.8]). The equation
for the first step is

[2.72]

where the velocity field Ṽ is explicitly computed from incremental changes
in the field Vn resulting from advection, viscosity and the source term.
In the second step, the velocity field Ṽ is projected onto a zero-divergence
vector field Vn+1 using the following two equations:

[2.73]

[2.74]

These two equations can be combined into a single Poisson equation for
the pressure, which is solved by the incomplete Cholesky conjugate gradi-
ent solution technique113:

[2.75]

In the solution of the free-surface equation [2.15], F̃ was defined via

[2.76]

Then, the new fluid domain Fn+1 can be calculated via a divergence 
correction to obtain
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[2.77]

The energy equation [2.9] and/or species equation [2.10] are solved
explicitly to determine the distributions of temperature and concentration
respectively. Following the marker-and-cell scheme114, the x, y and z veloc-
ity components are located at cell face centers on lines of constants x, y and
z respectively, while the pressure, VOF function, temperature and scalar
electric potential are located at cell centers.

In the solution of the electric potential equation [2.29], the governing dif-
ferential equation is discretized in the following form:

[2.78]

where the values of aP, aE, etc., are the coefficients resulting from Eqn [2.29]
and S is the source term. The discretized equations were solved iteratively
using the tridiagonal matrix algorithm115 and the grid system is shown in
Fig. 2.32.
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2.32 A cell in three dimensions and the neighboring nodes used in
the calculations.
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Convergence is declared when the following condition is satisfied:

[2.79]

where M and N are the total numbers of nodes in the r and z directions
respectively and m is the number of iterations.

As the weld pool and keyhole move in the welding direction, an adap-
tive grid system is employed, having finer grids in the weld pool and keyhole
plasma zone.The finer grids concentrating on and around the weld pool and
keyhole move with the weld pool and the keyhole as the welding proceeds.
In the calculation, numerical stability is an important factor to be consid-
ered.The time step dt must be smaller than a certain critical value to prevent
the unbounded growth of parasitic solutions of the difference equations.
Once the mesh has been chosen, several restrictions are placed on dt to
insure that it is below the critical value.

The first restriction is that material cannot move more than one cell width
per time step. Therefore,

[2.80]

where the minimum is to take over every cell in the mesh. Typically dt is
chosen to be some fairly small fraction, say 0.25, of the minimum.

The explicit differencing of the viscous terms also limits the time step for
the metal domain. It requires that

[2.81]

where u is the kinetic viscosity of the liquid metal.
Finally, the explicit treatment of the surface tension force requires that

capillary waves do not travel more than one cell width in one time step. A
rough estimate for this limit is

[2.82]

where dxm is the minimum cell width in any direction anywhere in the mesh,
g is the surface tension coefficient and x is a factor that is zero in Cartesian
coordinates, and unity in cylindrical coordinates.

2.6 Future trends

In general, welding is a very complicated technology involving many com-
plicated physical processes such as arc–laser-induced plasma formation and
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recoil pressure formation, which are still not fully understood. All the
results discussed in this chapter are based on the current existing published
papers and some of these still need more investigation. With the advances
of modern physics, the research on arc plasma formation, computation the-
ories and the fast development of computer technology, people may have
a better understanding of plasma formation, laser–plasma interaction,
microstructure evolution, the deformed-surface-handling algorithm, etc. In
that way, mathematical models can be employed to predict precisely the
heat transfer phenomena in the welding process and to optimize the indus-
trial welding processes to obtain quality welds with good mechanical and
chemical properties.

2.7 Further reading

In this section, some common publications in welding fields are listed in the fol-
lowing.
1. Lancaster, J.F., The Physics of Welding, 2nd edition, Pergamon, Oxford, 1986.
2. Easterling, K., Introduction to the Physical Metallurgy of Welding, 2nd edition,

Butterworth–Heinemann, Oxford, 1992.
3. Jenney, C.L., and O’Brien, A., Welding Handbook, 9th edition, American

Welding Society, Miami, Florida, 2001.
4. Nipples, E.F., Metals Handbook, 9th edition, American Society For Metals,

Metals Park, Ohio, 1983.
5. Kou, S., Welding Metallurgy, 2nd edition, John Wiley, New York, 2003.
6. Duley, W.W., Laser Welding, John Wiley, New York, 1999.
7. Dawes, C., Laser Welding, McGraw-Hill, New York, 1992.
8. Pionka, T.S., Voller, V., and Katgerman, L. (eds), Modeling of Casting, Welding

and Advanced Solidification Processes VI, The Minerals, Metals and Materials
Society, Warrendale, Pennsylvania, 1993.

9. Zumbrunnen, D.A. (ed.), Heat and Mass Transport in Materials Processing and
Manufacturing, HTD-Vol. 261,American Society of Mechanical Engineers, New
York, 1993.

10. Journal of Applied Physics, American Institute of Physics, College Park,
Maryland.

11. Journal of Physics D: Applied Physics, Institute of Physics, London.
12. Journal of Minerals, Metals and Materials, The Minerals, Metals and Materials

Society, Warrendale.
13. Metallurgical and Materials Transactions, ASM International, Materials Park,

Ohio; The Minerals, Metals and Materials Society, Warrendale, Pennsylvania.
14. Materials Science and Engineering, Elsevier Science, Oxford.
15. Welding in the World, International Institute of Welding, Pergamon, Oxford.
16. Acta Metallurgia et Materialia, Elsevier Science, Tarrytown, New York.
17. Proceedings of the International Congress on the Applications of Lasers and

Electro-optics, Laser Institute of America, Orlando, Florida.
18. International Journal of Heat and Mass Transfer, Science, Inc., Tarrytown, New

York.
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19. Quarterly Journal of the Japan Welding Society, Japan Welding Society,
Tokyo.
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3
Thermal–metallurgical–mechanical 

interactions during welding

T. INOUE, Fukuyama University, Japan

3.1 Introduction

The effect of coupling between metallic structures, including the molten
state, temperature, and stress and/or strain occurring in processes accom-
panied by phase transformation, sometimes plays an important role in such
industrial processes as quenching, welding and continuous casting. Figure
3.1 represents the schematic features of the effect of metallothermome-
chanical coupling with the induced phenomena1–8.

When the temperature distribution in a material varies, thermal stress ➀
is caused in the body, and the induced phase transformation ➁ affects the
structural distribution, which is known as melting or solidification in the
solid–liquid transition and pearlite or martensite transformation from
austenite in the solid phase. Local dilatation due to structural changes in
the body brings out the transformation stress ➂ and interrupts the stress or
strain field in the body.

In contrast with these phenomena, which are well known in ordinal analy-
sis, arrows in the opposite direction indicate coupling in the following
manner. Part of the mechanical work done by the existing stress in the mate-
rial is converted into heat ➃, which may be predominant in the case of
inelastic deformation, thus disturbing the temperature distribution. The
acceleration of phase transformation by stress or strain, which is called
stress- or strain-induced transformation ➄, has been discussed by metal-
lurgists as one of leading parameters of transformation kinetics. Arrow ➅
corresponds to the latent heat due to phase transformation, which is essen-
tial in determining the temperature.

The purpose of this chapter is to present a method that simulates such
processes involving phase transformation when considering the effect of the
coupling just mentioned. First, the formulation of the fundamental equa-
tions for stress–strain relationships, heat conduction and transformation
kinetics based on continuum thermodynamics will be carried out, and then
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some examples of the numerical simulation of temperature, stress–strain
and metallic structures in some welding processes will be presented.

3.2 Framework of governing equations

Consider a material undergoing structural change due to phase transfor-
mation as a mixture of N kinds of constituent9. Denoting the volume frac-
tion of the Ith constituent as xI (Fig. 3.2), the physical and mechanical
properties x of the material are assumed to be a linear combination of the
properties xI of the constituent as

[3.1]

with

[3.2]

where is the summation for subscript I from 1 to N. All material para

meters appearing below are defined in the manner of Eqn [3.1].
The Gibbs free-energy density function G is defined as

I

N

=
Â

1

xI
I

N

=
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x xI I
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[3.3]

where U, T, h and r are the internal energy density, temperature, entropy
density and mass density respectively. The elastic strain rate e.eij in Eqn [3.3] is
defined as the subtraction of inelastic strain rate e.iij from total strain rate e.ij, i.e.

[3.4]

The thermodynamic state of a material is assumed to be determined by
stress sij, temperature T, temperature gradient gi (= grad T) and a set of
internal variables of inelastic strain e i

ij, back stress a ij and hardening para-
meter k related to inelastic deformation, together with the volume fraction
xI of the constituents. Then, the general form of the constitutive equation
can be expressed as

[3.5]

[3.6]

[3.7]

[3.8]

Here, qi is the heat flux. The evolution equations for the internal variables
are defined in the same form as Eqns [3.5]–[3.8], i.e.

[3.9]

[3.10]˙ ˙ , , , , , ,a a s e a k xij ij ij i ij ij IT g= ( )i

˙ ˙ , , , , , ,e e s e a k xij ij ij i ij ij IT gi i i= ( )

e e s e a k xij ij ij i ij ij IT ge e i= ( ), , , , , ,

q q T gi i ij i ij ij I= ( )s e a k x, , , , , ,i

h h s e a k x= ( )ij i ij ij IT g, , , , , ,i

G G T gij i ij ij I= ( )s e a k x, , , , , ,i

˙ ˙ ˙e e eij ij ij
e i= -

G U T ij ij= - -h
r

s e
1 e
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[3.11]

[3.12]

Because of the restriction of the Clausius–Duhem inequality in strong
form for every possible process

[3.13]

with

[3.14]

Eqns [3.5]–[3.12] are reduced to

[3.15]

[3.16]

[3.17]

[3.18]

Here, Eqn [3.18] denotes the Fourier law with positive thermal conductiv-
ity k.

3.3 Stress–strain constitutive equation

To obtain an explicit expression for the elastic strain in Eqn [3.16], the
Gibbs free energy G is assumed to be determined by that of constituent GI

in the form of Eqn [3.1] as

[3.19]

When GI is divided into the elastic and inelastic parts as

[3.20]

we can derive the elastic strain from Eqn [3.16] by expanding the elastic
part Ge

I around the natural state, sij = 0 and T = T0, in terms of the repre-
sentation theorem for an isotropic function:

[3.21]
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Here, EI, nI, aI and bI correspond to Young’s modulus, Poisson’s ratio,
the thermal expansion coefficient and dilatation respectively of the Ith 
constituent.

3.3.1 Plastic strain rate

Assume that the evolution of back stress aij of the yield surface and 
hardening parameter k can be determined by

[3.22]

[3.23]

where e.̄ i represents the equivalent inelastic strain rate. To take into account
the effect of changing the structural fraction xI, we take the form of the
yield function as

[3.24]

where sij (= sij - 1–3 dijskk) represents the deviatoric stress component. Employ-
ing the normality rule and the consistency relationship, the final form of the
time-independent inelastic strain rate, or plastic strain rate, is

[3.25]

with

[3.26]

Equation [3.25] means that plastic strain is induced not only by stress but
also by the temperature and phase change.

3.3.2 Viscoplastic strain rate

The elastic–plastic constitutive relationship is suitable for describing the
material behavior at relatively low temperatures. However, time depen-
dence or viscosity might predominate at a higher temperature level, par-
ticularly when the material behaves like a viscous liquid beyond its melting
point. In order to analyze such processes as welding and casting, in which
melting and/or solidification of the metal are essential phenomena,
adequate formulation of the viscoplastic constitutive model is needed.
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Malvern10 and Perzyna11 proposed a viscoplastic constitutive equation for
time-dependent inelastic strain rate e.iij in the form

[3.27]

with the static yield function

[3.28]

where m and K denote the coefficient of viscosity and the static flow stress
respectively, and

[3.29]

Equation [3.27] indicates that the inelastic strain rate is induced in an
outer direction normal to the static yield surface F, and that the magnitude
of the strain rate depends on the ratio of excess stress f̃ - K to the flow
stress K. If we adopt the flow rule (Eqn [3.27]) to the liquid state, the flow
stress tends to vanish (K Æ 0) and the yield surface F expands infinitely (F
Æ •), which implies that the strain rate is infinite at low stresses. To com-
pensate such an inconsistency occurring in a liquid, a modification to Eqn
[3.28] is made such that

[3.30]

When we take the simple forms of functions y for F

[3.31]

[3.32]

Eqn [3.27] can be reduced to

[3.33]

This constitutive relationship may be relevant to a liquid–solid transition
region with high viscosity, as well as to a normal time-independent plastic
body6. For instance, when flow stress K equals zero in Eqn [3.33], the total
strain rate e.ij (= e.eij + e.i

ij) is given by
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when the effects of temperature and phase change are neglected for sim-
plicity. This equation is equivalent to the Maxwell constitutive model for a
viscoelastic body.

When the elastic component of shear deformation is sufficiently small
compared with the viscoplastic component, as is usual for a viscous fluid,
the Newtonian fluid model

[3.35]

is obtainable from Eqn [3.34] by neglecting the elastic shear strain rate.
Furthermore, when the elastic volume dilatation ee

kk is removed from Eqns
[3.35], we have

[3.36]

which represents the model for an incompressible Newtonian fluid. In the
limiting case for an inviscid material (m Æ 0), y(F) in Eqn [3.27] tends to
infinity and

[3.37]

should hold to give the form

[3.38]

The parameter L can be easily determined by applying the consistency 
relationship, and thus we return again to the previous discussion for time-
independent plastic strain. From the considerations just mentioned, the con-
stitutive relationship developed in Eqn [3.33] seems to be useful for a wide
range of metals from inelastic solids to viscous fluids.

3.4 Heat conduction equation

When we adopt Eqns [3.15]–[3.18] for the energy conservation law

[3.39]

the equation of heat conduction
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holds with the enthalpy density H (sij, T, xI) and latent heat lI due to the
increase in the Ith phase given by

[3.41]

The fifth term on the left-hand side of Eqn [3.40] denotes the heat gener-
ation by inelastic dissipation, which is significant when compared with the
elastic work represented by the fourth term, and the third term arises from
the latent heat through phase changes. Hence, it can be seen that Eqn [3.40]
corresponds to the ordinal equation of heat conduction, provided that these
terms are neglected.

3.5 Kinetics of phase transformation

During phase transformation, a given volume of material is assumed to be
composed of several kinds of constituent xI as expressed in Eqn [3.1]. We
choose four kinds of volume fraction, namely liquid xL, austenite xA, pearlite
xP and martensite xM, and other structures induced by precipitation by
recovery effect, say, during the annealing process.

For the rate of solidification in steel, we employ the well-known lever
rule (Fig. 3.3 is an example), and the volume fraction of austenite is

[3.42]

where TL and TA denote the liquidus and solidus temperatures respectively,
and mL and mA are the gradients of the liquidus and solidus temperatures
respectively with respect to the carbon content in the phase diagram.
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When austenite is cooled in equilibrium, bainite, ferrite and carbite 
are produced in addition to pearlite, but for brevity all these structures
resulting from a diffusion type of transformation are called pearlite. The
nucleation and growth of pearlite in an austenitic structure are phenome-
nologically governed by the mechanism for a diffusion process, and Johnson
and Mehl12 proposed the following formula for the volume fraction xP:

[3.43]

where Ve is the extended volume of the pearlitic structure given by

[3.44]

Here, R is the moving rate of the surface of pearlite. Bearing in mind that
the value of R is generally a function of stress as well as temperature, Eqn
[3.44] may be reduced to

[3.45]

The function f(T, 0) can be determined by fitting the temperature–
time–transformation diagram (TTT) or continuous-cooling transformation
(CCT) diagram without stress, and f(T, sij) may be given by the start-time
or finish-time data for pearlite transformation with an applied stress, an
example of which is shown in Fig. 3.413.

The empirical relationship for the austenite–martensite transformation is
also obtainable by modifying the kinetic theory of Magee14. Assume that
the growth of a martensite structure is a linear function of the increase 
in the difference DG in between the free energies of austenite and marten-
site as

V f T tij

t

e d= ( ) -( )Ú , s t t3

0

V R t n
t

e d= -( )Ú
4
3

3

0
p t t

xP e= - -( )1 exp V
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[3.46]

Regarding the free energy G as a function of temperature and stress, we
can obtain the form of xM by integrating Eqn [3.46] as

[3.47]

The function f2 (sij) is identified by data such as those shown in Fig. 3.515.

3.6 Simulating stresses in the welding process

3.6.1 Bead on the center of a circular plate

A bead is mounted in a center hole of a circular plate16 of a low-carbon steel
(SM41) for welding with a diameter of 300mm and a thickness of 8mm (Fig.
3.6) as the first simple example of axisymmetric welding simulation.Tension
tests were carried out at temperature levels from ambient to 1100°C under
several strain rates in order to determine the material parameters of the vis-
coplastic constitutive relation [3.33]. A CCT diagram in Fig. 3.7 was used to
determine the form of function F in Eqn [3.24], and the solidus temperature
TS and liquidus temperature TL were 1480°C and 1530°C respectively.

In order to perform the calculation, the heat input from the electrode
was assumed to be 299J/s for the circular plates, and the heat transfer coef-

x f f sM s= - -( ) + ( )[ ]1 1 2exp T M ij

d dM Mx x f= - -( ) ( )v G1 D
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ficient on the surface of the plate during cooling was taken to be 2.31 ¥
10-8 (T + Ta)(T2 + T 2

a)W/m2 K4. The effect of convection on the coefficient
is not taken into account in the first approximation.

The finite-element method was used by dividing the plate into 29 ele-
ments along the radial direction, assuming for simplicity that there is no
temperature or stress distribution in the z direction since the diameter is so
much greater than the thickness.

The curves in Fig. 3.8 represent the temperature history at four charac-
teristic points of r and agree fairly well with the experimental data 
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measured by thermocouples. The temperature distribution in Fig. 3.9 seems
rather steep toward the welding point; so only the region of the plate near
the hole is transformed into liquid. A similar situation is apparent from 
Fig. 3.10, representing the phase distribution; the region of liquid is
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restricted to r < 6mm, and only the area for which r < 10mm is heated
beyond the Ac3 temperature.

Figure 3.11 shows the calculated distribution of tangential stress. The
complicated changes in the range r = 5–10mm during heating, and at r =
5mm for t = 30s during cooling, affect the dependence of transformation
stress on phase changes. The calculated residual stress distributions (curves
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in Fig. 3.12) agree well with the stress measured by the X-ray diffraction
technique which uses the premise that high stresses caused near the center
decrease rapidly along the radial direction.

3.6.2 Butt welding of plates

Two rectangular plates of dimensions 500mm ¥ 145mm ¥ 8mm of the same
carbon steel (SM41) are butt welded16 under conditions of 170A and 28V
with a steady electrode travel speed of 4.7mm/s along the longitudinal
direction (Fig. 3.13). The calculated profiles of temperature are successively
shown in the bird’s-eye view of Fig. 3.14. The variation in the tempera-
ture at several points is given in Fig. 3.15 with data measured by 
thermocouples. Both the calculated and the experimental results show the
temperature changes according to the travel of the electrode.

Since the thickness of the plate was sufficiently small compared with
other dimensions, plane-stress conditions are assumed throughout the stress
analysis. The calculated distribution of stress is partly shown in Fig. 3.16. It
is shown that residual stress sx (t = •) at the periphery of the welding line
is as high as the flow stress except at both edges, and the peaks in sy appear
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at about 100mm inside the edge. The residual stresses at the midsection of
the plate are plotted in Fig. 3.17 with the experimental data measured on
the upper and lower sides of the plate by the X-ray diffraction technique.

3.6.3 Bead on plate

The equations developed in the previous section are now applied to simu-
lation of the welding process of a bead on a plate17 of type 304 stainless
steel. The hatched cross-section in Fig. 3.18(a) is the region over which the
calculation is executed and where the plane-strain condition is assumed.
The electrode is assumed to travel along the x axis at a velocity of 5mm/s
with a bead width of 6mm. The quantity of heat supplied is 4000W, and the
time required for the supply is 1.2 s. Figure 3.18(b) indicates the finite-
element mesh division with 279 elements and 169 nodes. The displacement
constraint condition is illustrated in Fig. 3.18(c), while no external force is
applied.

Simulated variations in temperature, deformation, velocity and the x, y
and z components of the stress fields with time are shown in Fig. 3.19,
Fig. 3.20, Fig. 3.21, Fig. 3.22, Fig. 3.23 and Fig. 3.24 respectively. All figures
show the results for a part of half of the cross-section within y £ 20mm,
where the heat is supplied from the upper side. The change in distortion of

Thermal–metallurgical–mechanical interactions during welding 113

z

y

x
145 mm

8 mm

500 mm

Electrode

3.13 Butt-welded plates.

© 2005, Woodhead Publishing Limited



the cross-section is represented as ten times the elongation throughout the
figures.

It is known from Fig. 3.19 indicating the temperature distribution that the
center is heated at the beginning of the welding operation, but that heat
diffuses to the outer area at the final stage.

The distortion of finite elements is shown in Fig. 3.20. Lines near the left
top indicate the volume fraction xL of liquid phase, where xL = 1.0 denotes
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the completely molten state.The supplied heat induces melting in the upper
side of the section, and the deformation caused by thermal and transfor-
mation strain is observed in Fig. 3.20(a). The growth of the molten pool and
the swelling of the surface become evident with the progress of the opera-
tion, as seen in Fig. 3.20(b) and Fig. 3.20(c); the induced deformations are
depicted in the final stage of heating in Fig. 3.20(e). All this means that the
plate deforms in the heating process to affect the final shape of the 
weldments.

Figure 3.21 indicates the change of velocity distribution. An upward flow
can be observed at the beginning (Fig. 3.21(a)). The difference between the
velocities of the liquid and solid phases is apparent in the mushy zone at 
t = 0.6 s in Fig. 3.21(b), and this occurs because the jump in velocity is caused
by the difference between the densities of the solid and liquid phases on
the interface in the melting process. In Fig. 3.21(a), Fig. 3.21(b) and Fig.
3.21(c) it can be observed that the jump affects the velocity distribution in
the molten pool.
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The calculated results of the stress distributions are shown in Fig. 3.22,
Fig. 3.23 and Fig. 3.24. In the distribution of longitudinal stress sx in Fig.
3.22, compressive stresses appear up to t = 0.6 s in Fig. 3.22(b), but they
become tension stresses in the final state (Fig. 3.22(e)) within and around
the weld line. The location of maximum stress is around the molten pool in
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the final distribution, and this is because recrystallization occurs in the pool,
which means that the method and procedure developed in this article can
represent the phenomenon in contrast with the ordinal elastic–plastic
analysis. The distribution of transverse stress sy involved is observed up to
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3.24 Distributions of stress in the z direction.

t = 0.6 s in Fig. 3.23, and this is considered to be caused by the temperature
difference between the upper and lower sides of the plate. The distribution
of stress sz is relatively small because of the thin thickness of the plate, as
observed in Fig. 3.24.
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3.7 Conclusions

Fundamental equations governing the temperature, stress and metallic
structural distributions in steel undergoing phase transformation have been
developed when the coupling effect between them is taken into account,
and the procedure for solving the equations by the finite-element method
has been presented.The theory was applied in order to simulate the welding
process. The calculated results of the temperature, stress and structural
changes were compared with the experimentally measured data to confirm
the validity of the simulation.
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4
Measuring temperature during welding

J. PAN, Tsinghua University, People’s Republic of China

4.1 Introduction

The thermal process is central to the entire fusion-welding process. All the
physical and chemical reactions in welding are related to the thermal
process. It is closely related to the metallurgical reactions, crystallization
and other phase transformations.The accurate measurement of the thermal
process is a prerequisite for understanding and controlling metallurgical
events, strain and stress during welding, residual stress and distortion after
welding. Welding researchers have attached great importance to research
on this topic and have performed many studies. There are two approaches;
the first is the temperature-field calculation using heat transfer theory and
the second is based on temperature-field measurement.

Basically there are two categories of temperature-measuring methods
used in welding technology.

1. Thermocouples1,2. This is the conventional high-temperature measure-
ment method. Thermocouple measurements are accurate and are
widely used in research, e.g. for measuring the thermal cycle at a point.
This method is suitable for measuring temperature at a point. Measur-
ing a temperature field is difficult, particularly for welding processes,
because many thermocouples are needed to map temperatures in three
dimensions. Attaching thermocouples and measuring temperatures is
laborious. Moreover, too many thermocouples change the temperature
distribution and, owing to high temperatures, measuring the tempera-
ture near the arc is not possible. Therefore real-time control using 
thermocouples is not possible.

2. Infrared radiation. This is a noncontact measuring method that is supe-
rior to thermocouples because contacting the object is not necessary.
The temperature field is not altered by the measuring method and
waiting for temperature equilibration between the sensor and the
object is not necessary. In addition, infrared radiation propagates at the
speed of light; the measuring speed depends only on the response of
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the measuring instruments. The particular advantage of this method is
that measuring the temperature field and realizing real-time control are
possible. The brightness method, radiation method and colorimetric
method may refer to conventional temperature measurement methods
using radiation1,3.

Until now, there have been no reports about the application of the bright-
ness method and colorimetric method for measuring temperature fields in
welding. The colorimetric method has been used for detecting temperature
at a point or the average temperature of a small area but not for 
temperature-field measurement. A direct measurement of a complete tem-
perature field has been given by Chen et al.4,5 in which an infrared camera
was used. For the image taken by an infrared camera to describe the tem-
perature field, its calibration is critical. Without calibration, the image is
only a radiation intensity field and not the temperature field. Calibration is
complicated because the gray levels of the image pixels depend on many
factors such as the radiation wavelength, the radiation intensity, the condi-
tions surrounding the detected point, the parameters of the atmosphere
through which the radiation travels, the materials, the distance and the
surface condition. Among these, the wavelength and radiation intensity are
related to the temperature while the other factors are not related to tem-
perature but affect the gray level of the pixels.

To overcome this problem, a colorimetric method using a charge-coupled
device (CCD) camera was developed by the author with his colleagues6,7.
The technology of this method has been described previously8.

4.2 Principles

4.2.1 The radiation law for an absolute black body

A black body has the strongest emission power for a given temperature.
An absolute black body is applied as a standard for evaluating emission
power and is widely used for calibration of infrared instruments, for 
thermometers and for the measurement of radiation characteristics of
various materials.

Planck radiation formula

The experimental data for black-body radiation are plotted as shown 
in Fig. 4.1.

In order to explain the experimental curve for black-body radiation,
Planck hypothesized energy quantization. Planck regarded the radiation of
a black-body cavity as the electromagnetic radiation of a cluster of oscil-
lating dipoles (or simply oscillators). The energy of the oscillator cannot
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have any value; for a dipole of oscillating frequency g, the minimum energy
unit is hg. A dipole in a certain state would have the energy nhg (n = 0, 1,
2, . . .) where h = 0.6262 ¥ 10-34 J s is the Planck constant and hg is called an
energy quantum. Planck considered that the probability that an oscillator
will have a certain energy level is proportional to exp(-nhg /KT) where 
K = 1.3806 ¥ 10-2 Ws/K is the Boltzmann constant and T represents the
absolute temperature. On the basis of these two hypotheses, the famous
Planck radiation formula is written as follows:

[4.1]

where Ml is the spectrum radiant exitance, C1 = 2pC2h = 3.7415 ¥
10-16 Wm2 is the first radiation constant, C = 2.9979 ¥ 108 m/s is the velocity
of light and C2 = 1.4388 ¥ 10-2 mK is the second radiation constant. hC/K

Stefan–Boltzmann law

Stefan observed that the total energy of a black body is proportional to the
fourth order of the absolute temperature of the black body. He derived the
formulas on the basis of the Maxwell theory. By integrating Eqn [4.1] over
all wavelengths, the total power radiated by a black body over a half-sphere
of space can be obtained as
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This is the Stefan–Boltzmann law, where s = 5.670 ¥ 10-8 W/m2 K4 and is
called the Stefan–Boltzmann constant.

It can be seen from Fig. 4.1 that the spectrum radiation power for an
absolute black body has a maximum value at a certain wavelength, which
depends on the absolute temperature of the body.The corresponding wave-
length is designated as lm. The relationship between T and lm is given by

[4.3]

This is the Wien displacement law, where b = 2.897 ¥ 10-3 mK.
For temperatures normally encountered, the wavelength corresponding

to its maximum radiation power is in the infrared region.

4.2.2 Gray-body radiation

Most matter generally is not a black body; it has selective absorption char-
acteristics. The absorptivity is large for certain wavelengths of electromag-
netic radiation. In some categories of matter there is no obvious selective
absorptivity; their emissivity is less than 1 but approximately a constant.
This kind of matter is called a gray body.

For a gray body, the radiation law of a black body is applicable but emis-
sivity should be taken into consideration.Thus the Planck formula becomes

[4.4]

and the Stefan–Boltzmann formula is

[4.5]

4.2.3 An existing method for measuring the temperature
field using thermal radiation

Because of the limitation of spectral response by the camera and the mea-
sured temperature range, radiation having a certain range of wavelength is
used in existing measurement methods.

Assume that a radiation beam from the object is projected via an optical
system onto the receiving element. Its output signal N can be expressed by
the following equation:

[4.6]
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where l1 and l2 are the upper and lower limits respectively of the received
wavelength, K is the conversion coefficient of heat to electricity, F is the
geometric factor of the receiving element and object, e(l, T) is the emis-
sion coefficient, h(lm) is the maximum spectral sensitivity of the receiving
element, h(l) is the relative spectral sensitivity of the receiving element,
g (l) is the transmissivity of the filter, j1(l) is the transmissivity of the first
optical element, j2(l) is the transmissivity of the second optical element,
jn(l) is the transmissivity of the nth optical element, j(l) is the product of
transmissivity of all optical elements and Ml is the radiance exitance of the
object.

It is seen from Eqn [4.6] that the output signal depends on many factors
including the geometric factors F of the receiving element and object and
the emissivity e(l, T) of the object. The other factors can be found for a
given measurement system. Only these two factors F and e(l, T) are vari-
ables that depend on the distance, material and surface conditions.

The effect of distance

Suppose that the other factors are kept constant, and only the distance is
varied; the radiation intensity of the source S is I, and the angle between
the normal line of the receiving surface and direction of the radiation is q.
Then the radiation power received can be written as (Fig. 4.2)

[4.7]

In this equation, d0 is the distance between the point source S and dA.
Therefore the irradiance on dA by S is

[4.8]

The output signal N of the receiver is proportional to the irradiance, i.e.
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It can be concluded, therefore, that the output potential of the receiver is
proportional to cosq and inversely proportional to the square of d0.

It is seen that there is a strong influence of distance and q on the mea-
surement. Normally it is arranged so that the normal line of the receiving
surface coincides with the radiation direction so that the influence of q can
be eliminated.

The influence of the material and the surface condition

It is seen that the output signal depends on the emissivity e(l, T) of the
object, which is, in turn, affected by many factors. It varies greatly. The
amount of variation can be several orders of magnitude. This is the main
factor that affects the accuracy of the measuring method.

4.2.4 Colorimetric image method

As described above, with measuring methods available currently, there is
no corresponding relationship between the output potential and the tem-
perature.The distance to the object and surface conditions affect it. In order
to solve this problem, a colorimetric imaging method was proposed. It uses
CCD camera to take two images at two different wavelengths, which are
processed by computer to obtain the two-dimensional temperature field.
The principle of the method is as follows.

From the Planck formula, one can obtain

Dividing the first formula by the second gives

[4.10]

where R is called the colorimetric ratio, l1 and l2 are two wavelengths and
T is the absolute temperature of the object.

From Eqn [4.10] it can be seen that describing the temperature using 
the colorimetric ratio is an improved way because two wavelengths can be
chosen so that the emissivities of the matter at the two wavelengths are
similar and an accurate relationship between R and T can be obtained.

From Eqn [4.6], the output potential of the receiver in the wavelength
band Dl1 near l1 is
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The output potential for the wavelength band Dl2 at l2 is

Dividing the first formula by the second gives the colorimetric ratio

[4.11]

The following can be obtained for metals, because e(l1,T) = e(l2,T):

[4.12]

Equation [4.12] means that the potential response of the receiving element
for a gray body is related to temperature and l1, l2, Dl1, Dl2, h(l1), h(l2),
g (l1), g (l2), j1(l1), j2(l1), L, jn(l1), j1(l2), j2(l2) and jn(l2). Among these,
all the factors except temperature are known and fixed for a given mea-
suring system. Therefore, it can be concluded that temperature has a rela-
tionship with only the colorimetric ratio and has no relationship with
material, distance, surface conditions, etc. Equation [4.12] is the general
formula that describes the colorimetric ratio–temperature relationship for
the colorimetric method.

4.3 Wavelength of the filter

The colorimetric ratio depends mainly on the radiation properties of the
object, the transmissivity of the filter and the spectral response of the image-
intensified charge-coupled device (ICCD); if canceling all common factors,
Eqn [4.11] may be rewritten in a more exact form as follows:
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For the purpose of the following discussion, it was assumed that the wave-
length was in a narrow band, and e(l, T), h(l) and MB(l, T) are slow func-
tions. The formula can be written as

[4.14]

In the measuring system, the sensitivity or the ratio of R(T) to T reflects
more clearly the response characteristics of the system. If the sensitivity is
designated as S(T), then

[4.15]

where

The requirement for the system’s response and sensitivity are that 
R(T) must be linear with a steep slope in the measuring-temperature 
range T1–T2 so that the temperature scale is reasonably even and 
sensitive. More explicitly, S(T1) = S(T2) and a large value of S(T) are
required.

The wavelengths of the maximum radiant exitance of the object at tem-
peratures of 1100–1800K are 2.616–1.599mm. Obviously, the closer the
chosen wavelengths are to these, the larger and better would be the values
of R(T) and S(T), but they are not in the range of the ICCD’s dynamic
response range. Figure 4.3 shows the spectral response of the ICCD which
is available at the moment on the market. It can be seen that the optimum
response wavelength of the ICCD is 0.5mm, which also cannot be used
because of serious interference from ambient light (daylight).Therefore the
applicable wavelength for the system is between 0.77 and 1.0mm. In order
to find the optimum wavelength for a given temperature range, numerical
simulation was carried out by the author considering the radiant exitance
of the measured body, the dynamic response of the ICCD and the trans-
missivity of the filters. Figure 4.4 shows the transmissivity curve of the filter.
For this purpose the dynamic response curve of the ICCD and the trans-
missivity curve were expressed by mathematical functions. For calculation
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of Eqn [4.13] the product of three functions was integrated using the
approximation formula of a trapezoid.

Simulation results demonstrate that the wavelengths of the two colors
that can meet the requirements of the system’s response and sensitivity in
the temperature range 1100–1800K are shown in Fig. 4.5. Any two wave-
lengths in the figure could have a stable sensitivity of S(T) in the assigned
temperature range. Considering that the dynamic response of the ICCD
should not be too small and avoiding the visible light range as far as possi-
ble, then it is reasonable that l2 could be in the range 0.90–0.948mm and l1

in the range 0.77–0.80mm. The possible combinations l1 and l2 are as
follows: 0.77 and 0.905mm; 0.780 and 0.920mm; 0.790 and 0.934mm; 0.800
and 0.948mm. Figure 4.6 shows the relationship of R(T) against T and 
Fig. 4.7 shows the relationship of S(T) against T with different combination
of two wavelengths obtained by numerical simulation. Detailed analysis
shows that the best choice of the two wavelengths are l1 = 0.780mm and 
l2 = 0.920mm.
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Simulation results shows that dl1 and dl2 exert an insignificant effect on
the R(T)–T relationship. However, if dl is too large, the ICCD becomes 
saturated and, if dl is too small, a small signal is produced and, hence, a 
low signal-to-noise ratio. Therefore using 0.01–0.03mm for dl1 and dl2 was
recommended.

4.4 Division of the temperature field

The temperature field9,10 in welding has a large range; the range of interest
is at least 800–1400°C. However, owing to the limited response capability
of the CCD, it can detect only a small range of temperatures. Therefore it
was proposed to divide the temperature field into several regions accord-
ing to the temperature range. Using different exposure times for different
regions, the radiation power of all regions could be limited to the response
capability of the CCD and thus the temperature of the whole field could
be obtained.

4.4.1 Dynamic response range of the image-intensified
charge-coupled device

The most important characteristic of the ICCD is its dynamic response
range. This is determined by the maximum electrical charge Qmax that can
be stored in the potential pit and the minimum electrical charge Qmin due
to the inevitable noise11. It can be seen that the charge in the pit depends
not only on the irradiance at that point but also on the exposure time (the
time integration of charge by the ICCD). The photoelectric characteristic
of an ICCD is linear in the normal range as shown in Fig. 4.8. The electric
charge signal that is converted by the ICCD may be written as

[4.16]

where K¢ is the coefficient decided by the optical imaging system. Q¢ =
tE(T, l0) is the exposure quantity; its units are lux seconds.

In cases when the exposure quantity of the electrical charge is larger than
Qmax or smaller than Qmin, the signal induced by the irradiance would be 
saturated or submerged respectively in the noise.

The exposure quantity by which the quantity of electrical charge is deter-
mined can be regulated by the irradiance E(T, l0) and the exposure time t
so that Qmin < Q < Qmax. The irradiance E(T, l0) depends on the image dis-
tance l¢, aperture coefficient F, etc. For a case in which l¢ is unchanged and
F is chosen, then the irradiance is a function of temperature only. Produc-
ing the quantity of electrical charge within the range from Qmax to Qmin for
a different temperature range can be accomplished by using a different
exposure time. This means the time should be taken as

Q T K E Tl t l0 0( ) = ¢ ( ),
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[4.17]

Obviously, when the welding temperature field has a large temperature
range, satisfying this requirement using one exposure is difficult12.

4.4.2 Method

Assuming that the ICCD has a minimum electrical charge quantity Qmin

and a maximum Qmax, the corresponding gray level after 8 bit conversion is
from Nmin to Nmax. Assuming also that the conversion is linear, as shown in
Fig. 4.9, then the dynamic response range can be expressed as Nmax/Nmin. For
the present system, Nmin ª 50 and Nmax ª 240. The ICCD has good linearity
in this range.

Suppose that the temperature range is from T1 to T2 and the wavelength
is l; then the ratio of irradiance on the ICCD can be obtained from Eqn
[4.1] as follows (the emissivity is not taken into consideration):
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[4.18]

For example, for the temperature range from T1 = 1073K to T2 = 1673K,
l = 0.78mm and c(l) = 1200, suppose that the irradiance due to T1 makes
up Qmin and Nmin; then the Q produced by T2 would be 1200 times that of
Qmin and the gray level would be 1200Nmin � 255; obviously the ICCD is
saturated. Therefore dividing the temperature field into several regions and
using different exposure times is needed to keep the irradiance of the 
temperature range of all divisions within the dynamic response range of 
the ICCD9,10.

Suppose that the exposure times are t1, t2, . . . , tm+1, and the temperature
from T1 to T2 is divided into m segments (Fig. 4.10(a)).

In order to use the dynamic response range of the ICCD fully, the tem-
perature range from T1 to T2 is divided into m sections T1–T1¢, T1¢–T2¢, . . . ,
Tm¢–T2, according to geometric ratios and the corresponding exposure times
are t1, t2, . . . , tm+1.

Then the following conditions must be satisfied:

[4.19]

Transforming the formula shows that T1¢, T2¢, . . . , Tm¢ are only functions of
T1 and T2 and are independent of l:
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Substituting Eqn [4.20] into Eqn [4.19] gives

[4.21]

The exposure times t1, t2, . . . , tm+1, should be chosen so that the dynamic
responses on the ICCD for T1–T1¢, T1¢–T2¢, . . . , Tm¢–T2 are within the largest
linear range. The corresponding gray levels are shown in Fig. 4.10(b).

For l1, the ideal case is

[4.22]

For l2, because l2 > l1, therefore c¢(l2) < c¢(l1), which satisfies the con-
dition for division given by Eqn [4.19].

Transforming Eqn [4.21] and combining it with Eqn [4.19] give

[4.23]

It is seen that, in order to satisfy the requirement of division of Eqn [4.19],
the exposure time should be decided according to Eqn [4.23]. However, the
exposure time of available ICCDs is discrete and the ratio of any neigh-
boring two values may not be equal. However, it is advisable to satisfy Eqn
[4.23] as closely as possible. For a two-color image, the irradiance of both
wavelengths must be kept within the response range. Equation [4.14] shows
that the related factors are the wavelengths l1 and l2, the bandwidths dl2

and dl1, the transmissivities I1 and I2 at the peak values of l1 and l2, and
the response values h(l1) and h(l2) of the ICCD.

In order to use the dynamic range of the ICCD fully, locating the elec-
trical charge quantity in the middle range of the temperature for when the
two wavelengths are close to each other, i.e. R(T1)R(T2) = 1, was proposed
so that the electrical charge quantity in the low-temperature and high-
temperature ranges would not be too different for the two wavelengths,
and a larger measurable temperature range could be obtained. In this 
case, the parameters of the filter could be found by transforming Eqn [4.14]
as follows:

[4.24]

Thus there is a temperature T0 in the range from T1 to T2 where 
R(T0) = 1. From Eqn [4.14], T0 can be determined by the following formula:
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The formula shows that T0 can be determined by proper design of the peak
transmissivity value of the two-color filter. In other words, the peak trans-
missivity value is an important factor for the design of the filter.

Combining Eqns [4.24] and [4.25], the relationship of T0, T1 and T2 can
be written as

[4.26]

Substituting Eqn [4.25] into Eqn [4.14] gives

[4.27]

From this formula, R(T) < 1 when T > T0 and R(T) > 1 when T < T0.

4.4.3 Effect of the dynamic range

In the following paragraphs, the effects of the dynamic response range of the
charge-coupled device of the ICCD on the measuring-temperature range,
the division number, the choice of wavelength and the requirement of expo-
sure time are discussed on the basis of Eqns [4.18], [4.19], [4.20] and [4.22].

1. The requirement of exposure time. The available exposure times for the
ICCD applied in the present design were 16.7, 8, 4, 2, 1, 0.5, 0.25 and
0.1ms. The exposure time should be as short as possible; therefore, t1 =
8ms, t2 = 2ms, t3 = 0.5ms and t4 = 0.1ms were chosen. Thus t1/t2 = 4,
t2/t3 = 4 and t3/t4 = 5, which satisfy the requirement of Eqn [4.23].
Because of the exposure times available, dividing the temperature field
into a maximum of four regions was allowed.

2. The requirement on l for a given range from T1 to T2 and the division
number N. Suppose that a temperature field from T1 to T2 is divided
into n regions; cT can be obtained from Eqn [4.20]. Substituting it into
Eqn [4.21] and combining it with Eqns [4.19] and [4.18] gives

[4.28]

This equation shows that the smaller the dynamic range of the ICCD,
the longer l should be.

3. The requirement of n for given values of the range from T1 to T2 and l.
Equation [4.28] can be transformed to
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4. The limitations on the lower temperature T1 and the upper temperature
T2 when l and n are given. Similarly, Eqn [4.28] can be transformed to

[4.30]

Obviously, as the dynamic response range of the ICCD becomes larger, the
measurable temperature range also can be larger.

4.5 Design of the sensor

The design of the two-color thermal-image sensor12,13 determines the quality
of the image. It should be handy and reliable and have a fast response. The
main design problem is how to sample two-color images in as short a time
as possible. The construction of the optical system, choice of devices, design
of filters, image sampling, time-sequence control, etc., are described in the
following sections.

4.5.1 Structure

There are two possible types of optical system for radiation-image forma-
tion as shown in Fig. 4.11: a reflection type (Fig. 4.11(a)) and a refraction
type14 (Fig. 14.11(b)). Because the system works at l1 = 0.78mm and l2 =
0.92mm, all devices, including lenses, filters, etc., must have good transmis-
sivity at these two wavelengths to ensure high image quality. Most existing
infrared imaging systems are the reflection type because there are few
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materials that can satisfy the physical, chemical and mechanical properties
needed for an infrared refraction system. Designing an achromatic optical
system is difficult.The reflection type has no chromatism and a wider applic-
able working wavelength range. The materials requirements are not 
rigorous. However, there are many shortcomings including a small field,
bulkiness and eclipse in the major optical path. Therefore the refraction
type was chosen for the present design.

For the system, the main aim was to obtain two thermal images. There
were two possible choices for this, i.e. a single optical path (Fig. 4.12(a)) and
a binary path3 (Fig. 4.12(b)). In the binary-path design, a spectroscope was
used that divided the radiation into two paths with different filters. Two
ICCDs were used to form the image. In this way, two thermal images could
be obtained simultaneously. However, very strict synchronization and accu-
racy are required for all optical devices in establishing these two optical
paths. Practical experience demonstrated that this type of sensor was hard
to fabricate and also was bulky. The single-path design was much simpler
to construct and had greater system stability but it required a precise color
modulator and two filters.

The optical system of the present design is shown in Fig. 4.13. On the
color modulator there are two half-disk filters. The optical path and all the
devices included were identical except for the wavelengths of the two filters.
Therefore it was simple and stable. The focal length of the lens was f =
50mm. In the case in which the object field was 50mm ¥ 40mm and the
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optically sensitive surface area of the ICCD was 7.95mm ¥ 6.45mm, the
image distance l¢ and object distance l can be calculated as

[4.31]

where a is the magnification of the image. A different image size can be
obtained by regulating the image distance.

4.5.2 Sensor components

The main components of the sensor are the lens and the ICCD; their 
characteristics determine the image quality.

Lens

In the choice of a lens, the following factors are considered.

1. The focal length is chosen according to the image and object distances,
the image-field size and the space needed for mounting, the required
temperature-field size, etc. For the present design, 50mm was chosen.

2. The aperture coefficient F is chosen according to the minimum and
maximum irradiances acceptable to the ICCD and should be coordi-
nated with the exposure time. In the present design, F = 4.5, 5.6, 8, 11
and 16 were chosen. The irradiance of the ICCD decreases by one half
when the F stop is increased by one step.

3. The vignetting coefficient H affects the evenness of the irradiance on
the ICCD surface when a uniform source emits and projects radiation
to the lens and is given by

[4.32]

where D is the optical beam diameter projected by a point on the object
located on the principal axis and Dw is the actual beam width projected
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by a point located outside the principal axis. The angle between the
major optical line of the point and the principal axis is w. The beam
width is measured on the intersecting plane formed by the object point
and the principal axis. Because of the vignetting effect, the irradiance
at the periphery of the image decreases; the larger the viewing field, the
more serious this phenomenon becomes. Because the viewing field is
small in the present case, H may be neglected.

4. Geometric parameters and lens quality.

Image-intensified charge-coupled device

An ICCD has many advantages including low weight, small volume, low-
power requirement and robustness in operation. Moreover its resolving
power,dynamic response,sensitivity,and real-time scanning and signal trans-
mission are also superior. The main function of the ICCD is to accumulate
and transmit electric charge. In the present system, a model MTV1881EX
was chosen, the characteristics of which are shown in Table 4.1.

4.5.3 Two-color modulator and filter

The function of the color modulator is to alternate between the filters in
order to take two images at different wavelengths. Because the tempera-
ture field changes rapidly, high-speed switching between the two filters is
required to minimize the displacement of the temperature field between
images. Figure 4.14(a) and Fig. 4.14(b) show the construction of the modu-
lator. It consists of a disk with two half-circle holes as shown in Fig. 4.14(a).
On the frame of the disk are two small holes that are called location holes
and are used for a photoelectric element. When the hole passes through the
photoelectric element, a signal is produced that instructs the computer to
take an image. Figure 4.14(b) shows the two half-circle filters having wave-
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Table 4.1 Characteristics of the ICCD

Parameter Value

Image area 4.8mm ¥ 3.6mm
Number of pixels 795 (horizontal) ¥ 596 (vertical)
Horizontal frequency 15.625kHz
Vertical frequency 50Hz
Scanning system CCIR Standard, 625 line, 50 field/s
Minimum irradiance 0.01lx for output voltage -6dB at f = 1.4 lens
Signal-to-noise ratio >48dB
Resolving power Better than 600-line television
Shutter Discrete; 8 grades
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lengths l1 and l2. Suppose that the center of the disk is O (see Fig. 4.14(c)),
the outer diameters are R1 and R2, the width of the cross beam between the
two half-circles is w, the center of the light beam is at B and its radius is r,
the distance between the disk center and the center of the light beam is 
OB = d, the angle between OB and the cross beam is q, and the angle used
for taking the image is q0. Then the values of R1, R2 and q should satisfy the
following formula:

[4.33]

It can be seen from these formulas that an appropriate design of the disk
could increase the beam receiving angle and the switching speed of the
filters. If r + w/2 = d/2, then q0 = 30° and the effective beam receiving angle
would be 180° - 2 ¥ 30° = 120°.

The maximum exposure time of the ICCD was 16.7ms. In selecting the
rotation speed of the color modulator, 40ms was considered a satisfactory
time for taking an image. If the switching time of the filters was 20ms, then
the total time for taking two images would be 2(40 + 20) = 120ms. There-
fore N = 8.33rev/s was selected for the rotation speed of the modulator. A
6V, 2400rev/min direct-current miniature motor having a belt drive was
chosen to rotate the modulator.

Because the images are taken during high-speed rotation of the filter, the
filters should have uniform quality. Two specially made interference filters
were designed according to the principle described in Section 4.4 and Eqn
[4.24]. The filter parameters were l1 = 0.78mm, dl1 = 0.0235mm, I1 = 0.83,
l2 = 0.92mm, dl2 = 0.0204mm and I2 = 0.662.

4.5.4 Acquisition of the image signals and control

For dividing the temperature range, choosing several exposure times, which
are controlled by the computer via an input–output interface, are 
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necessary15,16. The switching of the imaging was controlled by a photoelec-
tric signal produced using two small holes. A schematic diagram of the 
operation is shown in Fig. 4.15.

Exposure-time control

The exposure time was determined by a 4 bit logic circuit. The logic settings
are shown in Table 4.2.

Acquisition of the image

Image acquisition was controlled by the signal generated from the holes on
the modulator disk. When a hole reached a preset location, the photoelec-
tric device transmitted a signal to the computer and started the sampling
of the image. The time sequence is shown in Fig. 4.16.

The image signal-processing system

This system, which is shown in Fig. 4.17, consisted mainly of an image
module and a computer. The image was sampled according to the location
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4.15 Two-color sensor and computer input–output interface.

Table 4.2 Exposure-time control (1, open circuit; o,
short circuit)

J4 J5 J6 J7

Close 0 ¥ ¥ ¥
1/60ms 1 0 0 0
1/125ms 1 0 0 1
1/250ms 1 0 1 0
1/500ms 1 0 1 1
1/1000ms 1 1 0 0
1/2000ms 1 1 0 1
1/4000ms 1 1 1 0
1/10000ms 1 1 1 1
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pulse, which could be sent to the monitor for display or to the memory of
the computer for processing. The software selected one of the four chan-
nels and the signals were sent to an analog-to-digital converter. After
reading the table, the 8 bit image signals were sent to the buffer memory.
At the same time as the signals were sent to the row buffer memory,
they were taken by the computer via a VESA bus and sent to the com-
puter’s memory or the display module of the video graphics array for
further processing.

4.6 Calibration of the system

After temperature-measuring instruments are built, they should be cali-
brated to establish the relationship between the output and temperature,
which is called the calibration function or calibration curve17,18. For 
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conventional instruments, a standard reference should be used, either near
the object or inside the photoelectric scanning device. This requirement is
hard to satisfy, particularly for temperature-field measurements.

The author proposed a special calibration method. First, off-line calibra-
tion was carried out with a known temperature reference so that the 
relationship between the gray ratio and temperature was obtained. In sub-
sequent actual applications, the instrument was calibrated online to estab-
lish the relationship between gray level and temperature. Then the
temperature-field data can be quickly acquired in actual measurements.

4.6.1 Offline calibration

From the principle of the measuring method, it is seen that a small distance
variation within 40mm does not greatly affect the gray ratio–temperature
relationship. Proper selection of l1 and l2 confines the error due to surface
conditions to a certain range.Therefore the factors that should be calibrated
are the exposure of the ICCD and the aperture of the lens.

The conditions for calibration were as follows: Gleeble-1500 thermal-
cycle simulation machine, a lens of aperture 8, ICCD exposures of 0.1, 0.5
and 2ms, stainless steel material, specimen dimensions of 12mm ¥ 12mm ¥
60mm and a distance of 310mm. The schematic diagram of the calibration
system is shown in Fig. 4.18.

The procedure is as follows.Two thermal images were taken at the center
of a uniform temperature field, the data were processed and the gray-level
ratios were determined.
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In order to avoid the thermocouple from influencing the temperature
field, the thermocouple was mounted on the back of the specimen opposite
the measured point. Measurements were then taken every 50°C. The rela-
tion between the gray-level ratio and the temperature was recorded for
each exposure. Three calibration curves were obtained by fitting the data,
as shown in Fig. 4.19.

4.6.2 Online calibration

In the colorimetric method, much time is needed for data acquisition and
processing for each temperature field. The first step is sampling of two
thermal images, which requires 40ms including the switching of the optical
path. The second step is filtering of the image data, which also takes 40ms
if a (3 ¥ 3) pixel average is used. This duration can be shortened if signals
of only local parts of the temperature field are necessary. The first duration
may be greatly shortened if a single image is used instead of two images.
However, the gray level of a single image is sensitive to distance and cannot
be used directly for assessment of the temperature.

It is known that the gray-level ratio has a definite relationship to tem-
perature independent of the measurement distance. If the distance and
material are kept constant, there is a definite relationship between the gray-
level ratio and the gray level. In other words, there is a definite relationship
between the gray level Nl1

(T) of the image wavelength l1 and the temper-
ature. This relationship can be calibrated online for all three exposures. The
method is shown in Fig. 4.20. Thus the temperature-field data can be estab-
lished directly from its gray level from one image. The method is called a
‘two-color calibration and one-color measuring method’. In this way, the
process becomes simple and quick. Figure 4.21 shows an online calibration
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curve obtained under the following conditions: a distance of 310mm,
stainless steel, an aperture of 16 and exposure times of 0.1, 0.5 and 2ms. By
using these curves, the measuring time is shortened to one half of that for
the two-color measurement method.
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4.7 Measurement of the temperature field

The main problems for real-time measurement of a welding temperature
field are the measuring speed and measurable temperature range. Apply-
ing combined offline and online calibration can shorten the measuring
speed for one image to 40ms.

Applying several exposures has extended the measurable range from 
250°C to 600°C. Therefore adequate information about the welding tem-
perature field can be obtained within 0.5 s, which makes real-time control
possible and connection of the temperature regions to form a complete
field, etc.

4.7.1 Acquisition of temperature-field signals

Measurements were conducted using tungsten–inert gas welding. The
experimental conditions were flat welding without filler-wire addition,
mild steel having dimensions of 60mm ¥ 150mm ¥ 2mm, argon shielding
gas at a flow rate of 0.5m3/h, a welding current of 128A, an arc voltage of
14V, a travel speed of 7.07mm/s, a tungsten electrode of diameter 
2.5mm, a measuring distance of 310mm, an aperture setting of 11 and 
exposure times of 0.1, 0.5 and 2ms. Two images were taken through 
the filters designed for wavelengths l1 and l2 at an exposure time of 
0.1ms for the high-temperature region, at an exposure time of 0.5ms 
for the medium-temperature region and at an exposure time of 2.0ms 
for the low-temperature region. The time sequence for imaging is shown  in 
Fig. 4.16 and the flow chart is shown in Fig. 4.22. Because the total 
imaging time was less than 60ms, the influence of torch movement could
be ignored. Using a two-color calibration method and a one-color measur-
ing method, three images were obtained for l1 at three different exposure
times.

4.7.2 Procedure for signal processing

Signal processing can be divided into three procedures: preprocessing of
the thermal image, calibration of the gray level of each of the three regions
and connection of the three temperature regions.

Preprocessing of the image

In practical measurements, there is contamination on the object’s surface
and noise produced by the optical system itself. Both of these cause error
in the measurements; the gray-level ratio is particularly sensitive to noise.
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Therefore filtering the signals is necessary. The average gray level of 9
neighboring pixels normally is used, namely

[4.34]

where N¢(i, j) is the gray value of the row i, column j pixel.
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Detection of the temperature in different regions

After filtering of the signals, two images in the high-temperature region,
with gray levels N(l1) and N(l2), are selected.The pixels that have the same
gray level N1 in the image of wavelength l1 are selected and the pixels in
the image of wavelength l2 that correspond to the pixels of gray level N1

in the image of wavelength l1 are identified.The average gray value N2 (N1)
of these pixels is calculated using the following formula:

[4.35]

Taking advantage of the offline calibration curve (the R–T relationship
curve), the temperature corresponding to N1 can be found as T(R(N1)).

In order to eliminate the misalignment of the images with wavelength l1

and l2 (in the present design, it would be no more than two pixels), the
value of T(N1) is averaged with two neighboring ratio values:

[4.36]

Similarly, from images in the medium-temperature region and the low-
temperature region, T2(N1) and T3(N1) can be obtained in the same way as
T1(N1).

It is obvious now that T1(N1), T2(N1) and T3(N1) were obtained on the
basis of R(N1). However, on this basis the temperature values of the field
can be evaluated directly from N1 obtained from the three images of wave-
length l1.

Connection of temperature regions

In order to obtain the complete temperature field, the three regions are
connected together. To make this connection, the borders of each region
have to be defined. The location where the gray level N1 < 50 in the 
high-temperature image of wavelength l1 is defined as the border of 
the high-temperature region. Similarly, the location where N1 < 50 in the
medium-temperature image of wavelength l1 is defined as the border of 
the medium-temperature region. The location where N1 < 50 in the low-
temperature image of wavelength l1 is considered as a region that does not
give reliable data. In order to put the temperature fields of three regions
together and to display them as a single image, the temperature data are
transformed into their gray levels. Supposing that the maximum and
minimum temperatures obtained for the complete temperature field are
Tmax and Tmin, transforming it into gray levels from 255 to 0 is required. The
formula for transformation is

T N
T N T N T N
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3
( ) = -( ) + ( ) + +( )
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[4.37]

where i = 1, 2 and 3 represent the high-temperature, medium-temperature
and low-temperature regions respectively.

If the gray level N is known, the temperature can be found using the fol-
lowing formula:

[4.38]

The maximum temperature in the center is 1700K and at the periphery is
1200K. Each color band represents 50K. A flow chart of the signal pro-
cessing is shown in Fig. 4.23.

4.7.3 Connecting the temperature regions

Figure 4.24(a), Fig. 4.24 (b) and Fig. 4.24 (c) show three-dimensional dia-
grams of the temperature distribution in the low-, medium- and high-
temperature regions respectively. Figure 4.24 (d) is the whole picture that
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incorporates the three connected regions where XOY is an isothermal
plane. Each color grade is 50K.

4.8 Applications

4.8.1 Verification of the mathematic model

The analysis of the temperature field is based mainly on three factors,
namely the distribution of the heat source, the heat transfer laws and the
boundary conditions of the workpiece. An analytical solution can be
obtained only for the case of a workpiece half infinitely thick, half infinitely
large or infinitely long. The heat source is assumed to have a point, line or
surface shape. In fact, the heat source is not ideally distributed; therefore
the temperatures cannot be analyzed even if the boundary conditions of
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4.24 Temperature distributions of three regions and the complete
field: (a) t1 = 2 ms, low-temperature region (curve 1, 1400 K; curve 2,
1200 K); (b) t2 = 0.5 ms, medium-temperature region (curve 1, 1700 K;
curve 2, 1400 K); (c) t1 = 0.1 ms, high-temperature region (curve 1, 
1700 K); (d) complete temperature field (curve 1, 1700 K; curve 2, 
1200 K).
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the workpiece are ideal. Anyhow, an analytical function has been obtained
when the heat source distribution is assumed to obey a Gaussian model,
which approximates a real arc. Zhang13 proposed a heat source following a
double-elliptical Gaussian model that is closer to a real heat source than
the simple Gaussian model.The analysis was performed using a finite work-
piece thickness. The temperature distribution was obtained by numerical
simulation and checked using the data obtained by actual measurements.
It was proved that the proposed heat source model was closer to the actual
conditions than the former model.

Bi-ellipse Gaussian model

The moving-line heat source and Gaussian-distributed 
heat source

In the welding of thin plates, the heat source is close to a line heat source.
Assume that the effective power is q, the plate being welded is infinitely
large, the heat source moves from the point O0 with constant speed and
after t s it reaches O, as shown in Fig. 4.25. The temperature distribution is19

[4.39]

where r2 = x2 + y2, x = x0 - vt, y = y0, h is the plate thickness, b is the heat
dissipation coefficient of the plate, v is the welding speed, q is the effective
power of the welding power source, l is the heat transmission coefficient,
a is the heat diffusion coefficient, t is the cooling time and t is the total
welding time.

The period 0–t is divided into P subfields, the center coordinate of the
subfields is ti and its duration is Dt = t/P. The Gaussian integration is applied
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4.25 The coordinate system for calculation. 
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to each subfield. The numerical integration formula can be written as
follows19:

[4.40]

where

[4.41]

where j = 1, 2, 3, N = 4, xj is the coordinate of each Gaussian point and Hj

is the integration coefficient.
For a half-infinite-thickness plate and a Gaussian heat source, the 

temperature-field distribution can be written as20

[4.42]

where q is the effective power of the heat source, p is the material density,
c is the specific heat capacity, w is the Gaussian distribution parameter, v is
the welding speed, a is the thermal diffusion coefficient and t is the total
welding time. Similarly the duration 0–t is divided into P subfields, and a
Gaussian integration is applied to each subfield. The numerical integration
formula can be written as follows:

[4.43]

The bi-elliptical heat source distribution

The model of the heat source is shown in Fig. 4.26. The power density of
the heat source is
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[4.44]

where q is the effective power of the heat source, ff and fr are the coeffi-
cients of the power distribution in the front and rear parts respectively of
the molten pool, with ff + fr = 2, v is the welding speed, wx1, wx2 and wy are
the distributive coefficients of the bi-elliptical heat source and x¢y¢z¢ is the
coordinate system moving with the heat source.

The temperature distribution in a half-infinite-thickness body

Substituting the heat source formula into the heat flow formula, the ana-
lytical expression for the temperature distribution can be written as
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[4.45]

where r is the material density, c is the specific heat capacity, a is the heat
diffusion coefficient, vt0 is the initial position of the heat source (vt0 = 0) and
t is the cooling time (t = 0).

After integrating the heat source, the temperature distribution formula
can be derived as follows:

[4.46]

where D1, D2 and D3 are as follows:

[4.46a]

[4.46b]
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[4.46c]

Integrating the temperature distribution over time, it can be found that

[4.47]

The temperature-field distribution of a finite-thickness plate

For a plate thickness d, the temperature distribution can be obtained from
the formula above by the mirror-images method as follows.

[4.48]

Dividing the time duration 0–t into p subfields, the numerical formula for
calculation of the temperature distribution by Gaussian integration is

[4.49]

where D1, D2 and D3 are as follows:
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[4.49c]

The numerical simulation formulas for calculating the temperature-field
distribution under a bi-elliptical heat source have been defined. If the thick-
ness is considered in Eqn [4.43], then Eqns [4.40], [4.43] and [4.49] can be
used to calculate the temperature field for a plate with finite thickness but
an infinite workpiece size. In the following section, practical measurements
that were carried out are described and the data that were generated are
used to check the theoretical results.

Comparison of calculated results with measured data

Numerical simulation and real-time measurement

The conditions for numerical simulation and measurement are shown in
Table 4.3.

The experimental results are shown in Fig. 4.27 in which eight isothermal
planes (XOY) are illustrated. The interval was 50K, the inner isotherm was
at 1450K and the outer isotherm was at 1100K.

Numerical simulation was carried out for a bi-elliptical Gaussian 
distribution, a Gaussian distribution and a line heat source using Eqns 
[4.49], [4.42] and [4.39]. The results are shown in Fig. 4.28, Fig. 4.29 and 
Fig. 4.30 respectively. The parameters for the bi-elliptical Gaussian 
heat source were wx1 = 0.10cm, wx2 = 0.30cm, wy = 0.14cm, ff = 0.6 and fr =
1.4. The parameter for the Gaussian heat source was w = 0.14cm. Eight
isothermal planes designated XOY are shown in all the figures. The inter-
vals were 50K, the inner isotherm was at 1450K, and the outer isotherm
was at 1100K.
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Table 4.3 Conditions for numerical simulation and
experiment

Parameter Value

Welding conditions
Workpiece Mild steel

(60mm ¥ 150mm 
¥ 2mm)

Shielding gas Argon (0.5m3/h)
Voltage 12V
Current 60A
Welding speed 5mm/s
Electrode Tungsten

(diameter 2.5mm)

Conditions for numerical simulation
Material density 7.68g/cm3

Heat diffusion 0.08cm2/s
Heat dissipation coefficient 0
Specific heat capacity 0.679J/g°C
Heat conduction coefficient 0.377J/cms°C
Heating efficiency 0.75
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4.27 Experimental temperature distribution: curve 1, 1450 K; curve 8,
1100 K.
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Comparison of results

Comparing Fig. 4.28, Fig. 4.29, and Fig. 4.30 with Fig. 4.27 shows that the bi-
elliptical Gaussian model was the closest to the measured data. The 
difference between the results using the Gaussian model and the measured
data was large. The difference between results for the line heat source and

Measuring temperature during welding 163
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4.28 Numerical simulation results of a bi-elliptical Gauss heat source:
curve 1, 1450 K; curve 8, 1100 K.
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4.29 Numerical simulation results of a Gaussian heat source: curve 1,
1450 K; curve 8, 1110 K.
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the experimental data was larger than that for the Gaussian model. In 
order to compare them in more detail, the isotherms are given in Table 4.4.
The temperature distribution curves in the longitudinal and transverse
directions across the weld pool are plotted in Fig. 4.31.

The same conclusion can be drawn if the curves in Fig. 4.31 are compared.
The Gaussian heat source showed a large difference from the actual tem-
perature distribution; the line heat source showed an even larger difference
than the former. Therefore, simulating the temperature distribution using a
line heat source is not useful.

Comparing the numerical simulation results with the measured data is
valuable. The measured results can be used to correct or modify the numer-
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4.30 Numerical simulation results for a moving-line heat source: curve
1, 1450K; curve 8, 1100K.

Table. 4.4 Comparison of isotherms

Temperature Width (mm) Error Length (mm) Error
(K)

Actual Bi-elliptical
(%)

Actual Bi-elliptical
(%)

1100 6.11 6.04 -1.15 13.48 12.35 -8.38
1150 5.54 5.56 0.36 11.52 10.61 -7.90
1200 4.80 4.92 2.50 9.37 9.26 -1.17
1250 4.32 4.42 2.31 8.27 8.00 -3.26
1300 3.75 3.89 3.73 6.74 6.90 -2.37
1350 3.18 3.22 1.26 5.39 5.60 3.89
1400 2.69 2.66 -1.12 4.31 4.39 1.86
1450 1.87 1.80 -3.74 2.94 3.10 5.44
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ical simulation model. Also, the numerical simulation model can be used to
analyze the temperature-distribution phenomena for investigation of the
metallurgical and physical processes in welding. For example, the numeri-
cal simulation can be used to find the three-dimensional temperature dis-
tribution or the temperature distribution at low temperatures, which is not
possible using experimental measurements.

4.8.2 Extraction of the thermal cycle parameters

Thermal cycle parameters on the root side of the bead

Much information may be obtained from the temperature field on the root
side of the bead, e.g. the isotherms and the temperature distribution in the
longitudinal and transverse directions, the thermal cycle at any arbitrary
point in the temperature field, the width of the pool and the characteristic
parameters of the thermal cycle. In the following paragraphs, the isotherm
parameters, longitudinal and transverse temperature distributions and
thermal cycle parameters are extracted from the measured temperature
field shown in Fig. 4.27.

Isotherm parameters

The isotherm parameters are the width and length of the isotherm that
reflect the energy input of welding. The isotherm near the melting point
represents the shape of molten pool. Table 4.5 lists the extracted isotherm
parameters from Fig. 4.27.
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4.31 (a) Longitudinal (Y = 0 mm) and (b) transverse (X = 46 mm)
temperature distributions for three different heat sources.
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Table 4.5 Isotherm parameters

T Width Length
(K) (mm) (mm)

1050 6.76 15.52
1100 6.11 13.48
1150 5.54 11.52
1200 4.80 9.37
1250 4.32 8.27
1300 3.75 6.74
1350 3.18 5.39
1400 2.69 4.31
1450 1.87 2.94
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4.32 Temperature distributions of a weld in (a) the longitudinal and (b)
the transverse directions.

Table 4.6 Thermal cycle parameters

Y Heating rate Maximum High-temperature Cooling rate
(mm) wH temperature hold duration wc

(K/s) Tm (s) (K/s)
(K)

-2.4 427.35 1243.75 0.74 111.48
-1.9 732.60 1350.00 2.34 128.20
-0.2 1121.80 1500 2.72 106.80
1.6 512.82 1312.50 2.34 128.20
2.1 284.90 1218.75 0.74 111.48
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4.33 Continued

Longitudinal and transverse temperature distributions

The longitudinal and transverse temperature distributions at the weld pool
can be identified easily from Fig. 4.27 and are illustrated in Fig. 4.32. In Fig.
4.32(a), the X abscissa designates the welding direction. The upper abscissa
values represent the location on the workpiece and the lower values rep-
resent the travel time of the moving torch. The five curves are the temper-
ature distributions of the point, the Y coordinates of which are -2.4, -1.9,
-0.2, 1.6 and 2.1mm. These show that the temperature gradient at the front
is much larger than at the rear. In Fig. 4.32(b), Y represents the transverse
position of the point. The seven curves are the temperature distributions at
different cross lines, the X coordinates of which are 39.2, 41.2, 43.1, 46.0,
48.2, 48.6 and 52.5mm. All these distributions are symmetrical.

Thermal cycle parameters

When the welding parameters are kept unchanged during the welding
process, the temperature field is a quasistatic field. The temperature distri-
bution along an arbitrary longitudinal line of the weld can be regarded as
the thermal cycle of any point on the longitudinal line. Therefore the five
curves in Fig. 4.32(a) are the thermal cycles of various points on these five
lines. The thermal cycle parameters can thus be found easily from these
curves (Table 4.6). The heating rates and cooling rates are the values when
the temperature is at 1100K. The high-temperature hold duration is the
time above 1100K. These parameters are valuable for the study of the
microstructure, stress and strain of the weld.
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Extrapolation of the two-dimensional temperature field

Taking advantage of the numerical simulation method, the temperature dis-
tribution in the low-temperature range (lower than that the ICCD can measure
by the colorimetric method) can be obtained by extrapolation. Figure 4.33(a)
shows the results obtained by extrapolation using a measured temperature
field.The extrapolation extends the temperature to 700K. Figure 4.33(b) and
Fig. 4.33 (c) show the longitudinal and transverse temperature distributions
respectively obtained by measurement and extrapolation. Figure 4.33(b)
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4.34 Temperature distribution on a cross-section (X = 46 mm): (a)
three-dimensional distribution (curve 1, 1750 K; curve 6, 1500 K; 
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4.36 Calculated and measured widths of the weld root for different
welding currents (v = 7.07 mm/s).

Table 4.7 Welding parameters

Experiment Welding current Welding voltage Total power
(A) (V) (W)

1 152.5 14.0 2135
2 162.5 15.2 2470
3 172.5 15.2 2622
4 175.0 16.0 2800
5 180 16.0 2880
6 190 16.0 3040
7 200 16.8 3360
8 205 16.8 3444

shows that the cooling time t8/5 is 3.6s,which is one of the most important para-
meters that determine the microstructure of the heat-affected zone.

4.8.3 Three-dimensional welding temperature field

Results of extrapolation

The analytical model for numerical simulation was established using mea-
surements of the temperature field on the root side of the weld bead. The
three-dimensional temperature field can be derived by numerical simula-
tion using this model but this temperature field cannot be experimentally
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measured. Figure 4.34 and Fig. 4.35 show the results obtained by the ana-
lytical model.They are based on the experimental results shown in Fig. 4.27.
The welding and simulation parameters are listed in Table 4.3. The arc posi-
tion was at X = 50mm and Y = 0mm. Figure 4.34(a) shows the temperature
distribution on the transverse plane at X = 46mm. Figure 4.34(b) shows six
isotherms from 1500 to 1750K at intervals of 50K, and five isotherms from
700 to 1500K at intervals of 200K. Figure 4.35(a) shows the temperature
distribution on the transverse plane at Y = 0mm. Figure 4.35(b) shows six
isotherms from 1500 to 1750K at intervals of 50K and five isotherms from
700 to 1500K at intervals of 200K.

Verification

It is difficult to compare the results obtained by the analytical method and
the experimental method for the three-dimensional temperature field
because there is no way to measure the three-dimensional temperature
field. However, the results can be verified indirectly by comparing the two-
dimensional temperature field obtained by numerical simulation. Figure
4.36 shows the isotherm width at the face and root of the weld obtained by
both methods. The welding parameters are listed in Table 4.7 with the
welding speed held constant. The conditions for the numerical simulation
are a plate thickness of 2mm, a bi-elliptical heat source, wx1 = 0.15cm, wx2

= 0.35cm, wy = 0.25cm and the conditions shown in Table 4.3.
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4.37 Calculated and measured widths of the weld pool for different
welding speeds (current, 165 A).
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The isotherm width was also measured and calculated for different
welding speeds at constant welding current and power (165 A and 15.4V
giving a total power of 2541W).The experimental and simulation conditions
were the same as those for Fig. 4.36. The results for eight different speeds,
namely 3.45, 4.08, 5.13, 5.17, 6.67, 7.41, 8.00 and 8.7mm/s are shown in Fig.
4.37.The figure shows that the difference between the numerical values and
the measured data at the face of the weld is greater than that at the back.
But the error is within 8%.Therefore, the numerical simulation method can
be used to define the width of the molten pool on the front side.

4.9 References

1. Zhu, L.Z., Principle and Application of High-temperature Measurement (in
Chinese), Science Publishers, Beijing, 1991.

2. Cheng, G.S., Detection Technique of the Welding Process (in Chinese), North
West Industries Press, Xian, 1988.

3. You, F.E., Principle of Temperature-measuring Instrument by Radiation and
Inspection (in Chinese), China Metrology Press, Beijing, 1990.

4. Chen, D.H., Wu, L., Xu, Q.H., and Li Y., ‘Study on measuring and controlling
the welding process by the digital image technique’ (in Chinese), Trans. China
Weld. Inst, 6(1), 23–30, 1985.

5. Chen, D.H., Wu, L., and Xu, Q.H., ‘Study on temperature field measurement by
microcomputer’ (in Chinese), J. Harbin Univ. Technol., (4), 1–11, 1981.

6. Pan J.L., He, F.D., and Su, Y., ‘Sensor for measuring the welding temperature
field’ (in Chinese), China Patent ZL 93 2 13847.0, 1993.

7. Pan, J.L., Liao, B.J., and Zhang, H., ‘Sensor for real-time measurement of 
the dynamic temperature field’ (in Chinese), China Patent ZL 96 2 11738.2,
1996.

8. Pan, J.L., Arc welding control, Woodhead Publishing, Cambridge, 2003.
9. Zhang, H., Pan, J.L., and Liao B.J., ‘Real-time measurement of the temperature

field by ICCD, 1. Principle and method of temperature field division’ (in
Chinese), Sci. China, 27(5), 418–423, 1997.

10. Zhang, H., Pan, J.L., and Liao, B.J., ‘Real-time measurement of the temperature
field with ICCD as a sensor, I. Principle and method for division of the tem-
perature range’, Sci. China, Ser. E, 41(3), 295–301, 1998.

11. Wang, Q.Y., and Sun, X.Z., Applied Technique of CCD (in Chinese), Publishing
House of Tianjin University, Tianjin, 1993.

12. Su, Y., ‘Welding temperature field colorimetric measuring system’ (in Chinese),
Doctor’s Dissertation, Tsinghua University, Beijing, 1993.

13. Zhang, H., ‘Real-time measurement of the welding temperature field and its
application’ (in Chinese), Doctor’s Dissertation, Tsinghua University, Beijing,
1997.

14. Sha, Z.X., Characteristics and Selection of Camera Lens (in Chinese), China
Photography Press, Beijing, 1989.

15. Zhang, H., Pan, J.L., and Liao, B.J., ‘Microcomputer processing technique of tem-
perature field obtained by real-time colorimetric measurement’ (in Chinese), J.
Tsinghua Univ. (Sci. Edn), 37(11), 30–34, 1997.

Measuring temperature during welding 173

© 2005, Woodhead Publishing Limited



16. Zhang, H., and Pan, J.L., ‘Application of a microcomputer in the temperature
field: measurement by two-color image colorimetric method’ (in Chinese), Proc.
Conf. on the Application of Microcomputers in Welding Technology, Chinese
Welding Society, Taiyuan, 1966, pp. 252–261.

17. Zhang, H., Pan, J.L., and Liao, B.J., ‘Calibration of temperature-field-measuring
system based on two-color ICCD images’ (in Chinese), Chin. J. Mech. Engng,
9(8), 94–97, 1998.

18. Zhang, H., Pan, J.L., and Wang, H.Q., ‘A new method for measuring tempera-
ture field by two-color calibration and one-color measurement’, Proc. SPIE,
3558, 498–504, 1998.

19. Zhang, W.Y., Heat Transfer in Welding (in Chinese), China Machine Press,
Beijing, 1989.

20. Eagar, T.W., and Tsai, N.S., ‘Temperature fields produced by traveling distrib-
uted heat sources’, Weld. J., 62, 346-s–355-s, 1983.

21. Wu, C.S., Numerical Analysis of Heat Transfer in Welding (in Chinese), China
Machine Press, Beijing, 1989.

174 Welding residual stress and distortion

© 2005, Woodhead Publishing Limited



5
Modeling the effects of welding

P. MICHALERIS, The Pennsylvania State University, USA

5.1 Introduction

Modeling of welding distortion and residual stress has been an 
active research area since the late 1970s. Some of the first publications 
in weld modeling were by Hibbit and Marcal1, Argyris et al.2 and 
Papazoglou and Masubuchi3. Significant research in the 1980s includes the 
development of the ‘double-ellipsoid’ heat input model by Goldak et al.4,
and the modeling of phase transformations5–7. Most of the weld modeling
in the 1970s and 1980s involved two-dimensional (2D) models transverse
to the welding direction using either plane-strain or generalized plane-
strain conditions.These models demonstrated good correlations with exper-
imental measurements for residual stress. However, these models were not
capable of predicting angular8 distortion and longitudinal buckling and
bowing9.

Significant developments in weld modeling in the 1990s included the use
of three-dimensional (3D) moving-source models10–12, the development 
sensitivity formulations13,14, and the development of decoupled 2D weld
process and 3D structural response models9. 3D moving-source models
demonstrated the capability to model all distortion modes. However, they
proved to be computationally costly for actual industrial applications. The
decoupled 2D–3D approach by Michaleris and DeBiccari9 mapped longi-
tudinal plastic strain components only and was developed specifically for
modeling welding-induced buckling in large ship panels. The approach did
not account for angular distortion and sequencing effects.

More recent developments in the area of weld modeling include the
development of Eulerian models for modeling long steady welds15,16 and the
development of a decoupled 3D weld modeling and 3D structural response
approach17. Eulerian models offer an efficient approach to modeling very
long uniform welds.

This chapter presents an overview of the solid mechanics issues for mod-
eling welding processes. A review of continuum mechanics formulations is

175

© 2005, Woodhead Publishing Limited



presented first, followed by a discussion of numerical formulations. The
chapter concludes with a discussion on material properties.

5.2 Theoretical issues and background

This section presents a review of continuum mechanics related to weld
process modeling. Small- and large-deformation kinematic formulations are
presented first, followed by formulations of the equilibrium governing
equation. The section concludes with a discussion of the material constitu-
tive response. A more detailed presentation of non-linear finite-element
formulations has been presented previously18–22.

5.2.1 Kinematic formulations

When a body undergoes a large deformation, the deformed configuration
may be significantly different than the undeformed. Measures of deforma-
tion, strain and stress can be defined with respect to either the undeformed
configuration or the deformed configuration. Derivations with respect 
to the undeformed, or more generally the reference, configuration lead to
total Lagrangian formulations. Derivations with respect to the deformed,
or more generally the current, configuration lead to updated Lagrangian
formulations.

In a stationary (Lagrangian) frame define the reference (undeformed)
configuration of a body as VX and current (deformed) configuration Vx

(Fig. 5.1). A material point in the reference configuration and a material
point in the deformed (current) configurations are denoted by X and x
respectively. The deformation is denoted by u which is related to X and 
x by

[5.1]

The deformation gradient F is defined as follows:

[5.2]

The determinant of F is denoted by J and it called the Jacobian of the defor-
mation gradient
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An infinitesimal line segment in dX in the reference configuration and the
corresponding line segment in the current configuration dx are related
through

[5.4]

The displacement gradient D is defined as follows:

[5.5]

Substitution of Eqn [5.1] in Eqn [5.2] yields the following relation between
the deformation gradient F and the displacement gradient D:

[5.6]

where I is the identity matrix.
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5.1 A body with volume V, prescribed displacement as surface Au and
prescribed surface flux on surface At.
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Green strain

The Green strain E is a common strain measure with respect to the unde-
formed (reference) configuration. It is defined such that it measures the
change in length of an infinitesimal segment in the current (deformed) (ds)
and reference (undeformed) (dS) configurations:

[5.7]

Using Eqn [5.4], dx · dx rewritten as

[5.8]

Substituting Eqn [5.8] into Eqn [5.7] we obtain

[5.9]

The Green strain E is computed in terms of the displacement gradient D
by substituting Eqn [5.6] into Eqn [5.9]:

[5.10]

From Eqn [5.10], the Green strain is written in engineering notation e as
follows:

The Green strain is invariant for rigid-body rotation; i.e. nF = Rn-1F:
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[5.12]

Almansi strain

The Almansi strain A (also called the Eulerian strain) is a common strain
measure with respect to the deformed (current) configuration. It is defined
as follows:

[5.13]

Using Eqn [5.4] and Eqn [5.13] the Almansi strain is computed as

[5.14]

Noting that

[5.15]

where d = ∂u/∂x is analogous to the displacement gradient D = ∂u/∂X.
However, the gradient is the deformed configuration x.

Substitution of Eqn [5.15] into Eqn [5.14] yields the following expression
for the Almansi strain:

[5.16]

Using engineering notation, the Almansi strain is written as
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Finally, from Eqn [5.14] the Almansi strain is related to the Green strain
as

[5.18]

[5.19]

Cauchy stress

The Cauchy stress s is defined as the true stress at the current (deformed)
configuration

[5.20]

where t is the traction applied to a surface with outward normal n.
For a rigid-body rotation nF = Rn-1F, the Cauchy stress transforms as

Second Piola–Kirchhoff stress

The counterpart of Eqn [5.20] in the reference configuration is 

[5.21]

where P is the first Piola–Kirchhoff stress.
The second Piola–Kirchhoff stress S is defined as follows:

[5.22]

From Eqns [5.22] and [5.21] the first and second Piola–Kirchhoff stresses
are related through

[5.23]

[5.24]

To derive the transformations between the different measures of strain,
equate the force at a segment on the surface19,20 At:

[5.25]
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From Eqns [5.25], [5.26], [5.23] and [5.24] the following are obtained:

[5.27]

[5.28]

Table 5.1 is a comparison chart for the stress measures.
If the Cauchy stress s is symmetric, then the second Piola–Kirchhoff

stress S is also symmetric. However, the first Piola–Kirchhoff stress P is not
symmetric.

The second Piola–Kirchhoff stress is invariant under a rigid-body rota-
tion nF = Rn-1F

[5.29]

5.2.2 Equilibrium: momentum balance

Current configuration: updated Lagrangian formulation

Linear momentum balance of a differential volume in the current configu-
ration yields

[5.30]

Application of divergence theorem yields
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Table 5.1 Comparison of stress measures

Cauchy stress First Piola–Kirchhoff Second Piola–Kirchhoff
s stress stress

P S

s
1–
JP FT 1–

JFSFT

P JsF-T FS

S JF-TsF-T F-1P
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Enforcing that Eqn [5.31] holds for all V yields

[5.32]

where the operator —x denotes differentiations in the current 
(deformed configuration). In contrast the operator —X denotes differentia-
tions in the reference configuration. From Eqn [5.4], —X and —x are related
through

[5.33]

Angular momentum balance demonstrates that the Cauchy stress is 
symmetric:

[5.34]

Reference configuration: total Lagrangian formulation

Transformation of the linear momentum balance of differential volume of
Eqn [5.30] configuration yields

[5.35]

Application of divergence theorem yields

[5.36]

Enforcing that Eqn [5.36] hold for all V0 yields

[5.37]

where bX = bJ.
Angular momentum balance demonstrates that the first Piola–Kirchhoff

stress is not symmetric:

[5.38]

5.2.3 Small-deformation formulations

When the deformation is small, the deformed configuration VX is not sig-
nificantly different from that of the undeformed Vx. Then, derivatives with
respect to X and x are equal. Furthermore, the second-order term of the
strain in Eqns [5.10] and [5.16] is negligible, which implies that strain may
be defined as
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Table 5.2 lists a summary of the measures for strain, stress, and corre-
sponding equilibrium equation for the updated Lagrangian, total
Lagrangian and small-deformation formulations.

5.2.4 Constitutive response

In weld modeling, an elastic–plastic constitutive response is typically
assumed. During non-active yielding, the stress is a function of strain only
and follows the same path during loading and unloading:

S = CE [5.40]

where C is the fourth-order material stiffness tensor. Equation [5.40] can
be written in matrix vector form as follows:

S
–
= Ce [5.41]

where S
–

is the second Piola–Kirchhoff stress written in a vector form and
C is the material stiffness matrix.

During active yielding, the yield condition, flow rule and hardening rule
are used to calculate the rate of plastic strain. Plasticity formulations have
been derived using additive decomposition of total strain to a plastic and
an elastic component or multiplicative decomposition of the total defor-
mation gradient into elastic and plastic components.
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Table 5.2 Comparison of total, updated Lagrangian and small-deformation
formulations

Total Lagrangian Updated Lagrangian Small
deformation

Governing —X ·P + bx = 0 —x·s + b = 0 —·s + b = 0

equation
Primary field u(X, t) u(x, t) u(x, t)

Secondary E =
1–
2 (D + DT) +

1–
2DDT A =

1–
2 (d + dT) -

1–
2ddT e =

1–
2(d + dT)

field
tx = P ·nx t = s ·n t = s ·n

Essential u = up on AXu
u = up on Au u = up on Au

boundary
condition

Auxiliary tX = tp
X on AXt t = tp on At t = t p on At

boundary
condition
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5.2.5 Isotropic hardening plasticity

In this section, a summary of the isotropic hardening plasticity formulations
are presented assuming additive strain decomposition. The derivations for
a multiplicative decomposition have been presented previously23–25.

Formulations in a deviatoric space

Assuming thermoelastoplasticity, and using engineering notation, the addi-
tive decomposition of the total strain vector is applied as

[5.42]

where ee, ep and eth are the elastic, plastic and thermal strain vectors respec-
tively in engineering notation.

Using Eqn [5.42], the stress–strain relationship is

[5.43]

where C is the material stiffness matrix.
For the isotropic material, the thermal strain vector is

[5.44]

[5.45]

[5.46]

where a is the thermal expansion coefficient and T ref is the reference 
temperature.

From the von Mises yield criterion, the yield function is

[5.47]

[5.48]

[5.49]

where sM is the von Mises stress, sY is the yield stress and s denotes the
deviatoric stress vector which is

[5.50]

[5.51]
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where sh is the hydrostatic or volumetric stress vector.
The strain vector also can be divided by volumetric and deviatoric

vectors, and the relationships between stress and strain are the following:

[5.53]

[5.54]

[5.55]

[5.56]

[5.57]

[5.58]

[5.59]

where eh and e are the volumetric and deviatoric strain vectors respectively,
and G and k are the shear modulus and bulk modulus respectively.

In conjunction with Eqns [5.47]–[5.49], the Prandtl–Reuss flow rules are

[5.60]

[5.61]

[5.62]

where a is the flow vector and Eqn [5.62] is valid because there is no vol-
umetric plastic evolution in the von Mises plasticity.The following equation
can be derived from Eqns [5.50]–[5.59]:

[5.63]

The radial return algorithm

For simplicity, superscripts for the current increment n(·) will be dropped
but those for the previous increment will be kept, i.e. all quantities without
left superscript are for the current increment in this section.
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The stress increment for the current iteration is

[5.64]

De is the total strain increment corresponding to the current displacement
increment:

[5.65]

For isotropic materials, the thermal strain vector is

[5.66]

[5.67]

Now, the only unknown on the right-hand side of Eqn [5.64] is Dep. So let
us define the elastic predictor sB and corresponding yield function fB:

[5.68]

[5.69]

If fB is smaller than zero, s is equal to sB because there is no plastic 
evolution. If fB is larger than 0 there is plastic evolution. From Eqns [5.50],
[5.61], [5.64], [5.63] and [5.68] the relationship between s and sB can be
rewritten as

[5.70]

[5.71]

[5.72]

where sBh and sB are the hydrostatic and deviatoric stress vectors respec-
tively of sB. Thus we obtain the following relationships:
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From Eqns [5.47]–[5.49], [5.72] and [5.74] the current yield function f is
computed as

[5.76]

Now the current yield function is a function of only Deq. In order to obtain
the Deq iteratively, let us expand Eqn [5.76] in a Taylor series:

[5.77]

[5.78]

[5.79]

where the superscript J denotes the plastic evolution iteration number and
H is the isotropic plastic hardening which is a function of eq and T:
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Once Deq is evaluated, all other unknowns can be evaluated as follows:
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incremental algorithm such as the radial return method is used to compute
the plastic strain increment Dep, a consistent method with the computation
of Dep needs to be used instead of the continuous tangent26 Ct. In this case,
the tangent modular matrix is termed the consistent tangent matrix and is
denoted as

[5.87]

Equation [5.87] is rewritten as

[5.88]

All the strain vectors can be divided by volumetric and deviatoric vectors
and there is no volumetric plastic strain evolution in the von Mises plasticity:
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Combining Eqns [5.93]–[5.97], we obtain the following relationship:

[5.98]

From Eqns [5.72] and [5.94], we can simplify b as follows:
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[5.107]

Finally from Eqns [5.88] and [5.103],

[5.108]

[5.109]

5.3 Modeling methods

5.3.1 Lagrangian formulations

Total Lagrangian

A weak formulation of the momentum balance is derived by multiplying
Eqns [5.37] and [5.21] by a kinematic admissible function û, integrating over
the reference volume V0 and surface AXbt respectively and adding them
together. Integration by parts and application of the divergence theorem
leads to the following weak formulation:

[5.110]

Considering that the first Piola–Kirchhoff stress is not symmetric, Eqn
[5.110] is rewritten by using the second Piola–Kirchhoff stress, using 
P = FS:

[5.111]

Finite-element discretization is applied to the variational equations to
obtain the expressions for the element residual in Eqn [5.110] as follows:

[5.112]

where R and U are the global residual and nodal displacement vectors
respectively. The element residual R(U) is evaluated as follows:
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[5.113]

where S
–

is the second Piola–Kirchhoff stress written in vector form and U
is the nodal displacement vector for each element. Equation [5.113] is pre-
sented in matrix-vector form. The matrices N and Bnl are the shape func-
tion and strain operators respectively:

[5.114]

[5.115]

Substitution of F = I + D and —X · u = D into Eqn [5.115] yields

[5.116]

[5.117]

where Bl is the operator that computes the linear component of the Green
strain in engineering format and Bn is twice the operator that computes the
nonlinear component of the Green strain in engineering format (see Eqn
[5.10]).

From Eqns [5.10] and [5.117] the Green strain in engineering format is
computed as

[5.118]

The residual of Eqn [5.112] is minimized by solving for the global dis-
placement vector U iteratively. An initial starting solution U1 is assumed
and the Newton–Raphson method is applied to determine a corrected dis-
placement field. Typically, the initial solution is assumed as zero U1 = 0.
Application of the Newton–Raphson linearization yields the following iter-
ative scheme for the computation of displacement field:

[5.119]

[5.120]

The displacement field is updated until the solution converges and the
residual becomes very small. The tangent stiffness dR/dU for Eqn [5.120]

U U UI I+ = +1 d

dU R
U R U

U
U= -È

ÎÍ
˘
˚̇

( )
-

d
d I

I

1

e

B B B

= ( ) + ( )

= + =

L D D L D
1
2

1
2

sym symT

l n nl2U U U

= +B Bl n
ˆ ˆU U

B L D I D

L D D D

L D D L D

nl
T

T

T

sym

sym

sym sym

ˆ ˆ

ˆ ˆ

ˆ ˆ

U = +( )[ ]
= +( )
= ( ) + ( )

L F Bsym T
nl—X u Uˆ ˆ( ) =

u U= N

R U S b tX X X X( ) = -( ) - ÂÂ B N N
t

nl
T T T p

GaussPointGaussPoint

wJ wj
AV 00

Modeling the effects of welding 191

© 2005, Woodhead Publishing Limited



is calculated by differentiating the residual with respect to the nodal dis-
placement vector U:

[5.121]

where dR/dU is the element stiffness which is derived from

[5.122]

Substitution into Eqn [5.110] along with finite-element discretization yields

[5.123]

where the following have been used:

[5.124]

and

[5.125]

[5.126]

and

[5.127]

and
[5.128]

where the operator G computes the displacement gradient in a vector form:
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where 0 is a 3 ¥ 3 zero matrix:

[5.131]

The first component of the stiffness matrix of Eqn [5.123] is called the
material stiffness:

[5.132]

The second component of the stiffness matrix of Eqn [5.123] is called the
geometric of stress stiffness:

[5.133]

The remaining components of the stiffness matrix of Eqn [5.123] account
for the dependences of the body force and traction on the deformation:

[5.134]

Updated Lagrangian

The weak formulation for the updated Lagrangian approach can be derived
similarly to the approach for the total Lagrangian formulation by multi-
plying Eqns [5.32] and [5.20] by a kinematic admissible function û, inte-
grating over the current volume V and surface Abt respectively, adding them
together and finally applying integration by parts and the divergence
theorem.

An alternative approach is to consider the current configuration as the
reference configuration which will lead to the following substitutions:
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[5.141]

[5.142]

[5.143]

[5.144]

Then, the element residual for the updated Lagrangian formulation is com-
puted as follows:

[5.145]

where s̄ is the Cauchy stress written in a vector form.
The element stiffness is computed as follows:

[5.146]

where the operator g computes the displacement gradient in a vector form:

[5.147]

5.3.2 Eulerian formulation

This section presents a finite-element formulation for quasistatic thermo-
elastoplastic systems. The formulation is suitable for modeling material
processes such as welding and laser surfacing. For example, in welding, a torch
is passed over a body (Fig. 5.2). A reference frame fixed to the material con-
figuration, r, denotes a Lagrangian frame. In the Lagrangian frame, the torch
moves with a steady velocity and the state of the body changes in time. If the
velocity and heat input are constant, the body is infinitely long in the direc-
tion of the velocity and its shape is uniform along that direction; then, in a
reference frame x fixed to the torch, the state of the body does not change
in time. Therefore, in the moving reference frame, the problem becomes
static. In practice, the body has finite dimensions but, if the torch is sufficiently
far from the edges, in view of St Venant’s principle, the edge effects can be
ignored. Thus it can be assumed that the solution in the new reference frame
for an infinite continuum is the same as that for the finite body. Such a ref-
erence frame, which moves relative to the body, is similar to a control volume
with an influx and outflux of material and denotes an Eulerian frame.

Welding is typically assumed to be a weakly coupled thermomechanical
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process. The temperature profile is assumed to be independent of stresses
and strains. Thus a heat transfer analysis is performed initially, and the
results are imported for the stress analysis. Modeling a history-dependent
heat transfer problem in a Lagrangian frame requires a transient analysis.
The numerical implementation involves an incremental scheme with
several small time increments. The solution at a given time increment is
obtained by using the solution at the previous time increment as an initial
condition. This problem has been addressed in detail previously4,27–29. The
subsequent history-dependent stress analysis is performed by modeling the
stress problem as a quasistatic process1,2,9,11,30–35. Similar to the heat transfer
analysis, the numerical implementation of the quasistatic analysis involves
an incremental scheme with several small static increments. The solution at
a given time interval is obtained by using the solution at the previous time
increment as an initial condition. Each static analysis involves finding the
plastified regions and updating the stresses and strains by integrating the
incremental plasticity evolution equations.The consistent stiffness for these
plastified regions has been developed by Simo and Taylor26.

The solution field of a quasistatic process in an Eulerian frame for the
heat transfer problem becomes steady state and for the stress problem
static. This concept was originally proposed by Nguyen and Rahimian36.
Thus the solution can be obtained by a single steady-state or static analy-
sis. For an incremental analysis in the Lagrangian frame, a mesh with a uni-
formly high density in the direction along the velocity of the torch is
required whereas, in an Eulerian frame, the mesh may be graded to lower
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densities away from the active regions. This advantage is more significant
for three-dimensional problems as both longitudinal grading and transverse
grading are feasible. Thus, for quasistatic processes such as welding and
laser surfacing, the computational requirements can be lower for an Euler-
ian analysis than for a Lagrangian analysis by two or three orders of mag-
nitude, depending on the size of the problem37. These savings become even
more important in an optimization routine which performs several itera-
tions with various parameters to obtain the parameters to be used for
desired stress and distortion results.

The steady-state heat transfer problem in an Eulerian frame has been
addressed previously37–40. For the elastoplastic problems, stress and strain
histories need to be integrated to obtain the respective values at a given
point. In flow problems, the history is often embedded in streamlines.
Dawson41 and Caswell and Viriyauthakorn42 used a viscoplastic model and
have introduced the concept of integrating along streamlines. These are
determined by a distinct analysis before the integration is carried out.These
formulations are velocity based and require further analysis to incorporate
the effect of elastic strains41,43.

Small-deformation Lagrangian formulation

Finite-element formulations for quasistatic thermoelastoplastic processes in
Lagrangian reference frames have been widely used1,2,11,26,30,32–35. For a sta-
tionary reference frame r, the stress equilibrium equation is given by

[5.148]

where s is the stress and b the body force. The boundary conditions are

[5.149]

[5.150]

where ū(r, t) are the prescribed displacements on surface Au
r, t̄ are the pre-

scribed tractions on surface At
r, and n is the unit outward normal to the

surface At
r.

The total strain is the Green strain:

[5.151]

Assume that e is applied as

[5.152]

where ee, ep and eth are the elastic, plastic and thermal strains respectively.
The thermal strain eth is evaluated using

e e e e= + +e p th

e — —r u r u rr r, , ,t t t( ) = ( ) + ( )[ ]{ }1
2

T

s r n r t r r, , ,t t t At( ) ( ) = ( )◊ on surface 

u r u r r, ,t t Au( ) = ( ) on surface 

— r rr b rs , ,t t V( ) + ( ) = 0 in
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[5.153]

[5.154]

where aT and aTamb are the thermal expansion coefficients at temperatures
T and Tamb respectively. Tref is the reference temperature.

The initial conditions are:

[5.155]

[5.156]

[5.157]

where eq is the equivalent plastic strain and t0 is the time for the previous
time increment.

Using Eqn [5.151], the stress–strain relationship is

[5.158]

where C is a tensor. Using the associative J2 plasticity44, the yield function
f and equivalent plastic strain eq are

[5.159]

[5.160]

where se and H are the von Mises stress and the hardening coefficient
respectively. The evolution equation for active yielding is

[5.161]

Differentiating Eqn [5.159], using Eqn [5.160] for the definition of equiva-
lent plastic strain and differentiating Eqn [5.158] according to

[5.162]

the plasticity evolution equations become

[5.163]

[5.164]

where a is the flow vector and m is the shear modulus of the material. g is
a multiplier which depends on the yield function f as follows:
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Since the plastic strain and equivalent plastic strains evolve in time, the rate
equations can be written as time rate equations, i.e.

[5.166]

[5.167]

For a quasistatic analysis, the time rate equations become incremental 
equations:

[5.168]

[5.169]

where D represents the change for each increment.These incremental equa-
tions are solved at each Gauss point for each increment19.

The finite-element formulation for the Lagrangian reference frame is
derived using the Galerkin method, where the weight function is the kine-
maticaly admissible function û. Integration by parts and application of the
divergence theorem on Eqn [5.148] yields the following variational form of
the initial-boundary value problem:

[5.170]

along with the boundary conditions in Eqns [5.149] and [5.150], and the
initial conditions in Eqns [5.155]–[5.157]. In the finite-element formulation
of Eqn [5.170], the primary field is the displacement field u, while the total
strain e, plastic strain ep and equivalent plastic strain eq are secondary fields
computed through a strong enforcement of Eqns [5.151], [5.158], [5.168] and
[5.169] at each Gauss point. The displacement boundary condition in Eqn
[5.149] is strongly enforced. The equilibrium equation, Eqn [5.148] and the
traction boundary condition in Eqn [5.150] are weakly enforced.

Transformation to an Eulerian frame

A reference frame x moving with respect to the material configuration is
defined. The Eulerian frame x is a control volume through which the mate-
rial configuration flows. Specifically,

[5.171]

where v is a steady velocity. A field Y in r transforms to Y– in x as follows:
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[5.173]

[5.174]

For the transformation assumed in Eqn [5.171], the Jacobian ∂x/∂r is a unit
matrix and the quantity ∂x/∂t is the velocity -v. If the loading, shape and
material properties are independent of x in the Eulerian frame, as described
before, the solution is static and the quantity ∂Y–(x,t)/∂r can be dropped.The
field Y thus will be a function of x only. The transformation is thus

[5.175]

[5.176]

[5.177]

The quantity ∂Y–(x)/∂x. v is the spatial derivative of Y– along the streamline
and will henceforth be denoted by ∂Y–/∂xi. In the Eulerian frame x, the sur-
faces v ·n > 0 and v ·n < 0 are called the inlet and outlet faces, where the
material enters and leaves respectively the control volume.

Application of the transformations of Eqns [5.175]–[5.177] in Eqns
[5.148], [5.151], [5.152], [5.158], [5.166] and [5.167] results in the following
boundary value problem:

[5.178]

[5.179]

[5.180]

[5.181]

[5.182]

[5.183]

where all the fields are now functions of x only.
The boundary conditions on the inlet face of the Eulerian control volume

are the initial conditions in the Lagrangian problem. Either the initial dis-
placement or the initial traction and plastic strain (Eqn [5.184]) can be 
prescribed.
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[5.184]

Since the fields are steady in the Eulerian frame, the outlet face has a pre-
scribed stress or displacement. This prescribed value is not directly known
but depends on the solution field itself. The Eulerian control volume is
taken to be large enough for the solution fields to be uniform at the outlet.
Hence the following boundary conditions are specified at the outlet:

[5.185]

The outlet boundary condition is implemented by prescribing nodal forces
at the outlet to be same as those immediately upstream40.

The remaining prescribed displacements and tractions in the Lagrangian
frame transform to the Eulerian frame as follows:

[5.186]

Finite-element formulation

History dependence in stress problems in an Eulerian frame can be handled
by using either Galerkin methods or streamline integration41,42,45–47. In the
streamline approach, the finite-element formulation is similar to Eqn
[5.170] where u is the primary solution field. The residual and stiffness con-
tributions of each Gauss point are evaluated, by integrating the plastic
strains and equivalent plastic strains accumulated from Eqns [5.168] and
[5.169], starting at the inlet conditions in Eqn [5.184] and up to that Gauss
point along the streamline on which it lies. Thus, the element residuals and
stiffnesses are evaluated on an ‘upstream first’ basis so that the upstream
stresses and strains can be used for the downstream evaluations. This has
two major consequences.

1. Elaborate bookkeeping is required, and the sequencing needs to be
changed for every new problem.

2. Because of this spatial dependence, the solution u for each element
depends on the solution u for every other element upstream.
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The consistent global stiffness matrix for such a formulation is thus a full
matrix representing global field dependences. This arrangement is not prac-
tical, since for large problems it translates to extremely high computation
times and storage requirements. Another issue with streamline integration
is that interpolation across elements leads to an inconsistent history com-
munication if the mesh is graded downstream in a direction transverse to
the flow47. This forces the mesh to have higher densities downstream than
necessary.

Balagangadhar et al.40 and Paul et al.15 developed a displacement-based
mixed formulation. In a mixed formulation approach, along with the dis-
placement degrees of freedom u, the plastic strain ep and equivalent plastic
strain eq are included as primary solution variables for the steady-state
Eulerian analysis. The evolution equations are weakly enforced using the
Galerkin method. Thus, at the expense of additional solution variables,
interelement spatial dependences are avoided, resulting in a banded global
stiffness matrix that reduces storage requirements and computation time.
Moreover, there is no need for any sequencing for evaluating residuals and
stiffnesses, and the mesh can be made coarse downstream as required. Spu-
rious oscillations resulting for the hyperbolic nature of evolution equations
are suppressed by use of the streamline upwind Petrov–Galerkin (SUPG)
method developed by Hughes48. The SUPG method is a modification of the
Galerkin method in which the weighting function introduces a discontinu-
ity in the test field.

Integration by parts and application of the divergence theorem. û, êp and
ê q are any chosen kinematically admissible functions, and the resulting vari-
ational form is
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Finite-element discretization of Eqns [5.187]–[5.189] results in the for-
mulation of the global residual which is solved iteratively by using the
Newton–Raphson method. Details of the formulations of the element resid-
ual and tangent matrix have been presented previously15.

5.4 Modeling material properties

The modeling of the material behavior from room temperature up to
melting temperature poses a challenge. This becomes even more difficult in
the presence of phase transformations. Thus the aspects of material mod-
eling that must be handled in an appropriate way in order to obtain an accu-
rate solution are as follows:

1. Modeling elastic and plastic deformation in combination with a cut-off
temperature.

2. Accounting for the effect of solid–solid, solid–liquid transformations or
other microstructural changes in the material behavior.

All models used are based on assuming thermoelastic material behavior.
Young’s modulus E and the thermal dilatation (expansion) eth are the most
important parameters. Poisson’s ratio v has a smaller influence49 on the
residual stresses and deformations. A general discussion of material mod-
eling has been given by Lindgren49 and Oddy and Lindgren50.

The rate-independent deviatoric plasticity model with the von Mises
yield condition and the associated flow rule has been used with success 
in many welding simulations49. Some work has also used viscoplastic
models2,51,52 or combined rate-independent plasticity at lower temperatures
with viscoplastic models at higher temperatures53. The hardening behavior
at lower temperatures is important for the residual stresses. The material
near the weld experiences cyclic loading and choosing isotropic or kine-
matic hardening will affect the stresses in this region54.

For temperatures that exceed the melting point the modulus of elasticity
and yield limit have zero values. Viscous flow models are more appropriate
at these temperatures. However, elastoplastic or elastoviscoplastic models
may still be used in conjunction with the use of a cut-off temperature. This
technique is used for two reasons, the properties at high temperatures are
usually unknown and a too soft weld metal in the model may give numer-
ical problems. In this technique, during the mechanical analysis, tempera-
tures that exceed a cut-off value are reset to the cut-off temperature.
An appropriate choice of cut-off temperature will not affect the residual
stresses3,11,49.

The very low value of yield strength along with the use of elastoplastic
models may result into artificial hardening and lead to higher than the
actual residual stresses. To account for the annealing effect that naturally
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occurs in metals, either a creep model may be used or all accumulated
plastic strains may set to zero above a critical temperature8. Solid-phase
transformations are important to include in the model in order to obtain
accurate deformations but not for residual stresses according to Leblond55.

Solid-phase transformations that occur during the thermal cycle pro-
duced by welding lead to irreversible plastic deformation known as trans-
formation plasticity. This phenomenon is driven by the volume change
during solid-state phase transformations5,56–59. Oddy et al.10 decomposed the
total strain into its elastic, plastic, thermal, volumetric change and transfor-
mation plasticity (a term proportional to the deviatoric stress tensor) com-
ponents. They reported that transformation plasticity significantly affects
longitudinal and transverse residual stress distributions. Early work on weld
modeling modifying the thermal expansion coefficient to take into account
the volumetric change during phase transformations has been described by
Argyris et al.2 and Papazoglou and Masubuchi3. Argyris et al.2 also modified
the yield strength during cooling to reflect the austenite, ferrite and pearlite
formation. In their numerical simulations, Argyris et al. concluded that the
individual stress components are affected by the phase transformations
during the heat cycle; however, the effects of phase transformations are
dampened upon cooling of the weld. They also concluded that the equiva-
lent von Mises stress is not affected by the phase transformations.
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6
Measuring welding-induced distortion

Y. J. CHAO, University of South Carolina, USA

6.1 Introduction

In welding, plastic thermal strain develops near the weld region because of
heating, melting and cooling of the weldment and the nearby base metals.
The plastic strain results in permanent deformation of the welded structure
after the welding. This is called welding-induced distortion. The mode of
welding-induced distortion could show up as in-plane deformation such as
stretching and out-of-plane deformation such as bending, rotation or buck-
ling. Typical welding-induced distortion1 is shown in Fig. 6.1.

In contrast with the welding-induced residual stress that is mostly local-
ized in the neighborhood of the weldment, welding-induced distortion 
is to the entire welded structure. Therefore, in assembling welded compo-
nents into another structure, tremendous fit-up problems could be present
because of the dimensional change of the substructures due to welding. A
typical example is in shipbuilding where large welded panels are to be
assembled step by step into the final shape of a ship using welding.Welding-
induced buckling distortion is often the most challenging problem in ship-
building because of the small thickness-to-in-plane dimensions of the panel.
Various industrial and military codes and specifications that cover welding
fabrication provide standards for allowable distortions, e.g. NAVYSHIPS
0900-0060-4010 and ASME Pressure Vessel and Piping Code Section III.
However, even when the code requirements are met, welding-induced dis-
tortion could affect the performance of the welded structure in service as
well. For example, welding-induced distortion in a pressure vessel head can
serve as the geometrical imperfection for potential buckling failure of the
vessel head.

Measurement of welding-induced distortion is normally performed to
provide the dimensions of the welded structure during or after welding and
in some cases to provide the actual data for examining the accuracy of 
the mathematical, numerical or empirical predictions. In this chapter, we
briefly review the techniques used in distortion measurement (Section 6.2)
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followed by examples in small-scale local distortion measurement (Section
6.3) and large-scale global distortion measurement (Section 6.4). Special
consideration in interpretation of welding-induced distortion is discussed
in Section 6.5.

6.2 Techniques in distortion measurement

In principle, any dimensional measuring instrument can be used for mea-
suring the welding induced distortion in the post-weld cooled state. For
example, as shown in Fig. 6.2(a), the angular distortion of a T-joint can be
measured easily by a ruler as the welded plate is situated on a flat refer-
ence plane. In Fig. 6.2(b) a mechanical dial gage is used to measure the
bending distortion continuously as it moves across the welded beam. A
ruler can also be used to measure the continuous angular shrinkage of a
panel welded with stiffeners as shown in Fig. 6.2(c).
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(a) (b)

(c) (d)

(e) (f)

6.1 Various types of welding-induced distortion1: (a) transverse
shrinkage; (b) angular change; (c) rotational distortion; (d) longitudinal
shrinkage; (e) longitudinal bending distortion; (f) buckling distortion.
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Note that this type of measurement determines the shape of the struc-
ture after welding relative to a reference plane. The deformation of the
structure due to welding is the difference between the initial shape (before
welding) and the final shape (after welding). The initial shape of the struc-
ture may or may not be flat. Therefore, the choice of the reference plane
needs careful consideration before the measurement is performed.

The instrumentation used in measuring the dimensions or shape of a
structure in general can be classified as contact and noncontact, point and
full field, or stationary and transient. The contact instrument is normally
mechanical such as a dial gage, coordinate-measuring machine or linear
variable-differential transformer (LVDT). The noncontact method is 
typically optical such as laser displacement sensors and digital image 
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Ruler 

(a)

(b)

Dial gage

(c)

Ruler 

6.2 Distortion measurement in the post-weld cooled state: (a) angular
distortion; (b) bending distortion; (c) angular shrinkage of panels
welded with stiffeners.
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correlation (DIC). Each dial gage, LVDT or laser displacement sensor mea-
sures the distortion at a point. On the other hand, the DIC is a full-field
method, which adopts the principle of stereovision or photogrammetry and
could conceptually determine the deformation or shape of an entire struc-
ture with one system. The transient distortion during welding can also be
determined by the LVDT or DIC as long as the data and images can be
acquired, buffered and stored with sufficient speed.

Since the welding process involves high temperature, any contact-
measuring instrument if placed near the weldment for transient distortion
measurement must be able to tolerate the high temperature in the welding
process. In addition, shielding of the light from the welding arc may be used
if an optical system is used for the transient deformation measurement.

6.3 Small-scale local distortion measurement

For localized measurement, an LVDT or laser displacement sensor is rather
convenient. An LVDT is an excellent device for converting the mechanical
displacement into an electrical signal2. The sensitivity of a commercial
LVDT varies from 0.003 to 0.25V/mm of displacement per volt of excita-
tion. The excitation could be either alternating current or direct current
with 3V excitation typical. The ranges of displacement that can be mea-
sured by an LVDT vary from 0.125mm to 0.64m, which covers most of the
distortion encountered in welding.The error of the LVDT is typically about
0.5% of the maximum linear output. The frequency response from the
LVDT is not high because it is a mechanical device. However, it far exceeds
the frequency in transient welding distortion measurement since welding
deformation is nearly quasistatic relative to other dynamic events such as
impact.

An example of using the LVDT for transient welding distortion mea-
surement is presented here. As shown in Fig. 6.3, the well-designed ex-
periment for demonstrating the development of transient and permanent
distortion, residual stress and transient temperature history during welding
was performed by Masubuchi3. In the experiment, a rectangular plate made
of aluminum alloy 5052-H32 was used. Gas–metal arc welding was applied
with a moving torch applied at the top longitudinal edge of the plate of 
1220mm (48 in) long, 152cm (6 in) wide and 12.5mm (0.5 in) thick. The 
plate is simply supported at both ends. Strain gages and thermocouples were
mounted on the plate as shown in Fig. 6.3(a) to record the transient strain
and temperature. An LVDT was used to measure the transient deflection
of the beam at the lower midpoint of the plate. The traveling speed of the
welding arc is 7.34mm/s (0.289 in/s) which yields a total welding time of
166s. The welding current and arc voltage are 260A and 23V respectively.
Such a geometry and welding arrangement was chosen to produce a 
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6.3 Transient welding-induced deformation3,4: (a) workpiece
dimensions and the LVDT at the low center point; (b) anticipated
displacement during heating and cooling-down phases; 
(c) measured results from the LVDT as well as the finite element
analysis.
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complete set of experimental data that include transient temperature, tran-
sient strain, distortion and residual stress at various locations in the plate.
As such, it provides excellent information to validate results from any com-
puter simulation. More detailed technical information for the welding can
be found in the book by Masubuchi3.

An interesting feature of the welding design shown in Fig. 6.3 is the trend
of the transient distortion of the plate. As heat is applied to the top edge
during welding, the upper part of the plate expands due to thermal gradi-
ents relative to the lower part of the plate. Consequently, the plate is bent
upward as shown in Fig. 6.3(b). During the cool-down phase after welding
is completed, the weldment shrinks. The longitudinal shrinkage of the top
edge makes the plate bent downward. The transient deflection at the lower
center point as measured by the LVDT, therefore, first experiences upward
and then downward displacement and finally leaves a downward displace-
ment as the permanent (plastic) distortion at the post-weld cooled state,
shown in Fig. 6.3(c). In Fig. 6.3(c), results from numerical simulation by
Chao et al.4 are also included for comparison.The numerical simulation pre-
dicts the transient and post-welding distortion well.

6.4 Large-scale global distortion measurement

In this section, a noncontact technique appropriate for large-scale global
distortion measurement in either transient or post-welding condition is 
discussed. Specifically, the principle of the DIC method developed at the
University of South Carolina is reviewed. Examples are then given for a
bead-on-plate gas–metal arc welding (GMAW) test and a T-joint welding.
Distortion results are presented and compared with data obtained from an
LVDT.

The concept of DIC was first introduced by Peters and Ranson5 and Chu
et al.6 in the early 1980s for two-dimensional (2D) in-plane deformation
measurement. After a decade-long development, the 2D technique was
eventually extended to the three-dimensional (3D) technique by Luo et al.7,8

in the early 1990s. A comprehensive review of the principles, milestone
development and applications of the DIC in both 2D and 3D conditions
can be found in the work by Sutton et al.9.

The basis of two-dimensional digital image correlation (DIC-2D) for the
measurement of surface deformation is the matching of one point from an
image of an object’s surface before loading (the undeformed image) to a
point in an image of the object’s surface taken at a later time or loading
(the deformed image).Assuming a one-to-one correspondence between the
deformations in the image recorded by the camera and the deformations
of the surface of the object, an accurate point-to-point mapping from the
undeformed image to the deformed image will allow the displacement of
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the object’s surface to be measured. Three main requirements must be met
for the successful use of the DIC-2D. First, in order to provide features 
for the numerical matching process, the surface of the object must have a
pattern that produces varying intensities of diffusely reflected light from its
surface. This pattern may be applied to the object or it may occur naturally.
Secondly, the imaging camera must be positioned so that its sensor plane is
parallel to the surface of the planar object.Thirdly, the displacement, includ-
ing both the deformation and the rigid-body motion, between the two
images must be in plane or perpendicular to the optical axis of the imaging
system.The third requirement apparently presents a severe limitation when
applied to measuring welding distortion of panels.

Three-dimensional digital image correlation (DIC-3D) uses two video
cameras to obtain 2D images of a specimen surface from two different per-
spectives, as shown in Fig. 6.4. In principle, the stereovision model is similar
to human depth perception. By comparing the images mathematically using
a correlation algorithm the profile of the specimen surface can be deter-
mined. The surface profiles obtained before and after the surface has been
deformed or loaded are then compared with the results in 3D deformation
of the 3D object. Note that this operation requires accurate information
about the placement and the operating characteristics of the cameras being
used. To obtain this information, a camera calibration process must be per-
formed prior to the test. In addition, in the case of dynamic deformation
measurements, the two cameras have to be synchronized. The synchroniza-
tion can be achieved by controlling the cameras from a single computer
with two image acquisition boards. Data and images can be obtained at the
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framing rate of the video cameras; thus dynamic information can be
acquired during a thermomechanical event such as the GMAW process. In
the following, two examples are provided to illustrate the application of
DIC-3D to the measurement of transient welding-induced distortion10–12.

6.4.1 Experimental setup

The imaging system consisted of two digital Pulnix cameras (Fig. 6.5). The
Pulnix cameras were connected to a Bitflow Raptor board that permitted
simultaneous acquisition of 768 pixel ¥ 480 pixel ¥ 8 bit images at rates of
up to 16 frames/s.

In order to generate speckle patterns on the specimen surface for the
image correlation calculation, a ceramic paint manufactured by XYZ, Inc.
was used. Ceramic paints allow accurate measurements of deformations
using DIC at temperatures of up to 650°C. The paint used in this investi-
gation consisted of titanium dioxide particles suspended in water.When dry,
the particles would rigidly move with the specimen surface, causing the
pattern to distort with deformations equivalent to the specimen surface. To
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maintain cohesion between the paint and the specimen surface, the surface
had to be roughened with 600 grit sandpaper and then degreased.

The first application shown was a bead-on-plate test. A 150mm square
ASTM A36 steel plate with thicknesses of 3.18mm was welded in a bead-
on-plate configuration (Fig. 6.6(a) and Fig. 6.6(b)). A Miller GMAW
machine was used with E70s-6 welding wire and Ar+2% O2 shielding gas
to weld the specimens at torch travel rates of 11mm/s and wire feed rates
of 80.4mm/s. Specimens were placed on top of four ceramic balls located
at each corner of the specimen to minimize heat conduction from the plate.
Also, two 6.35mm ¥ 20mm screws contacted each side of the specimens in
order to conduct current and to keep the specimen in place.

For this experiment, images were obtained on the same side as the
welding process.To prevent the light generated by the welding process from
oversaturating the stereoscopic video imaging system and to protect 
the system from expelled weld material, a special shield was constructed 
(Fig. 6.7). To obtain the maximum field of view, the shielding was located
15mm from the center of the weld line. A piece of heat-resistant cloth was
also placed between the shield and the specimen to seal the gap, and the
shield was loosely attached to a pair of slots in order to permit out-of-plane
motion.

The second application was welding a 500mm ¥ 250mm ¥ 12.7mm T-
section to a 500mm ¥ 500mm ¥ 12.7mm baseplate. Figure 6.8 shows the
experimental setup. The T-section was initially tag welded to the baseplate
at both edges and the center of the plate on either side and then mounted
to a frame by four screws. The frame also supported the travel rail of the
welding machine. The cameras are mounted on computer-controlled trans-
lation stages and the stages are mounted to a rigid aluminum bar. In the
configuration shown, measurements were made on the bottom of the steel
plate, while the T-section was welded to the top of the plate. For this appli-
cation, no special shielding was necessary, as the arc could not be seen by
the cameras. A side view of a specimen sitting on the frame and showing
the angular distortion generated by the welding process is shown in Fig. 6.9.

6.4.2 Results

Weld bead on plate

Measurements of the u, v and w displacement fields (corresponding to dis-
placement in x, y and z directions) obtained from the surface of the plate
40s after the start of the GMAW process are presented in Fig. 6.10(a), Fig.
6.10(b) and Fig. 6.10(c) respectively.The displacements were measured with
an accuracy of approximately 40mm over a 100mm ¥ 50mm area.The x axis
corresponds approximately to the location of the weldment, with welding
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along the positive x direction. Over most of the plate, the in-plane dis-
placements u and v are fairly negligible.

The w displacement field corresponds to the bending-induced out-of-
plane distortions that are more pronounced and need to be mitigated in the
GMAW process. These distortions exhibit significant curvature in both 
the x and the y directions. Therefore, it may be reasonable to assume that 
the distortions are due to bending moments occurring about both the x and
the y axes. Figure 6.10(c) shows the shape of the plate at t = 40s, a moment
after cooling down.The data provided by the DIC-3D system was smoothed
and resampled to a regular grid in the x–y plane. One can clearly see the
saddle shape of the plate surface. Also shown in the plot is an anticlastic
surface fit with a curvature of R-1 about the y axis and nR-1 about the x axis,
where R is the principal radius of curvature and n is Poisson’s ratio. For this
fit, n was set to 0.3 and only the radius R was used as a variable for the
regression. The maximum deviation of the fit from the data was ±8mm for
the smoothed data shown and ±40mm for the raw data. This result indicates
that the bending of the plate is mainly due to a one-dimensional bending
moment around the y axis, which is generated by thermal residual stresses
or thermal strain and shrinkage accumulated during the cooling of the 
weldment.

Welding of the T-section

For this experiment, the computer vision system was set up to view an area
of approximately 250mm ¥ 200mm on one side of the T-section, and LVDT
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sensors were placed on the opposite side. Figure 6.11 shows a comparison
between LVDT data and vision data for two opposing points at the same
distance from the centerline of the plate. The data from this particular
experiment match very well, although a deviation on the order of ±0.2mm
was noted in other experiments. As profile measurements of the baseplate
after welding show, the plate does not deform symmetrically, which explains
the deviations between data taken on opposite sides of the welds. It is also
noted that measurements between experiments with the same nominal
process parameters vary on the same order in the w displacement compo-
nent. This could be attributed to the slight nonsymmetry in the T-section as
well as the imperfections of the panels before welding.

6.5 Special considerations

It should be emphasized that the experimental results from any measure-
ment of welding distortion are based on a reference coordinate system or
a reference plane. The measured data from a welded structure may include
both rigid-body motion and the actual deformation of the structure due 
to welding. On the other hand, the displacement fields from any numerical
simulation are often based on specific boundary conditions assigned in the
model to eliminate the rigid-body motion. Therefore, special care must be
taken when interpreting the welding-induced distortion or comparing the
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measured data with results from numerical modeling. This can be done 
by applying appropriate boundary conditions (e.g. clamping) in the tests
and/or providing a reference plane for easy interpretation of the distortion.
In addition, in many applications, the detailed shape of the initial configu-
ration before welding is also important and warrants measurement effort.
For example, maximum variation in flatness on the order of 1.2mm for a
panel of 1220mm ¥ 101mm ¥ 4.76mm (length ¥ width ¥ thickness) before
welding could result in buckling distortion when the panel is welded to form
a T-section13.
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7
Modeling distortion and residual stress 

during welding: practical applications

X. L. CHEN, Z. YANG, Caterpillar Inc., USA, and
F. W. BRUST, Battelle Memorial Institute, USA

7.1 Introduction

Welding distortion and residual stress have remained major challenges in
manufacturing. Extensive experimental efforts have been made in the
history of manufacturing to understand and control the welding distortions
and residual stresses. Tremendous work has also been reported in the past
two decades in using analytical and computational methods to predict and
quantify the effect of the distortion and residual stress during the welding
process. This chapter introduces some examples of industrial welding appli-
cations using computational methods to highlight the challenges and the
benefits of using analysis and simulation tools to improve the quality and
to reduce the time and cost of welding process developments and problem
resolutions1–3.

7.2 Challenges for industrial applications

Welding, along with thermal cutting, bending and machining, is usually
referred to as one of the key manufacturing ‘building blocks’. Most fabri-
cated structures start with steel plates received from the steel supplier(s).
The plates are cleaned, typically by shot blasting.Thermal cutting processes,
such as oxyacetylene-fuel flame cutting, plasma cutting and recently laser
cutting, are used to cut the parts from the plate into desired profiles and
dimensions. Bending or forming processes could be used to change the parts
into the desired shapes.The piece parts are then tacked together in a fixture
and welded into an assembly. Machining may be used at either part or
assembly level to achieve the tolerance of the critical dimensions. Each
operation introduces manufacturing variability. The final quality of the
assembly depends on the quality control of each process. In addition, the
quality of one process could be affected by the upstream processes and will
influence the downstream processes.
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Process simulations have been reported extensively to understand the
physics and science of the manufacturing processes, as illustrated in Fig. 7.1.
The following is a brief description of the through-process simulations asso-
ciated with each manufacturing building block3.

1. Steel-rolling simulation. The model simulates the typical steel-plate-
making processes focusing on the locked-in residual stresses. Such
residual stresses could alter the plate response during the cutting
process. Therefore, the residual stress produced during the steelmak-
ing, such as rolling, is one of the key inputs to the downstream thermal
cutting simulation.

2. Shot-blasting simulation. The model predicts the results of shot impact
on the plate surface. It simulates the plastic deformation, residual
stresses and oxide removal.

3. Thermal cutting simulation. The model simulates the distortions and
residual stresses that result from thermal cutting processes. It predicts
the thermal–mechanical response of the cutting process as well as the
interaction of thermally induced distortion with the residual stresses
from the steelmaking process. The simulation can improve the cutting
accuracy by providing the critical information that is used to optimize
the part nesting and cutting sequence.

4. Bending simulation. The model simulates the in-process mechanical
response of the material. The simulation predicts the bending accuracy
and spring-back based on the material variables and process parameters.

226 Welding residual stress and distortion

Steel

Thermal cutting 

Forming

Welding

Die opening: 235 mm 

R = 122
 m

m
  

R = 30 mm 

Laser cutting simulation

Machining

Cleaning

Bending simulation

Welding
simulation

Residual stressesDistortions

Weld bead 
formation
(CFD model)

Steel-rolling simulation

Through-process simulations

7.1 Through-process simulations, including steelmaking, thermal
cutting, bending–forming and welding (CFD, computational fluid
dynamics).

© 2005, Woodhead Publishing Limited



5. Welding simulation. The model simulates a wide range of welding phe-
nomena including the thermodynamics of the weld pool, the metallur-
gical transformations in the weld and its heat-affected zone, and the
thermal–mechanical response of the structure during the welding
process. Simulation provides a unique tool for the welding engineer to
design and optimize welding processes. The issues to be considered in
a welding simulation are further illustrated in Fig. 7.2.

Based on the objectives of simulations, welding simulations could roughly
be divided into two categories, namely a global model (three-dimensional
(3D)) or a local model (two-dimensional (2D)). A global model is normally
used for predicting the distortion of a large-scale and/or complicated com-
ponent geometry. In a global model, the details of the welded joint are sim-
plified to reduce the size of the model.Typical applications for global model
are to explore the optimized welding sequencing to reduce welding distor-
tions, to study the effects of fixture and clamping or to design the process
parameters. On the other hand, a local model focuses on the welded-joint
region that is a small portion of the component. The joints are usually
modeled in great detail. Local models are commonly used to predict the
thermal histories and the residual stresses of the welded joints. A detailed
local model would even incorporate thermal fluid flow phenomena and
metallurgical transformations. Figure 7.3 shows some sample industrial
components in heavy manufacturing. The challenge of industrial applica-
tions lies in many aspects including the size of the components, geometric
complexity, material variability, process variability and incompleteness of
model theory as discussed in previous chapters.
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Most welding simulations use numerical computational methods, such as
the finite-element method, using either off-the-shelf code (with customiza-
tion) or in-house development. Welding simulation of a large-size and/or
complicated component imposes tremendous computational demands.
Welding simulation usually requires transient analysis to capture the
response of the component during the welding, such as the welding
sequence, welding direction, cooling and fixture. Welding simulation is non-
linear and usually difficult to converge because of the material behavior at
the elevated temperature. Moreover, welding simulation requires quality
finite-element meshing with sufficient mesh density along the welds and the
heat-affected zone. This requires both time and expertise in finite-element
meshing and usually results in a large number of degrees of freedom in the
model. The computational cost quadruples with increase in the model size.
Despite the fast-growing computer technology, the complexity of an indus-
trial problem could easily make the simulation model infeasible to com-
plete in an acceptable turnaround time. In many cases, decisions have to be
made to balance between the size of the model that one could afford and
the level of the detail that one would want to capture.

Figure 7.4 shows a multiple-pass welding mock-up sample of the lifting
component for a mining machine. Thermocouples and laser displacement
sensors were used to monitor the transient responses of the component
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during the welding. The spikes in the temperature profiles and distortions
represent roughly the responses of the structure to multiple passes of the
welding. Although this is only a mock-up sample, the simulation faced sig-
nificant challenges as follows.

1. The size of the sample is about 500mm by 1000mm. The total length of
the weld is more than 20m. Including the interpass cooling time, the
total welding time is more than 5h. Using an average 10s time step and
average 10min computation time per step to reach the convergence,
this model would need about 300h to complete and a large disk space
for storing the results.

2. Material melting at the elevated temperature has been one of the major
challenges in welding simulation. Modeling melting and solidification,
which cause the relaxation and recovery of elastic and plastic strains,
are very complicated and not fully understood. Moreover, multiple-pass
welding imposes the challenge of tracking material behavior during the
remelting.

3. A hexagonal or brick element is the preferred element type for solid
meshing. Brick elements would reduce the number of degrees of
freedom and can avoid overstiffness (locking) of tetrahedral elements.
However, building a brick element model for this mock-up sample is
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not an easy task, although its geometry is considered fairly simple com-
pared with other real components.

Lack of material properties at the elevated temperature is a well-known
challenge in welding simulations. In addition, welding simulation for indus-
trial application also needs to deal with the inevitable process variability in
a shop environment. Different from a controlled laboratory experiment,
welding on the shop floor could vary from time to time and from welder to
welder. Usually the welding procedure specification represents the normal
welding parameters while the true parameters in the shop could vary 
significantly, including the heat input, welding speed, weld size, welding
sequence, interpass cooling and even part fit-up, enough to cause grief in a
simulation.

7.3 Welding distortion simulation for large and

complicated structures

Welding distortion simulation normally adopts sequentially coupled
thermal structural analysis, i.e. the thermal analysis is performed first and
then the structural analysis will be performed using the temperature pre-
dicted in the thermal analysis as the thermal load in conjunction with any
additional mechanical loads or constraints. Material response in a welding
process is very localized along the welds. For large fabricated structures, the
simulations will be extremely computation intensive to consider millions of
degrees of freedom and the highly nonlinear characteristics relating to 
the welding process. As such, coarse meshes have to be used for the 
global distortion predictions. However, numerical thermal predictions using
such coarse meshes are inadequate, especially for capturing the thermal 
gradients and cooling rates during welding processes. For a reasonable 
turnaround time, developing an efficient and effective simulation procedure
is crucial to the success of applying welding simulation in industrial 
problems.

The comprehensive thermal solution procedure (CTSP)4,5 is an in-house
thermal analysis code specifically developed by Caterpillar Inc. and Battelle
Memorial Institute for global distortion prediction of production compo-
nents. The code is an analytical solution based on the Rosenthal solution of
a point heat source moving in an infinite domain in a constant direction and
at a constant speed. Without additional treatment, the Rosenthal solution
by itself could not be used for the temperature profiles of the industrial
applications such as the example shown above. To simulate the surface of
a component, the CTSP uses the imaginary heat sources reflected on the
surface of the component to achieve the equivalent heat conduction.
Meanwhile, the CTSP uses the ‘negative’ heat sources starting at the time
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of welding end to simulate the stop of the welding. Using these techniques,
the CTSP is able to simulate typical weld joint types such as a groove joint,
lap joint and T-fillet joint. The validation of the CTSP against the experi-
mental measurement is shown in Fig. 7.5, and the central processing unit
(CPU) time comparison between the CTSP and its corresponding thermal
analysis using the commercial finite-element analysis (FEA) code
ABAQUS® is shown in Fig. 7.6. The details of the CTSP have been well
documented and reported in the literature4,5. Only its advantage and essen-
tial features are highlighted as follows (see also Chapter 8).

1. The computation time for the CTSP is much faster than that of a
numerical solution. Depending on the complexity of the structure, a
thermal calculation using the CTSP can be 10–100 times faster than an
FEA. One reason for this significant speedup is that the CTSP avoids
the calculation of the whole structure and only focuses on the local
region around the heat-affected zone.
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2. The CTSP solutions for coarse meshes are very accurate for predicting
the temperatures at the coarse node points.These temperatures provide
accurate through-thickness temperatures, which are critical for provid-
ing accurate distortion prediction.
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3. The input and analysis procedure is much simpler than those using
numerical methods. This is especially true for large structures with 
multipass welds.

Another issue to be addressed in a welding simulation is the material
behavior at an elevated temperature. Melting, solidification and phase
transformation are important metallurgical phenomena associated with a
welding process. Distortion is the primary interest of a global model and
therefore the phase transformation model would need to be simplified to
save computational time. Usually a user material routine would be suffi-
cient to treat the material behavior in the weld zone including the heat-
affected zone. Figure 7.7 shows the suggested simulation procedures for
both global and local modeling approaches for industrial applications.

7.4 Distortion control and mitigation for 

individual components

Excessive welding distortion would result in expensive post-welding cor-
rection and poor quality of a welded structure. This section reports some
examples of simulation-aided welding process development of fabricated
components for mining and construction equipment.

7.4.1 Reducing welding distortion by alternative 
welding parameters

One of the major uses of welding simulation is to explore the alternative
welding parameters for distortion control. The case study presented here is
a real example of using the alternative weld size and sequence to minimize
the welding distortion. Figure 7.8 shows a design of the rear frame of an
articulated dump truck. The center portion of the rear frame is welded as
the center subassembly. The inner bore (front and back) is machined to the
dimensions after center subassembly. The center subassembly is then
welded to the rails at an upper-level assembly. Distortions from the exces-
sive heat cause the ovality of the bore to exceed the tolerance. The objec-
tive of the simulation is to develop a welding process maintaining the inner
dimensions (front and back) of the bore within the tolerance during the
upper-level welding assembly. In this example, the welds are 8mm single
pass and 10mm three passes. Figure 7.9 shows the weld locations and
welding sequence by the numbers in the angular brackets. Welding 
simulation was conducted using virtual fabrication technology (VFTTM)6

developed by Caterpillar Inc. and Battelle Memorial Institute7 (see also
numerous papers by Brust et al. on weld modeling in this set of volumes).
The simulation correlated well with the measurement (Fig. 7.10).
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In this practice, the thermal response was calculated using the CTSP and
the thermal mechanical analysis was performed using ABAQUS®, a
general-purpose commercial FEA code with addition of a user-defined
routine for welding material behavior. At first, the simulation used the full
geometry of the rear frame. It was found that the turnaround time for each
simulation would be more than 600h on a HP240 UNIX workstation. The
model was then simplified to a half-model using geometry symmetry.
Despite the symmetry of the geometry, it was noted that the welding 
simulation model was not symmetric since the welding sequence from one
side of the rear frame to the other side violated the symmetry requirement.
The half-model was based on the assumption that the distortions and resid-
ual stresses of welding on one side of the rear frame were localized and
would not affect those of the other side. However, additional time was
added to the interpass cooling to simulate the delay of the welding when
welding was performed on the other side of the rear frame, and therefore
the total welding time remained the same. The turnaround time of the half-
model was reduced to around 150h. Note that the speedup was mainly due
to the reduction in the degrees of freedom.

A turnaround time of 150h would not be acceptable, especially for a fast-
pace development project. One technique called lumped heating was used
in this project to reduce further the computational time. In a transient
welding simulation, time steps would typically be divided according to the
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size of the element along the welding path, i.e. the time step equals the
length of the element divided by the welding arc travel speed along the
welding path. For example, the time step will be 6 s in a model of 30mm
elements and a 5mm/sec welding arc travel speed. As a result, there are
hundreds of tiny time steps in a simulation, and multiple substeps and itera-
tions need to be performed for each time step for solution convergence. It
is quite usual that a model would need a computational time of a few
minutes to simulate physical welding for 1min, which leads to computation 
for many hours to complete the simulation. The lumped-heating method
reduces the number of solution steps by grouping a few element-wise steps,
typically either a segment of the weld or one weld pass, together into one
lumped step. In this case study, each weld pass was lumped together and 22
physical weld passes resulted in a total of 44 steps (22 heating steps and 22
cooling steps) in the simulation. One challenge of lumped heating is to
develop the equivalent heat input and heating duration for the lumped step.
One approach is to match the heat-affected zone size by comparing the
lumped heating with the ordinary moving-arc solution. Lumped-heating
capability has also been implemented in the CTSP. The major advantage of
the lumped heating in the CTSP is not the computational time but the
feature of calculating heat input and duration of heating to match the heat-
affected zone size automatically.

The lumped-heating model, after being validated against the moving-arc
solution, was used to investigate the potential solutions for reducing the dis-
tortion. The turnaround time of the lumped-heating model was reduced
within 24h. The first option explored was the alternative welding sequence.
Instead of finishing the welds on one side and then moving to the other
side, the alternative welding sequence spreads the passes from one side to
the other to allow more interpass cooling time and less heat buildup. Some
distortion reduction was observed; however, it was not enough to reduce
the distortion within the tolerance. Further exploration of changing 8mm
welds to 6mm welds reduced the distortion to 0.22mm for the back bore
and 0.24mm for the front bore. Final reduction of the distortion to the 
tolerance required moving some welds from the upper-level assembly to
the center subassembly, replacing single-pass 6mm welds with multiple-pass
3mm welds and alternating the welding from side to side.

7.4.2 Welding process development for a new product

In the example described here, the fabricated component was a new design
for manufacturability and performance improvement. The component of
interest to welding is the yoke assembly (draw bar) for a motor grader, a
commonly used machine for ground leveling in the field. Figure 7.11 shows
the design of the component that consists of a circular plate and some solid
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bars welded to the top of the plate and some attachments welded at the
bottom of the plate. One critical requirement is that the flatness of the yoke
assembly be less than 1.5mm at the six matting locations on the bottom
surface of the plate. A traditional process would use the post-welding cor-
rection and then the machining of the bottom of the draw bar. The tradi-
tional process not only is expensive but also needs the plate thicker than
the required thickness to allow the machining. The goal of the project was
to develop a welding process that would require neither post-welding
dimensional corrections nor machining.

Weld sequencing design was first considered as discussed in the previous
example. It was hoped that the distortion would be balanced by altering the
welding sequence appropriately. Figure 7.12 shows the distortion from one
of the welding sequences using single-pass 10mm fillet welds on the top of
the plate and 6mm fillets at the bottom of the plate. Unfortunately the dis-
tortion could not be controlled within the required tolerance (1.5mm) after
multiple sequences were explored. Manufacturing considerations also ruled
out the other alternatives such as changing the weld size, breaking single
pass into multiple passes or back-step welding.

Applying mechanical clamping or deformation is another commonly
used distortion control method. A method called precambering was inves-
tigated. Precambering deforms the part in a fixture during the welding to
compensate the weld distortion. The location and the amount of deforma-
tion at the precambered locations need to be determined so that the flat-
ness of the welded part will be controlled within the design tolerance 
(1.5mm) after the part is released from the fixture. Precambering designs
could be performed by the traditional trial-and-error method. It was esti-
mated in this application that it would require at least five iterations of
welding trail in the shop and two iterations of fixture design and build,
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which would take a development time of more than 2 months. The team
decided to use the simulation to develop the concept of the precambering
process to save the time and cost of the process development. More than
ten simulation iterations were performed using the VFTTM simulation
package6. Since the process was designed for robot welding, welding fixture
concept design was in parallel with welding simulation. Some precamber-
ing designs were recycled because of the accessibility problem identified by
the robot simulation (Fig. 7.13). The final precambering scheme was
reached, as shown in Fig. 7.14.

A welding fixture for precambering has to be designed to withstand the
reaction forces from the mechanical deformation induced on the material
and thermal distortions produced by the welding. In the past, the thermally
induced reaction forces were usually ignored or not fully understood in the
fixture design owing to the lack of knowledge in thermal stresses. As a
result, a weld fixture might deform or even fracture during the welding,
which significantly affected the quality and reliability of the welding
process.

Typically in a welding simulation, the clamping locations are assumed
fixed and infinitely rigid. In this case study, the reaction forces on the
welding fixture at various precambering locations during and after welding
are shown in Fig. 7.15(a)8. The mechanical forces due to precambering are
shown at time zero.The values of the mechanical forces at various locations
depend on the magnitudes and directions of precambering at the corre-
sponding positions. Owing to the welding thermal stresses and the 
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7.13 Robot simulation for the reach study.
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resulting residual stresses, the reaction forces vary significantly during the
welding and in the subsequent cooling stage. It can be seen that the reac-
tion forces at certain locations are almost doubled because of the welding-
induced thermal stresses.

In this application, the stiffness of the fixture was examined through
linear static analysis, in which the reaction forces from the welding simula-
tion were applied to the fixture finite-element model. The results from the
structural analysis suggest that the fixture would be significantly deformed,
as shown in Fig. 7.15(b), and the maximum stress at the ‘hot’ spot in the
model is 518MPa, which is much higher than the yield strength of the 
material. This implies the weld fixture would have been underdesigned if
weld thermal stresses were not considered.

The distortions at the critical points on the bottom plate of the welded
parts were measured after the parts were cooled to room temperature and
released from the fixture. The flatness check was made on seven parts, of
which three were welded using the original weld fixture and four were
welded using the modified weld fixture to sustain reaction force from the
welding stresses, as shown in Fig. 7.16. It can be observed that the distor-
tions in the three parts using the original fixture exceed the tolerance 
(1.5mm).As mentioned previously, this is primarily due to the failure of the
clamps of the fixture and the global deformation of the fixture during
welding. In contrast, the distortions were significantly reduced after using
the modified weld fixture that was stiff enough to support the precamber-
ing scheme. Almost all four parts meet the flatness requirement. In this
development it was also found that the flatness of the welded drawbar was
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very sensitive to the flatness of the plate before welding, which was caused
by the manufacture variability in the upstream operations. Steel-plate-
rolling simulation and thermal cutting simulation were also performed in
this project, which is not covered in here.

7.5 Residual stress prediction and mitigation for

individual components

Residual stress is another important aspect of the welding simulation. The
residual stress induced by the thermal cycle(s) and metallurgical transfor-
mation is localized around the weld and its heat-affected zone. In contrast
with predicting the distortion of a large structure, investigating the residual
stress at the welded joint normally requires the details of the weld joint.
Residual stress analysis could use a sequential thermal and structural 
analysis approach assuming that the work energy generated in mechanical
response is not high enough to cause significant temperature change.
However, the thermal analysis would need to be coupled with the metal-
lurgical model (if considered) since the latent heat of the phase transfor-
mation needs to be considered as a function of thermal history in the
analysis. Figure 7.17 shows an example of the residual stress prediction of
a bead-on-plate specimen9.

7.5.1 Reducing welding residual stresses by 
welding sequencing

Cracking is one common premature failure for welded structures with thick
plates and strong constraints. Residual stresses from welding could be high
enough to cause cracking in welded joints without any applied loads. Figure
7.18 shows a crack at the weld toe of a car body structure fabricated with
multiple-pass welding process. The constraint, defined as the trace of the
stress tensor, is high with this type of welding. High constraint is known to
reduce fracture resistance.

Welding residual stress can be reduced by selection of appropriate
welding process, sequence, fixture–clamping and stress relieving. In this
case, an alternative welding sequence was explored to reduce the residual
stresses and to resolve the cracking problem. A simulation model was built
with the axisymmetric elements for the ring structure considering the
details of the welding passes and the sequences, as shown in Fig. 7.19. In the
original sequence, all passes at the inner side were finished first and then
the welds at the outer side were made, as shown in Fig. 7.19(a). In this
sequence, high residual stress can be observed at the weld toe at the inner
side of the ring, as shown in Fig. 7.19(c). The proposed new sequence alter-

242 Welding residual stress and distortion

© 2005, Woodhead Publishing Limited



nates the passes between the inner and the outer sides, as shown in 
Fig. 7.19(b). The intent of alternating the weld passes was to avoid heat
buildup and to allow more interpass cooling. The simulation results con-
firmed that the welding residual stresses at the weld toe would be signifi-
cantly reduced, as shown in Fig. 7.20. The alternative welding sequence was
then implemented in production to resolve the cracking problem.
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7.5.2 Reducing welding residual stresses by using a
special welding consumable

Welding residual stresses modifies the mean stress experienced by a welded
joint under the fatigue loading. It is normally assumed that cyclic stresses
near a weld are fully damaging because of the high pre-existing tensile
residual stress. In T-fillet welds, weld fatigue failure in most cases occurs at
the weld toe owing to a high stress concentration, high constraint and also
high tensile residual stress in this region. To reduce the stress concentra-
tion, efforts have been made to achieve the favorable weld bead shape by
welding process design, process control and/or post-weld treatment such as
penning, grinding or even machining to eliminate the sharp-notch effect.
Fabrication of Advanced Structures Using Intelligent and Synergistic 
Materials Processing (FASIP) is an Advanced Technology Program project
Sponsored by the National Institute of Standards and Technology during
1995–1999 to develop the in-process control welding technology to achieve
a welding strength improvement of ten times. One of FASIP’s goals was to
produce an as-welded bead shape to reduce the stress concentration at the
weld toe.

In general, high tensile residual stresses are expected at the weld toe.This
is particularly important for the welding of high-strength steels where
higher tensile residual stresses at the weld toe are expected compared with
those of the mild steels with lower yield strengths. In recent years, some re-
ports from Japan have demonstrated that compressive residual stresses can
be obtained at the weld toe by using a lower-temperature-transformation
consumable. Compressive residual stresses are induced by the expansion 
of volume due to the lower-temperature martensite transformation. Ex-
perimental results also showed that weld fatigue strength could increase 
by a factor of about 2 owing to the introduction of compressive residual
stress at the weld toe. A case study has been performed using a simulation
model considering welding thermal, phase transformation and residual
stress analysis. Figure 7.21(a) shows the residual stresses using a conven-
tional welding consumable producing high tensile stresses close to yield
strength level. Figure 7.21(b) is the prediction of the residual stresses of the 
same weld joint configuration using a low-temperature-transformation 
consumable. Low-temperature martensite transformation ‘overrides’ the
tensile stress from the cooling process and results in compressive residual
stresses at the weld toe. Laboratory experiments were conducted and 
confirmed the prediction of the simulation. In this study, the simulation
model is able to predict the residual stress distribution quantitatively as a
function of martensite transformation temperatures, weld geometry and
plate thickness.
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7.6 Weld thermofluid modeling

The analytical thermal solution CTSP mentioned earlier is not able to incor-
porate nonlinear material properties unless an iterative procedure is used.
It is also less suitable for integration with metallurgical transformation
analysis. Heat transfer in the weld pool and the heat-affected zone is a very
complicated phenomenon. A finite-element heat conduction model with
sufficient weld details is able to overcome these limitations. However, an
FEA approach still suffers from the fact that it is not able to simulate the
fluid behavior of the molten metals. Therefore it is not possible to model
physically the heat transfer within the weld pool and the interface between
the solid and the fluid. More importantly, a finite-element heat conduction
model is not able to predict the weld bead details such as the weld toe radius
and penetration which are essential for predicting the stress concentration
and the strength of the welded joint.

The weld bead profile is one of the critical factors in the specification for
a welded-joint design since it has a direct influence on welded structure
stresses, welded-joint strength and fatigue life.Weld bead geometry is deter-
mined by the heat transfer and fluid flow in the weld pool. In the past
decade, significant progress has been made in understanding the effect of
heat transfer and fluid flow on weld bead shape formation by mathemati-
cal modeling. It is crucial to establish an accurate thermofluid model to 
simulate the entire welding thermal and fluid processes to obtain the
desired weld bead profile and thermal history for structurally sound and
high-performance welded-joint designs.

Thermofluid dynamic modeling is well established and computational
fluid dynamics (CFD) modeling has been widely used in many industrial
applications including aerospace, appliances, automotive, biomedical,
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chemical process, electronics cooling, environmental, nuclear power, power
generation, semiconductors and microelectromechanical systems. In the
area of welding applications, most investigations of thermofluid flow in weld
pools have concentrated on gas–tungsten arc welding processes. Little work
has been done in the area of fluid flow and heat transfer in the gas–metal
arc (GMA) welding pool because of the complexity of the process. During
the GMA welding, weld metal is deposited into a weld pool from an elec-
trode as a droplet stream. The metal transfer mechanisms play an impor-
tant role in determining the resultant heat and fluid flow characteristics and
the final weld profile. The heat content and impact force of droplets tend
to induce a series of physical, chemical and metallurgical changes in the
weld pool. Therefore, it is difficult to simulate the GMA welding process,
mainly owing to the droplet impact and the large flow and temperature 
gradients associated with this process. A better understanding of droplet
impact effects on weld heat transfer and fluid flow is critical to investigat-
ing welding pool phenomena and predicting weld bead profiles. The case
studies presented here use a 3D transient weld pool dynamics model to 
simulate the GMA welding process. The governing equations, including
continuity, momentum and energy equations, are discretized using the
control volume method.The regular rectangle meshes are used in the whole
domain, and the volume-of-fraction method is employed to treat free sur-
faces. The details have been described by Cao et al.10. CFD solutions can be
used as a first step in identifying the bead shape to be used for a global dis-
tortion analysis and/or a local residual stress calculation. Knowledge of the
bead shape and fusion zone is critical for such analyses. The bead shape can
always be determined from experiments or experience (for a given set of
weld parameters); however, the use of a CFD model to predict these shapes
before a distortion analysis provides a virtual development environment for
effective welding process design and more accurate thermal information for
welding metallurgical and stress analysis.The examples presented here used
a CFD model to predict a moving GMA weld pool by considering not only
the heat transfer and fluid flow driven by surface tension gradients, elec-
tromagnetic forces, buoyancy and arc pressure, but also detailed informa-
tion about droplet flow effects on weld pool, its solidification and weld bead
shape. Because of its unique capacity in simulation of free surface, this
model can be applied to various types of welded joint.

7.6.1 Bead on plate

Figure 7.22 shows the calculated temperature and fluid flow fields at a lon-
gitudinal section at different moments of time for a bead-on-plate weld
case. The dark color at the middle of the weld pool indicates a temperature
above the melting temperature, and the small white arrows inside the weld
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pool represent the molten material flow direction and magnitude. It can be
seen that the weld pool penetration is developed gradually as the welding
time increases. As droplets enter the weld pool, both deep pool surface
depression under the arc and high elevation away from the arc are clearly
observed. The deposited material forms weld reinforcement behind the
welding torch.
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Figure 7.22(a), Fig. 7.22(c) and Fig. 7.22(e) show the temperature and
fluid flow fields, and Fig. 7.22(b), Fig. 7.22(d) and Fig. 7.22(f) show the cor-
responding enlarged local views. It is seen that the weld pool depth does
not change much after 3 s, which means that the majority of penetration
happens in the first 3 s since the high-speed droplets penetrate the pool so
quickly that this kind of penetration reaches equilibration after 3 s. As for
fluid flow inside the weld pool, Fig. 7.22(a), Fig. 7.22(c) and Fig. 7.22(e) show
a complex flow pattern in the weld pool. There exist two flow loops at the
longitudinal cross-section at all three moments. The larger radial inward
flow loop is dominated by the high-speed droplets and electromagnetic
force. This is the driving force for GMA to form a deeply penetrated weld.
The small radial outward flow loop behind the former flow loop is driven
by the surface tension gradient, and it makes the weld pool longer.

Figure 7.23 shows the comparison of the predicted weld bead shape 
and the experiment coupon. The predicted width and depth are 1.24mm 
and 0.39mm respectively, and the measured width and depth are 1.29mm
and 0.41mm respectively. Also, the finger-like penetration is captured from
the prediction, and its penetration shape matches well the experimental
shape.

7.6.2 T-fillet joint and plug weld

The T-fillet joint is one of the most common weld joint configurations. In
this study, two welding positions, horizontal and flat, are simulated. Figure
7.24 shows the calculated temperature distribution and fluid flow field at
transverse cross-sections and at different moments of time for the hori-
zontal welding position.As shown in Fig. 7.24(a), finger-like penetration still
occurs for this case because of the combination of the droplet impact force
and electromagnetic force. The maximum velocity at this moment is 
53.9mm/s, which is slightly larger than the specified velocity of the metal
droplet. When the arc moves away from this location, as shown in Fig.
7.24(b), the maximum velocity decreased to 7.29mm/s. This is because the
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surface tension gradient force at this moment is dominant at this location.
Thus, the fluid near the pool surface flows from the center outward. In addi-
tion, more fluid is formed near the horizontal plate owing to gravity. As a
result, the leg length of the weld on the horizontal side is larger than that
on the vertical side. The predicted final weld bead shape after solidification
is shown in Fig. 7.24(c). The 3D temperature distribution for this case is
shown in Fig. 7.25. It can be observed that there is severe spatter at the
beginning of the weld, and some spatter is located on the side of the weld
on the horizontal plate. However, the situation is improved when time
increases. The weld bead shape can be observed clearly. Figure 7.26 
compares the predicted and actual weld bead shapes from both horizontal-
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position welding and flat-position welding. The simulation is able to predict
the bead shape and weld penetration accordingly.

The weld thermofluid dynamic model was used to solve a problem of 
resolution for weld defects of a plug weld process for a fabricated 
component in a mining machine. Figure 7.27 demonstrates the model’s
capability to predict a weld defect, namely lack of fusion, in a plug weld.
The 3D weld thermofluid flow model is effective in optimization of welding
parameters to obtain weld bead shapes with large toe radii and deep 
penetration. A better weld bead shape can be achieved by optimizing
welding parameters based on the results from simulation of the weld 
thermofluid flow.
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7.7 Assessing residual stress in pipe welds

Pipes and piping systems represent a large and significant application area
of welded construction. There are thousands and thousands of kilometers
of buried pipelines in North America alone and essentially all industrial-
ized countries have significant buried pipelines. According to the US Office
of Pipeline Safety, there were more than 257000km of liquid transporta-
tion lines and 480000km of natural gas lines in the USA alone in 2003. The
transportation pipelines typically carry natural gas or liquid petroleum
products from place to place throughout the countries. Integrity of the
transportation pipeline welds is often the main concern in these systems.
Degradation of buried pipelines is often due to corrosion and, at times,
unexpected service loads such as heavy-truck traffic, landslides and earth-
quakes. In addition, welded pipelines and corresponding pressure vessels
represent a large part of power plants, both conventional and nuclear,
throughout the world. There are extensive piping systems in nuclear-
powered aircraft carriers and surface ships.

The main concern with the welds in piping is the weld-induced residual
stresses since stress corrosion cracking must be controlled. Weld residual
stresses can also contribute to fatigue life degradation. Distortion control
of vessels piping systems is often of less concern than the residual stress
control although there are instances where distortions must be managed
(for instance, the shrouds in boiling-water nuclear power plants). This
section will provide some examples concerning control and management of
weld residual stresses in pipe.

7.7.1 Typical residual stress patterns in pipe welds

Weld residual stresses were calculated for a series of typical pipe geome-
tries for type 316 stainless steel material. It will be seen that the results can
be used to estimate the residual stresses for many materials in order to
perform fatigue or corrosion assessments. The welding residual stresses
were calculated using a half-symmetry axisymmetric model. Experience
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and comparisons with experimental data clearly suggest that, for pipe weld
analysis, an axisymmetric model is adequate. The finite-element model was
subjected to a numerical thermal analysis, which simulated the weld process
functions of laying down the molten bead of weld rod, introducing heat
energy into the weld bead and cooling the weld to an interpass tempera-
ture. The thermal analysis calculated the temperatures throughout the
finite-element model through the welding process. A subsequent stress
analysis was performed which used the previously defined temperatures to
calculate the elastic–plastic residual strains in the welded pipe segment due
to the thermal effects of welding.As discussed in Chapters 5 and 8, a proper
constitutive law is required (see, for example, the work by Brust et al.11) in
order to account properly for the many unique aspects of the welding
process that are not accounted properly for in the constitutive law libraries
of many commercial finite-element codes.

A test matrix of pipe radius, thickness and crack size was used. Pipe wall
thicknesses t of 7.5mm, 15mm, 22.5mm and 30mm were studied in pipes
with mean radius-to-thickness ratios of 5, 10 and 20. Cracks with half-
lengths in radians of p/16, p/8, p/4, and p/2 were introduced in these virtual
pipes to assess the effect of weld residual stresses on crack opening areas.
The matrix of results was used to produce correction factors for crack-
opening displacement equations applicable to a broad range of pipe sizes.
Leak before break and the effect of weld residual stresses are briefly dis-
cussed later.

Figure 7.28 shows a typical weld model used for the 15mm thick pipe.Stan-
dard weld groove and weld pass geometries commonly used for stainless
steel welding were adapted from the report by Barber et al.12. They also
showed that precise weld groove geometry has a second-order effect on the
weld-induced residual stress state. In addition, measurements of stress by
Barber et al.12, Brust et al.13 and Fredette and Brust14,15 (and the references
sited therein) clearly illustrate the accuracy of the residual stress predictions.
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The actual weld parameters of voltage and current were measured for
multiple weld passes on several pipe thicknesses12,13 and were used here.
These values are shown in Table 7.1. These weld parameters are quite
typical of those used in nuclear piping for austenitic steels.

A typical set of both axial- and hoop-direction residual stresses are 
shown in Fig. 7.29 for the 15mm pipe with different R/t ratios. It is seen 
that axial residual stresses produce a ‘bending’-type residual stress pattern
for pipes of this thickness. This is quite typical. In fact, the axial residual
stress pattern in pipe, for any material, typically produces a ‘bending’-type
distribution for pipes with thickness less than about 20mm, and a
‘tension–bending–tension’-type distribution near the weld for thicker pipe.
Dong and Brust16 summarized typical residual stress distributions in pipe,
vessels and other weld joint types. Note also that, in all cases, the residual
stress pattern reverses itself as one proceeds away from the weld zone. This
occurs for both axial and hoop residual stresses. Note that, in this example,
the weld bead was not ground out at the inner-diameter (ID) and outer-
diameter (OD) regions near the weld.As such, the stress concentration near
the weld bead discontinuity at both the ID and OD of the pipe should be
noted.

Note also from Fig. 7.29 that axial residual stresses typically are higher
near the weld zone as the R/t ratio of the pipe decreases because the pipe
is stiffer and there is more axial direction constraint. Moreover, the axial
residual stresses damp out more quickly as the R/t ratio decreases for this
same reason. On the other hand, the hoop weld residual stresses are larger
as the R/t ratio increases. One can think of the weld bead shrinkage in a
pipe as applying a banded pressure to the pipe in the weld region.This ‘pres-
sure band’ dies out more quickly in stiffer pipe (lower-R/t-ratio pipe). It will
be seen next that these results can be used to make stress corrosion crack
growth and fatigue life prediction estimates for many pipe materials at tem-
peratures other than these. It should be noted that all stresses shown here
are at room temperature.
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Table 7.1 Pipe thicknesses and welding energy
inputs used in the simulations

Pipe thickness Energy
(mm (in)) (kJ/mm (kJ/in))

7.5 (0.295) 0.526 (13.354)
15.0 (0.590) 0.660 (16.760)
22.5 (0.886) 0.794 (20.177)
30.0 (1.181) 1.01 (23.583)
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7.7.2 Generalization of results for corrosion and 
fatigue predictions

The axial residual stresses for all cases considered are plotted as line plots
in Fig. 7.30 along the ID surface and the OD surface. It is seen that, for the
thinner pipe (t � 20mm), stresses are higher for lower R/t ratios and this
trend reverses for thicker pipe (t � 20mm). Note that 20mm is roughly the
thickness where the stresses change from a ‘bending’-type (tension on ID)
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7.29 Typical axial and hoop residual stresses for 15 mm pipe.
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to a ‘three-way bending’ (tension on ID, compression and then tension on
OD) type of distribution.

These results can be used to make engineering predictions of corrosion
(or fatigue) for many different pipe materials and operating at different
temperatures as follows. As mentioned earlier, the material used for these
simulations was type 316 stainless steel, which, for many grades, is quite
similar to type 304 stainless steel. The yield stress as a function of tem-
perature for type 316 stainless steel is illustrated in Fig. 7.31. Note that, for
this material, the yield stress does not vary linearly with temperature. Note
also that at the melting temperature (1500°C) the yield stress is given a neg-
ligible value (3MPa) to facilitate numerical treatment of the weld metal not
yet deposited (or melted material) (see modeling procedures discussed in
Chapter 5).

Fortunately it has been observed that the residual stresses in welds vary
nearly linearly with temperature for pipes. If the pipe is uniformly heated
to 288°C (typical nuclear reactor piping temperatures), the residual stresses
will decrease by the yield stress ratio. Here, the yield stress at room tem-
perature is 283MPa, and at 288°C is 215MPa; the weld residual stresses
scale by 215/283 or about 0.76. Hence the stresses in Fig. 7.29 or Fig. 7.30
can be reduced by 76% when performing a stress corrosion crack growth
life prediction for the pipe at its operating temperature. Moreover, as an
approximation, one can estimate the residual stress in a pipe not made of
this material by likewise using the ratio of the yield stress of the material
of interest to that of this material. While this latter approximation should
be used with caution, one could obtain a rough estimate of corrosion or
fatigue life using this method. However, it is always best to calculate the
precise residual stress state for pipes of different materials since the 
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7.31 Yield stress versus temperature for type 316 stainless steel.
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hardening response, phase transformation behavior, etc., can have an
impact on the residual stress state in a welded pipe.

7.8 Assessing residual stress in non-steel welds

The examples presented in this chapter up to this point have all been con-
cerned with steel. However, the methods for predicting the residual stress
state in materials other than steel do not change from those summarized in
Chapters 5 and 8. It is just that the material response, with regard to both
the thermal properties and the constitutive response, must be considered
appropriately. Moreover, modified welding methods must sometimes be
used to prevent hot cracking during weld solidification of some materials.
This section will first discuss general additional issues related to welding of
materials other than steel and then provide an example of stress corrosion
cracking analysis of a bimetal weld.

Hot cracking may occur during the weld solidification process owing to
a combination of metallurgical behavior on cooling and the surrounding
thermomechanical conditions near the weld. A traditional way to prevent
hot cracking includes improving the weld and heat-affected zone ductility17.
However, it has been realized that, for some materials, improving the 
ductility may not offer satisfactory results, especially for eliminating liqui-
dation cracking. Consequently, thermomechanical welding techniques have
received an increasing attention in recent years. For instance, Feng18

analyzed conditions associated with weld metal solidification cracking and
methods such as introducing a local heating source during welding to over-
come end-cracking problems began to emerge.

The mechanisms associated with the local heating methods in preventing
hot cracking can be attributed to the fact that the transverse and longitu-
dinal strain fields were altered by the use of local heating. However, the
resulting large heat-affected zone and coarser grain microstructure as a
result of local heating have been of concern over its applicability in prac-
tice. It is also worth noting that local rolling can also be used to improve
the thermomechanical conditions in welding. Computational models to
investigate both hot-cracking mitigation methods, along with the use of a
novel heat sink approach, in high-strength aluminum alloys have been
recently summarized by Yang et al.19,20.

The necessary conditions for hot cracking are the presence of tensile
strains in the region that undergoes the brittle temperature range (BTR)
near the weld as the material cools. Yang et al.19 suggested using mechani-
cal strains as a measure of the driving force for hot cracking instead of
stresses since, at the BTR region, the transient stress level is usually low
owing to significantly reduced material yield strength at high temperature.
The idea is to prevent the tensile strain rate (with respect to temperature)
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exerted on the BTR region from becoming larger than the critical strain
rate of the material using a local heating–cooling method. An example of
using a cooling source is illustrated in Fig. 7.32.

The computational model of Yang et al.19,20 is well suited to designing the
parameters necessary to prevent hot cracking such as weld parameters,
heating–cooling source location and intensity. By adding a heating sink (as
shown in Fig. 7.32), an auxiliary compression zone can be generated
between the heating source and the trailing heat sink. The effectiveness of
the additional compressive strains on the strain rate (with respect to tem-
perature) should be obvious. As a result, hot cracking can be prevented if
the reduction in the strain rate with respect to temperature is sufficient
within the BTR region. Note that the reduction in the strain rate (with
respect to temperature) results from a complex interaction between the
instantaneous strain rate and cooling rate during welding; thus a computa-
tional model is useful to define these parameters.

7.8.1 Example analysis of a bimetal weld

There have been incidents recently where cracking has been observed in
the bimetallic welds that join the hot leg to the nuclear reactor pressure
vessel nozzle (Fig. 7.33). The cracking has been identified as primary water
stress corrosion cracking (PWSCC). The hot-leg pipes are typically thick-
wall pipes of large diameter. Typically, an Inconel weld metal is used to join
the ferritic pressure vessel steel to the stainless steel pipe. The cracking,
mainly confined to the Inconel weld metal, is caused by corrosion 
mechanisms. Tensile weld residual stresses, in addition to service loads, con-
tribute to PWSCC crack growth.

7.8.2 Weld and fracture analysis procedure

The analysis was quite involved since the actual field welds sequence was
complicated and grinding and repair were considered. This analysis pre-
dicted the residual stresses for use in a PWSCC fracture assessment 
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discussed later. Weld analyses of the design hot-leg bimetallic welds in the 
V. C. Summer plant were conducted. Figure 7.34 illustrates the weld geom-
etry. The axisymmetric finite-element mesh used near the vicinity of the
weld is shown in the lower portion.The distance from the center of the weld
to the pressure vessel is about 0.5m and the distance from the weld center
to the steam generator is about 7m. The finite-element mesh included the
entire 7.5m of pipe system. The boundary conditions used in the finite-
element model included fixed displacements at the pressure vessel and
steam generator.The material properties used, the weld sequence and many
other aspects of the analysis have been summarized by Brust et al.21. The
service stresses used for the PWSCC analysis are illustrated in Fig. 7.35.
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Stress intensity factors were then calculated for the stress state illustrated
in Fig. 7.35. Once stress intensity factors were available for many c/a values,
for various crack depths, for axial and circumferential cracks, etc., for about
200 different cases, PWSCC predictions were made. The crack growth rate
equation, taken from the work of Brust et al.21, is

Here KI is in MPa m1/2 and the range for the data is for K between 20 and
45.

Some important conclusions from this study are listed below. Based on
the PWSCC crack growth law21 and the analysis results here, axial cracking
should be confined to the weld region. Starting from a circular crack 5mm
in depth, the crack should break through the pipe wall within 2 years.

1. PWSCC growth is attributed to aging in INCO182 weld metal and is
confined to the weld metal.

2. Circumferential cracks should take about twice as long to become a
through-wall crack compared with axial cracks. Circumferential cracks
will tend to grow longer than axial cracks. However, since service loads
dominate circumferential cracks, they will slow their circumferential
growth as they grow toward the bottom of the pipe. Here, by the bottom
of the pipe, is meant the compressive bending stress region of the pipe.
The service loads consist of thermal expansion mismatch, tension
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caused by ‘end-cap’ pressure, and bending. The bending stresses caused
by a bending moment are compressive 180° from the tension zone.
Part-through circumferential cracks that initiate in the tension zone 
and grow beyond the bending neutral axis may slow down as they ap-
proach the compressive bending stress zone. However, for nonfixed
bending axes, where the tension zone changes, this may not be 
significant.

3. Weld repairs alter pipe residual stress fields near the start–stop regions
of the repairs. This may help to slow down a growing stress corrosion
crack.

From this example it should be clear that weld-induced residual stresses
play a very important role in stress corrosion crack growth. This example
shows that, if material properties are available, there are no complications
in considering weld residual stresses in multiple-material welds.
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8
Mitigating welding residual stress 

and distortion

F. W. BRUST, Battelle Memorial Institute, USA and
D. S. KIM, Shell Global Solutions (US), USA

8.1 Introduction

Residual stress is defined as any stress that would exist in a continuum body
if all external loads were removed. Welding residual stresses occur in a
structure because of the thermal stress developed by a nonuniform tem-
perature distribution during welding, followed by plastic deformations. The
corresponding distortions are in turn caused by these residual stresses.
During arc welding, the welded piece undergoes complex temperature
changes.The nonuniform temperature distribution along a continuum body
causes thermal stresses and nonelastic strains. Many researchers and engi-
neers have tried various techniques to quantify residual stresses analyti-
cally, numerically and experimentally. The root cause and methods for
calculating weld-induced residual stresses and distortions were detailed
earlier in this book.

The purpose of this chapter is to discuss methods to control, or even to
mitigate, weld-induced residual stresses and distortions. Chapter 9 discusses
methods for controlling buckling distortions in ‘thin’ welded components
which can lead to unsightly fabrications among other problems. Chapter 7
discusses a number of practical industrial applications of management of
weld residual stresses and distortions in very large ‘real-world’ fabrications.
This chapter will discuss general techniques for controlling weld residuals
in a general sense. As such, the examples will generally focus on ‘smaller-
scale’ structures. Because of the power of numerical weld modeling today
most examples presented here are based on finite-element-based solutions.
All numerical solutions here were developed using the virtual fabrication
technology (VFTTM) software1 (see Chapter 7 for more details).

8.2 History dependence of residual stress

Usually distortion and residual stress control assessments are made by
neglecting prior history in the components that make up fabricated struc-
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tures. Consider the cycle represented by Fig. 8.1 for a fabricated steel struc-
ture. Start from the upper left and move clockwise. The different compo-
nents may be cast, rolled, forged, etc., from the material supplier, and often
combinations are used in the service structure. An initial residual stress and
distortion pattern develops depending on which process is used. For
instance, in rolled plate, tensile stresses usually develop near the plate edges
and compressive stresses develop in the interior.

The rough material stock is then transported from the steel mill to the
fabrication shop or job site. The transportation, handling and storage may
alter the original stress and deformation history inherent in the rough stock.
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The material may then be surface treated, depending on the application,
further altering the original history in the rough stock. The material is then
cut into the desired shape required for the fabrication (for instance, con-
sider a truck frame consisting of a number of components (forged, cast and
rolled) and welded together). This cutting process alters the original resid-
ual stress history (and thus distortion history). Moreover, the cutting
process may induce additional residual stresses near the cut edge (particu-
larly for thermal cutting since the thermomechanical flame cutting process
induces nonlinear strains near the cut edges).

Again, referring to Fig. 8.1, the component might then also be bent and
formed into the required shape for the fabrication. Forming again alters the
original history and can add significant stresses and strains in the bent
regions of the component. Finally, the welded fabrication is made on top of
all the residual stresses already induced into the parts from all the prior
processes. The connection process further alters the residual history in the
component parts.

In particular, the welding process induces significant residual stresses and
distortions into the assembled structure. The assembled component or
structure might then be straightened to achieve certain desired tolerance
requirements. This process further alters the history in the structure. As
seen, by the time that the material from the material supplier (steel plant,
aluminum foundry, etc.) makes its way into the service structure, each com-
ponent has already seen a history of stresses, nonlinear strains and corre-
sponding displacements.

As an example, consider Fig. 8.2. This is an example of the effect that
bend forming and welding has on the service residual stress state for mild
steel. As illustrated on the left of Fig. 8.2, a two-dimensional nonlinear
finite-element analysis was performed of a plate being bent in a die. Next,
a weld bead was deposited on the exterior of the bend curvature. Both the
bending and the welding processes were modeled via the finite-element
method (the weld models used are described next). The right-hand side
shows contour plots of the X component of stress (this component is
responsible for crack growth at the weld toe). The material was a standard
structural steel. The stress magnitudes vary between +300MPa and 
-300MPa (the magnitudes are not important for our purposes). It is clearly
seen that stresses at the weld toe are markedly different for the two cases.

This fabrication history can have an important effect on the service life
of the structure. Fatigue, stress corrosion cracking, fracture, etc., can all be
affected by prior history. However, in most cases this prior history is
neglected in making a damage assessment of the structure which must
include weld-induced residual stresses. Distortion, residual stress, fatigue
and fracture assessments are often made by pretending that the service
material is pristine and free of history. The corrosion or fatigue life 
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predicted assuming a pristine structure is different from that which would
be predicted by including the prior history (welding alone (Fig. 8.2(a) or
bending and welding (Fig. 8.2(b))). The residual stresses after welding are
almost twice those when including the bending effects, as reported previ-
ously1–5. Examples will be shown later that clearly illustrate this effect.

Of course, for some critical structures, stress relief of many of the com-
ponents is performed before the structure goes into service. This is true for
instance in some nuclear components and engine components. However,
the costs associated with stress relief are not practical for the vast majority
of fabricated structures. In addition, stress relief, annealing and other
processes do not eliminate all residual stresses and strains leading to a pris-
tine structural component. Stress relief via post-weld heat treatment is dis-
cussed in Section 8.8.

Fortunately, the residual stresses and distortions caused by the welding
process are often dominant compared with other fabrication-induced
stresses. The prior history-induced residual stresses are often eliminated in
the vicinity of the weld as the base material remelts or reaches such a high
temperature that ‘local stress annealing’ occurs. As such, for many com-
ponents it is valid to neglect prior residual stresses before welding. How-
ever, neglecting the prior history must always be kept in mind when using
the mitigation methods discussed in the next few sections. One example of
an application, which illustrates the importance of fabrication history on
damage development and fracture, is illustrated in Section 8.2.1.

8.2.1 Application example illustrating history dependence
effects: fracture of welded beams

Following the 1994 Northridge earthquake in California, widespread
damage was discovered in the prequalified welded steel moment frames.
Detailed inspections indicated that most of the structural damage 
occurred at the weld connections between the beam and column flanges. In
particular, the weld joints between the bottom beam flange and the column
face suffered the most severe damage. Cracks mostly initiated at the 
weld root and propagated with very little indication of plastic deformation.
The desired plastic hinges assumed in the structural building codes plastic
design were not formed in the weaker beam away from the weld 
joint. Instead, brittle weld fracture was identified as the dominant failure
mechanism.

Welding-induced residual stresses are believed to be one of the factors
contributing to the brittle fracture. Indeed, there exists ample evidence 
that residual stresses can play a dominant role in the fracture process of
highly restrained welded joints6, 7. The design of welded moment-resistant
frame connections presents perhaps the most severe mechanical restraint
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conditions both during welding and in service. Consequently, the presence
of a high weld residual stress is expected. In addition, the high triaxial
nature of the residual stress state, which can significantly reduce fracture
toughness, in these joints can be significant. As such, the anticipated plastic
deformation cannot develop before the fracture driving force reaches its
critical value, resulting in brittle fracture.

Figure 8.3 illustrates an analysis of a typical beam–column connection
(A36 beam, A572 Gr. 50 column and E70T-4 weld material). The insert 
illustrates the three-dimensional cross-section of the finite-element mesh
that was used to model the welds in the beam–column. In addition, a 
two-dimensional model was used as well. The residual stresses (not shown
here; see the paper by Yang et al.8) showed a very high degree of triaxial
stress state and were directly caused by constraints induced by the 
welding process and the geometry. The two-dimensional mesh illustrated
below the beam–column (Fig. 8.3) was used to study the fracture response
of a typical lower flange in a beam–column connection. Nine passes 
were deposited (see the inset mesh of Fig. 8.3). The stress intensity factor
is plotted as a function of the ratio of applied tensile stress to weld 
yield stress on the right of Fig. 8.3. It is seen that including the history of
residual stresses in the analysis procedure has a marked effect on the 
stress intensity factor. Indeed, for fracture in the brittle or elastic-plastic 
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regime, including prior history in the analysis is important to obtain correct
results.

8.3 Methods for controlling residual 

stresses and distortions

During heating and cooling in the welding cycle, thermal strains occur in
the weld and base-metal regions near the weld.The strains produced during
heating are accompanied by plastic upsetting. The nonuniform plastic
straining that occurs in the welded piece is what leads to residual stresses.
These stresses react to produce internal forces, which must be equilibrated,
that cause bending, shrinkage and rotation. It is these displacements that
are called distortion.

Three fundamental dimensional changes that occur during the welding
process cause distortion in fabricated structures8, 9.

1. Transverse shrinkage perpendicular to the weld line.
2. Longitudinal shrinkage parallel to the weld line.
3. Angular distortion (rotation around the weld line).

Many factors in the welding procedure contribute to the distortion.These
factors are quite difficult to manage in a large complex structure. These
include welding sequence, degree of restraint, welding conditions and joint
details. At present, however, there is no process that completely eliminates
distortion. Many distortion control techniques and weld design optimiza-
tion procedures such as prestraining, weld sequencing and precambering
were developed by experiment and experience. Today, however, with the
advent of computational weld models which are quite accurate, new and
creative distortion control methods are emerging because the scenarios can
be evaluated on the computer.

With distortion control it is possible to design weld processes such that
the final distortion is close to zero, with some probabilistic variation around
the undistorted shape. It is difficult to weld components such that residual
stresses are zero throughout the fabrication unless post-weld heat treat-
ment is used. Post-weld heat treatment is expensive and is mainly used for
high-performance structures where design requirements are stringent. For
many fabrications where cost control is important, the goal with residual
stress control is to reduce the stresses or, in some cases, to reverse these
stresses from tension to compression in some critical areas of the structure.
Such residual stress control can improve fatigue and corrosion life and even
fracture performance. Methods that have been developed to control dis-
tortions also influence residual stresses and vice versa. With this in mind it
is important to design carefully the control processes so as to optimize the
fabrication.
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8.3.1 Advantages of weld distortion and residual 
stress control

Two tremendous advantages are obtained by developing fabrication solu-
tions via the computer. First, designing the fabrication to minimize or
control distortions can significantly reduce fabrication costs. Second, con-
trolling the fabrication-induced residual stress state can significantly
enhance the structure’s service life. For distortion control, fabrication
design via modeling can achieve the following.

1. It can eliminate the need for expensive distortion corrections.
2. It can reduce machining requirements.
3. It can minimize capital equipment costs.
4. It can improve quality.
5. It can permit premachining concepts to be used.

Residual stress control via modeling has the following results.

1. It can reduce weight.
2. It can maximize fatigue performance.
3. It can lead to quality enhancements.
4. It can minimize costly service problems.
5. It can improve damage resistance during attack (e.g. naval structures).

Fabrication modeling tools were specifically developed for this purpose.
Weld process models are sophisticated physics- or mathematics-based com-
puter modeling software tools for use in optimizing and designing metal
fabrication processes for industry. Savings from using a weld process model
can be significant, often exceeding millions of US dollars per product.

There are a number of methods that can be used to control weld-induced
distortions or residual stresses, or both. The method that is practical for a
given product depends on many factors including cost. Some of the more
popular methods for controlling welds include weld sequencing, weld para-
meter definition, precambering, prebending, thermal tensioning, heat sink
welding and fixture design, among many others. It is important to note that
fabrication modeling tools such as the VFTTM software1 can be used to
develop new control methods since the new methods can be first attempted
on the computer. Some of these methods will be considered in the exam-
ples discussed later.

8.3.2 Residual stress and distortion control methods

The control methods listed below are some of the more popular methods
of weld fabrication to control residual stresses and distortions. The proce-
dures can be developed empirically, which is quite expensive and time 

Mitigating welding residual stress and distortion 271

© 2005, Woodhead Publishing Limited



consuming, or via weld modeling, which is efficient and is becoming more
and more popular. Examples of many of these methods are presented in
later sections.

Weld sequencing

Weld sequence simply means the order in which the welds are deposited.
Sequencing is more important for distortion control although it can affect
weld residual stresses as well. For some fabrications, weld sequencing is not
sufficient for distortion control and it is used in conjunction with some of
the other methods discussed below. Examples of the use of weld sequenc-
ing to control distortions are shown later.

Weld parameter definition

Weld parameters such as travel speed, weld groove geometry, weld size,
single-pass versus multiple-pass welds, joint type and heat input can influ-
ence distortions and residual stresses, as illustrated in Section 8.4.1.

Weld procedure

The weld procedure chosen can have an important effect on distortions and
residual stresses. Fusion welds often lead to the largest distortions while
laser, electron beam welding and friction stir welding result in lower dis-
tortions. However, friction stir welding can impart large plastic strains to
the structure even though the residual stresses may be low. These large
strains, which locally strain harden the material, can influence the fracture
response of the structure.

Fixture design

Fixtures control residual stresses and displacements by forcing the 
displacements and rotations of some portions of the welded component 
to be zero. The ‘zero points’ should be carefully designed to achieve the 
distortion control goals as seen in several examples shown in Section 8.5.

Precambering

Precambering consists of elastically (or plastically) bending some of the
components (usually in a specially designed fixture) in a predefined manner
and then welding. After welding, the precamber is released and the fabri-
cated structure ‘springs back’ to a minimally distorted shape. The precam-
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ber pattern must be carefully designed. Precamber also affects weld resid-
ual stresses and as shown in an example later in this section.

Prebending

Prebending consists of plastically bending some of the components before
welding and possibly before placing them in a fixture. After welding the
desired ‘nondistorted’ shape results. The welding is performed with or
without a fixture.

Thermal tensioning

Thermal tensioning consists of strategically moving a heat source ahead of,
beside, behind (or combinations of these), the moving weld torch. It is most
convenient to design the heat source locations and power through the use
of a computational model. This method can control distortions and resid-
ual stresses during welding by controlling the heating and cooling rates of
the weld. Several examples that illustrate this distortion and residual stress
control method are summarized in Section 8.5.1.

Heat sink welding

Heat sink welding is similar to thermal tensioning except a cooling source
is strategically moved (or kept stationary) with the weld torch. An example
of use of this procedure is in the nuclear piping industry where the method
produces compressive weld residual stresses in weld heat-affected zones
along the pipe inner surface to mitigate stress corrosion cracking concerns.

Post-weld heat treatment

Post-weld heat treatment consists of heating parts (or all) of the welded
fabrication to high temperatures (depending on the material) and holding
for a period of time, while the stresses are relieved. Often the stresses
cannot be fully relieved, i.e. some level of residual stress remains. A rule of
thumb is that the hold time is about 1h for each 25mm of thickness. Again,
this is expensive and is often used to prevent a service fracture problem
such as corrosion, fatigue, creep or combinations.

Control of weld consumables

Welding consumables have recently been developed which result in a 
particular weld bead shape and can be used to control residual stresses.

Mitigating welding residual stress and distortion 273

© 2005, Woodhead Publishing Limited



Moreover, consumable materials are emerging which result in a ‘low-
temperature phase transformation’. This transformation can be used to
control residual stresses and thus distortions. This method is especially
useful in polymer welds.

Post-weld corrective methods

Finally, post-weld corrective methods are used to correct a distorted com-
ponent or reduce residual stresses in a component. Corrections made ‘after
the weld’ are often the most expensive and time consuming to implement.
Section 8.8 discusses some of these methods.

This list is not exhaustive as other methods exist for controlling distor-
tions and stresses in welded fabrications. Moreover, with the advent of com-
putational weld models, where new control methods can be evaluated via
the computer first before shop floor implementation, new methods continue
to emerge. Examples of some of these procedures are presented in the fol-
lowing pages. Chapter 7 also shows some industrial examples using some
or combinations of these methods.

8.4 Distortion control with weld parameter control

and weld sequencing

There are some situations where careful design of the weld sequence is the
only practical way to minimize the weld-induced residual stresses. In some
cases the optimized weld sequence may not eliminate all the desired dis-
tortions but may reduce them to a level where mechanical or thermal
straightening becomes much easier. Often weld sequencing is used in com-
bination with one or more control procedures.

8.4.1 Weld parameters and sequencing on residual stress

Consider the case of a T-fillet weld in Fig. 8.4. This type of weld case was
modeled extensively during the development phase of the VFTTM fabrica-
tion modeling software1. Numerous test mock-up welds were performed
and temperatures, distortions and residual stresses were measured under
varying conditions for model validation. This is a T-fillet weld of two plates
of dimensions 305mm by 610mm by 12.5mm, as seen in Fig. 8.4. A 
number of full three-dimensional analyses of this were performed and here
we show results of some two-dimensional (generalized plane-strain) solu-
tions which were validated with the three-dimensional solutions (the two-
dimensional stress solution is quite accurate). A single-pass weld (Fig. 8.4,
top right) and a three-pass weld (Fig. 8.4, bottom right) were considered in
separate analyses.
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Weld torch speed effects

Figure 8.5 illustrates the effect of weld torch speed on the weld-induced
residual stresses in the T-fillet weld shown in Fig. 8.4. The longitudinal
stresses sL (longitudinal stresses are in the direction of the weld, in the ‘3
direction’ in Fig. 8.4) have approximately the same magnitude (near yield).
These stresses are plotted along the bottom (horizontal) plate and are mea-
sured from the toe of the weld. However, for the slower travel speeds, the
longitudinal residual stresses extend a further distance from the weld toe.
This is because the slower speeds permit a larger area to obtain a higher
heat; so, when cool-down occurs, a larger distance from the weld toe expe-
riences high stresses. On the other hand, the axial stresses sA (in the ‘1 direc-
tion’ in the bottom plate) are higher for the faster travel speeds. Since the
axial residual stresses can affect fatigue life of the component, this is very
important.

Material yield stress

Section 8.2 discussed the important effects of the history of material work
hardening (from material creation, forming, cutting, etc.) and how this can
have an important effect on residual stresses. Figure 8.6 illustrates that the
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material yield stress has an important effect on both axial stress and longi-
tudinal stress. In addition, as a general rule, the higher the yield stress of
the material, the greater is the distortion because the magnitude of the
residual stresses is higher.This is important because, in order to control vari-
ability in the fabrication process, it may be necessary to put upper limits on
the yield stress maximums that are specified from the material supplier.

Multiple-pass sequence effect on stress

A natural question to ask is whether a single-pass or multiple-pass weld
results in higher stresses.Figure 8.4, in the lower right region, shows the mesh
for a three-pass fillet weld. Note that two additional passes were deposited
over the top of the single-pass weld (Fig. 8.4, upper right). The three-pass
weld is clearly larger, with more weld material deposited.The same welding
parameters as in Fig. 8.4 were used for the second and third passes. Com-
paring Fig. 8.7 with the baseline results in Fig. 8.5 (v = 6.8mm/s) or Fig. 8.6
(yield stress, 350MPa), one sees that the magnitude of both longitudinal and
axial stresses are nearly identical for the 1–3–2 sequence. The longitudinal
stress is a little higher in the 1–2–3 sequence. More importantly, the peak
axial stress in the 1–3–2 sequence is pushed away from the discontinuity at
the weld toe (point A in Fig. 8.7). This is important because fatigue 
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resistance is decreased near the discontinuity of the weld. Pushing the peak
axial stress away from this region by depositing the final pass near the criti-
cal fatigue location (point A here) can improve fatigue life. It is also impor-
tant to note that, for multiple-pass welds, the order of each individual pass
can affect not only the magnitude and location of the peak residual stress
but also the constraint. Constraint can be defined as the amount of hydro-
static stress skk/3 at a point.The higher the constraint, the more prone is that
location to crack growth. Chapter 7, Section 7.5, illustrates an industrial case
where the design of the weld pass sequence was used to reduce the residual
stress and constraint, thereby improving the fatigue life of a product.

The effect of weld parameters on weld residual stresses is important and
there are many variables involved. During the design of weld sequences it
is best to look at each situation as it arises with a numerical model. Some
rules of thumb were presented here and also may be found in the work by
Brust and Stonesifer10, Barber et al.11, Brust et al.12, 13 (see also numerous
papers by Brust et al. on weld modeling in this volume) and Dong and
Brust14 and references cited therein.

8.4.2 Local weld sequencing effects on distortion

Now let us consider the effects of weld sequencing on distortions. Consider
the same T-fillet weld of Fig. 8.4 and the single-pass weld case. Figure 8.8
illustrates a three-dimensional analysis of this using the VFTTM software1.
The mesh, the temperature profile when the weld is half-complete, the con-
straints imposed and the deformed shape are shown in Fig. 8.8(a). Note that
the vertical plate and left half of the bottom plate were constrained so that
the distortion of the right half of the plate is vertical. The weld started at 
A and ended at B, and note that the angular distortions increase as we
approach the weld stop location at B. Figure 8.8(b) shows the results of nine
experimental measurements and three analysis results: two shell solutions
and a solid model solution. It is seen that a shell solution is quite accurate
here and the solution time is greatly reduced compared with a solid model.
The accuracy of computational weld modeling is clearly evident. Figure 8.9
shows the distortions using different sequences. It is clear that the back-
stepping approach results in the most uniform distortions. However, if the
goal of the final product is zero distortion, another distortion control
method such as precambering, will be needed. Precambering is discussed in
Section 8.5.

8.4.3 Global weld sequencing effects on distortion

The above example illustrated that distortion on a component level can be
designed using weld models on a case-by-case basis. The final weld process
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(and distortion control strategy) must be weighed by the fabrication costs.
However, it is clear that weld modeling as a tool in defining the best strat-
egy is almost a requirement today. Welding sequencing has been widely
used in controlling distortions in large fabrications. However, it is not
always clear which sequence is the best. Sometimes the question cannot be
answered on the basis of welding experience alone and a weld model is
required. An example illustrating the effect of weld sequencing on final dis-
tortion is shown in Fig. 8.10. If the four long ‘outside’ welds are deposited
first, followed by the numerous ‘inside’ welds, the distortions are much
larger than in the reverse order. In practice, one would run through a
number of weld sequences with the model until the desired solution is
obtained. Experience suggests five to ten iterations are often required.
Examples of optimum weld sequencing in an industrial setting are provided
in Chapter 7.
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8.5 Constraint effects and distortion control 

with precambering

The effects of constraints applied during the welding process from fixturing
can be important. Designing a new fixture to control distortions and resid-
ual stresses can often be difficult. Several simple examples are shown here,
which illustrate this method for controlling residual stresses and distortions.

8.5.1 Fixture constraint effects on residual stresses

In many industrial settings, fixtures are designed to help to manage distor-
tions. However, fixture constraints also affect residual stresses. Figure 8.11
illustrates the single-pass T-fillet weld case considered throughout this
section (Fig. 8.4). Figure 8.11(a) illustrates the axial residual stress state s1

in a welded plate which was constrained as shown. In practice, this type of
constraint could be applied via clamps or within a fixture itself. The axial
stresses at the toe of the weld are quite large.After release of the constraints
(Fig. 8.11(b)) the stresses throughout the joint are rearranged significantly
and the axial stress at the toe of the weld reduces to about 50MPa. Com-
paring this stress with that which exists with no constraint applied at all
(Fig. 8.5, v = 6.8mm/s), where the transverse stress near the weld toe peaks
at 100MPa, one sees that the constrained welding reduces stress by about
50% in this case. This is not always the case, even where precambering is
applied, and must be studied on a case-by-case basis. As such, fixture design
can be used to control residual stresses as well as distortions.
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8.5.2 Precamber for distortion control

Precambering consists of welding a component while some of the parts
being welded are bent in a fixture. The parts being welded are usually bent
elastically but some may be bent by the fixture such that plastic deforma-
tion occurs before welding. After welding, the fixture controls are released
and the welded component ‘springs back’ to the desired deformed shape
(usually zero displacements are the goal). When an engineer is designing a
weld process to control distortions in a critical component, usually the weld
sequence is first examined. In some components, especially lap-welded com-
ponents where multiple welds are on one side of a major piece, sequencing
can only allow the designer to achieve a certain amount. Consider again the
T-fillet example of Fig. 8.4. Figure 8.12 (upper left) shows the predicted dis-
placements that result after standard welding. The boundary conditions are
again those of Fig. 8.8. The displacements range from 5.84mm at the weld
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start location to 8.3mm near the stop point. If one designs a fixture and pre-
cambers the bottom plate as shown in the upper right of Fig. 8.12, reduced
distortions as seen in the lower illustration result. Typically, one has distor-
tion design tolerances to achieve (for instance, they might be zero distor-
tion ±0.5mm). The precamber amounts are varied from analysis to analysis
until the goal is achieved, which might take five to ten analysis iterations
for a complicated structure.

At this point it is useful to discuss control of process variability. For mass-
produced welded components, if one proposes a precamber design scheme,
each component that is welded must fall within some accepted tolerance
goals. Because of the process variability (see Section 8.2) of all the processes
(from the steel plant, handling, through forming, cutting and welding),
control must be maintained to achieve the goals. If, for instance, the yield
stress varies between 350 and 500MPa, there may be so much variability
that the process is not robust and too many welded components must be
rejected because the distortion control goals are not met. This can happen
if an industry specifies a minimum yield strength requirement of, say,
350MPa from the material supplier, and the material supplier only tries to
meet this minimum requirement. It may be necessary to specify both a
minimum and a maximum yield strength requirement to make the process
robust. There are many other sources of variability that must be managed
as discussed in Section 8.2 to ensure a robust process.

8.5.3 Combined weld sequence and precamber design

Welding sequences are not always effective in mitigating welding-induced
distortion. It also depends on the geometry of welded structures. Figure 8.13
shows a component that consists of three layers of plate welded together
with surrounding lap joint. Figure 8.14 shows its finite-element model 
with five welding sequences. Weld A separated into A1 and A2 is used to
weld the base layer to the second layer plate. Weld B and Weld C are used
to weld the second layer to the top layer plate. During welding, two holes
were fixed by bolts to establish a baseline from which distortions can be
measured.

Figure 8.15 shows the severe distortion irrespective of which welding
sequence was used. Welding sequences are not effective because all welds
are located in one corner of the structure, on the same side. After welding,
the welds contract to produce bending stresses. This makes the far ends of
the structure rise up. If the far ends of the structure are clamped during
welding, the distortion is reduced, as might occur in a rigid fixture. The dis-
tortions are still significant as indicated in parentheses in Fig. 8.15. Now let
us consider the effect of including precamber as part of the solution. Figure
8.16(a) shows the precambering shape and uniform magnitudes of -9mm
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before welding. Figure 8.16(b) shows the final distorted shape and magni-
tudes after welding in a precambered condition and after releasing the
clamping and spring-back. All marked values are below 2mm, which is a
requirement for this product. Coordinate measurement shows that the flat-
ness of the plate after welding is between 1 and 2mm in a test component
case. Note that one corner has the maximum distortion of 1.884mm. If
nonuniform precambering is applied as shown in Fig. 8.17(a), the final dis-
tortion is smaller than 1mm, as shown in Fig. 8.17(b). Therefore, nonuni-
form precambering should be used in the production for optimum
distortion control. The nonuniform scheme can be designed as follows.

1. Model the welding process with no precamber. Find the distortions
after welding at specific critical locations, as in Fig. 8.15 (for the chosen
sequence).

2. Use a negative of these displacements at the selected locations as the
initial precamber amount. The locations for the precamber should be
chosen to be practical in the field or with a fixture. Obtain the predicted
displacements after the spring-back.

3. Add the displacements predicted from steps 1 and step 2. Apply the
negative of these in the next precamber trial. Again, calculate the 
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displacements after spring-back. Add these displacements to those cal-
culated in steps 1–3.

4. Perform another precamber trial with the displacements from step 3.
Continue until the desired goal is attained. It normally takes about five
or so iterations to optimize the nonuniform precamber sequence.

The welding residual stresses with and without precambering were com-
pared. It was found that the von Mises residual stresses critical to fatigue
performance were reduced by using the precambering technique15. It is
important to recognize that precambering has an important effect on weld-
induced residual stresses. Stresses may decrease in one location but increase
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locations are indicated); (b) final distortion with uniform precamber
(the final distortions at specific locations are indicated).

(b)

0.0 mm

0.22 mm

0.61 mm

_ 

+ 

After welding 

Before welding

 --  

Nonuniform 
precambered

Nonuniform 
precambered

–5.899 mm–16.0 mm 

–7.811 mm  

–15.022 mm 

_ 

+ 

–9.992 mm

(a)

Deformed 

Original
Geometry

0.16 mm

8.17 Component displacements after a variable precamber: (a)
nonuniform precamber before welding (the precambers at specific
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in another critical location. As such, stresses should be checked after a pre-
camber solution to ensure that goals were met for both distortions and
residual stresses.

8.6 Thermal methods for control

Heat sink welding is a method that was developed in the early 1980s to
control weld-induced residual stresses in nuclear pipe so as to mitigate
stress corrosion cracking in weld-sensitized stainless steel. The early weld
models were used to design heat sink welding and similar processes10, 11.
Thermal tensioning consists of making the welds by using a heating source
strategically placed ahead of, beside or behind the weld torch. If a cooling
source is used, it is termed heat sink welding. Both distortions and residual
stresses can be controlled using this family of methods. Two examples of
both methods are shown next.

8.6.1 Heat sink welding

Heat sink welding was developed around 1980 to control intergranular
stress corrosion cracking (IGSCC) in nuclear piping. IGSCC develops and
grows in the heat-affected zones of welds where tensile residual stresses
caused by the welding process can develop. In a pipe, if one cools the inner
surface during the welding process, compressive residual stresses can
develop in the heat-affected zone along the pipe inner surface where the
corrosive water flows. This can be achieved in the field by running water
through the pipe during the application of the latter passes in a girth butt
weld. Figure 8.18 illustrates the procedure. Both axial and hoop stresses are
reduced to compression. The weld heat input, water flow rate, passes
sequence, etc., were optimized using the weld process models to produce
the desired compressive stresses. This process is now well established and
routinely used in field welds to help to prevent and delay IGSCC in nuclear
piping systems.

8.6.2 Thermal welding

Figure 8.19 illustrates the use of a heating source during welding. The T-
fillet weld of Fig. 8.4 is considered again here. Welding with a trailing
thermal source moves the stresses away from the toe of the weld. A cooling
source does not reduce stresses significantly here. Thermal methods for
welding, particularly thermal tensioning, are emerging as effective methods
for controlling residual stresses and distortions, especially in thin-plate
welded components (see Chapter 9).
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8.7 Other methods for in-process weld distortion and

residual stress control

Methods for controlling hot cracking during welding include mechanical
methods16 and thermal methods17. Hot cracking of welds occurs most 
often during the welding of high-strength steels and special purpose alloys.
The thermal methods discussed in Section 8.6.2, or variations of these, are
used.

New consumables have been developed in recent years which can
improve the residual stress state in some welds. In general, high tensile
residual stresses are expected at the weld toe. This is particularly important
for welding of high-strength steel, which ends with higher tensile residual
stress at the weld toe than in mild steels with lower yield strength. Recent
work has demonstrated that compressive residual stresses can be obtained
at the weld toe by using a lower-temperature-transformation consumable.
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The compressive residual stress is induced by the expansion of volume 
due to martensite transformation at the lower temperature. Chapter 7,
Section 7.5.2, provides an example where this concept is discussed in some
detail.

8.8 Post-weld distortion and residual stress control

After the component has been welded, and the distortions and residual
stresses already exist in the structure, it is expensive and time consuming
to make corrections. It is clearly best to attempt to control the process
during welding to achieve the design goals. However, there are a number
of methods to achieve these post-weld corrections, none of which is entirely
satisfactory.

Press straightening, whereby the distorted component is placed within a
press and mechanically straightened, is time consuming. Moreover, the
press can be an expensive shop floor component, especially for large welded
components, where such a press might cost upwards of seven figures. The
time lost in the straightening process is an expense as well. Moreover,
the redistribution of the residual stresses after straightening is not usually
considered.

Post-weld heat treatment is often used to reduce weld residual stresses
after the component is welded. This process can be performed in a furnace
or locally on site using heater blankets or other heating method. A rule of
thumb is to heat the component (for steels often to 1100°F or higher)21 for
about 1hour per 25mm of thickness to alleviate weld residual stresses.Alle-
viating the residual stresses also alters the distortion field. It is important
to note that post-weld heat treatment usually does not eliminate all the
residual stresses. It is clear that computational weld models can be used to
design the post-weld heat treat process. The mechanism of stress relief
during post-weld heat treatment is often a combination of creep relaxation
along with phase transformation effects. It is also important to note that
post-weld heat treatment of bimetallic welds can be difficult to achieve,
especially if the materials are somewhat variable, such as the pressure vessel
steel welded to stainless steel pipe via Inconel in nuclear plants18 if the
materials have different coefficients of thermal expansion.

Laser shock processing (LSP), sometimes called laser shock peening, is
emerging as another post-weld residual stress control method. LSP methods
are more effective than shot peening and produced a deeper zone of com-
pressive residual stresses. LSP has demonstrated the ability to increase 
significantly the damage tolerance of turbine engine airfoils. This process
utilizes a laser-driven impact event to generate a compressive residual stress
field similar to that of shot peening. In contrast with the shot-peening
process, the LSP process uses a high-intensity short-pulse-duration laser to
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deform plastically the surface and subsurface of the target. The resulting
compressive residual stress field is typically five to ten times deeper than
that achieved during shot peening and the surface remains relatively
unscathed19.

Hammer peening at the weld toe is another commonly used post-weld
treatment not only to produce a large toe radius but also to introduce com-
pressive residual stresses at the weld toe. Examples of the use of this
method, as well as a computational model to permit proper design of this
process in an Al–Li weld alloy, have been discussed by Dong et al.20.

8.8.1 Flame straightening example

A method popular in many industries for correcting weld distortions is
called flame straightening. This method can be effective but often requires
an experienced welder to perform the straightening procedure. It is very
time consuming and costly to perform flame straightening. Consider a deck
plate where distortions caused by welding can lead to distortions that must
be controlled with flame straightening. Flame straightening can be modeled
using weld modeling procedures as well. This may become more important
in coming years as experienced welders retire. Figure 8.20 illustrates a sit-
uation where the deck plate is modeled with a T-beam with appropriate
boundary conditions to permit the edges of the top plate to be modeled
approximately (periodic symmetry). As can be seen, the welds are placed
underneath the top plate. The distortions predicted are ‘negative’, i.e. they
go down. The displacement contour plots show the negative displacement.
The lowest figure illustrates the modeling of flame straightening where a
heating torch was applied to the top portion of the top plate, as seen in the
upper illustration of Fig. 8.20. In this analysis case, overstraightening
occurred. The flame straightening parameters (heat input, speed, etc.) must
be designed.

8.9 Conclusions

Welding-induced distortion control techniques, weld design optimization,
prestraining, optimum welding sequence and precambering were discussed
in this chapter using simple examples. Detailed industrial applications of
many of these methods are discussed in Chapter 7. It is emphasized that
computational fabrication models have emerged to the point that they are
an important tool to the weld designer. By using this software the optimum
distortion control parameters could be obtained from the computer simu-
lation. Therefore the welding operation cost and prototype period can be
reduced and the integrity of welded structures can be improved.

The major points discussed in this chapter are as follows.
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1. Weld design optimization for controlling distortion can be achieved
with the help of weld modeling analysis in the product design 
stages.

2. Optimum welding sequences can be effective in controlling distortion,
but it is not always true and depends on the welded structures being
considered.

3. Prestraining and precambering are very effective for distortion 
control in heavy industries. The optimum prestraining or precambering
shape and magnitude can be obtained from finite-element analysis
results.

4. Using precambering to mitigate distortion can reduce the von Mises
stress on the weld toe so that the fatigue life of the welded structures
may be increased.
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5. Residual stresses can be controlled by using alternative welding proce-
dures. This can result in structures with increased corrosion and fatigue
capabilities and also increased fracture resistance.

Other methods for controlling distortions and residual stresses are used
today as well. Heat sink welding is routinely used in the nuclear industry
to induce compressive residual stresses in weld-sensitized regions for pipe
materials susceptible to stress corrosion cracking. Thermal tensioning (or
thermal cooling), where a heating or cooling source that trails, parallels or
precedes the weld torch is an active area of research for controlling distor-
tions in large ship structures. Chapter 7 provides a number of industrial
examples illustrating some of these residual stress and distortion control
procedures.
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9
Control of buckling distortions 

in plates and shells

Q. GUAN, Beijing Aeronautical Manufacturing 
Technology Research Institute, People’s Republic of China

9.1 Introduction

Manufacturing of sheet-metal-formed plates, panels and shells are always
accompanied by buckling distortions where fusion welding is applied. Buck-
ling distortions are more marked than other forms of welding distortions
in thin-walled structural elements, and they are the main troublesome prob-
lems in sheet metal fabrication especially for high-speed vehicles, light
superstructures of naval surface ships cruisers in which longitudinal and
transverse stiffeners are fillet welded to thin plates as well as for aerospace
structures such as airframe panels, fuel tanks, shells of jet engine cases, etc.,
where thin-section sheet materials of thickness less than 4mm are widely
applied. Buckling distortions affect the performance of structures in a great
many ways; they cannot fit in with designed geometric and aesthetic
requirements and make assembly of elements difficult owing to the exceed-
ing mismatch gaps, and in some cases even impossible. So, the normal pro-
duction procedures have to be broken for time-consuming and costly
distortion removal. From the viewpoint of in-service reliability, buckling
may lower the rigidity of welded elements and cause variable quality of
products. Efforts have been made and progress has been achieved in solving
buckling problems by experts in the welding science and technology world-
wide for the past decades. Many effective methods for removal, mitigation
and prevention of buckling distortions adopted before welding, during
welding or after welding are successfully developed and widely applied in
industries1–10. Recent progress in eliminating buckling distortions has
resulted in trends from the adoption of passive technological measures to
creation of active in-process control of inherent (incompatible residual
plastic) strains during welding without having to undertake costly rework-
ing operations after welding11–14.
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9.2 Buckling distortions in plates and shells

9.2.1 Typical buckling patterns in thin-walled 
structural elements

In sheet metal fabrication, structural elements are mostly designed and
assembled using fusion welding. Welding-induced buckling differs from
bending distortion by its much greater out-of-plane deflections and several
stable patterns. Buckling patterns depend much more on the geometry of
the elements, and types of weld joint especially depend on the thickness of
sheet materials under certain conditions.

Figure 9.1 (a), Fig. 9.1 (b), Fig. 9.1 (c) and Fig. 9.1 (e) show some typical
buckling patterns in plates and stiffened panels caused by longitudinal
welds, and Fig. 9.1 (d) and Fig. 9.1 (f) show buckling patterns in plates
caused by circular welds.

Figure 9.2 (a), Fig. 9.2 (c) and Fig. 9.2 (e) show some typical buckling pat-
terns in shell elements caused by longitudinal welds; Fig. 9.2 (b), Fig. 9.2 (d),
and Fig. 9.2 (f) those caused by circular welds.

From a comparison of Fig. 9.1 and Fig. 9.2, it should be clear that the
buckling distortions caused by longitudinal welds in plates, in panels or in
shells are mainly dominated by longitudinal compressive stresses produced
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in areas away from the weld, but the buckling distortions caused by circu-
lar welds either in plates or in shells are mainly determined by transverse
shrinkage of welds in the radial direction whereby compressive stresses are
produced in the tangential direction. The buckling patterns depend much
more on rigidity (thicknesses, dimensions and shapes) of elements to be
welded, as well as types of weld joint and welding heat inputs.

9.2.2 Buckling caused by longitudinal welds

The nature of buckling phenomena is mostly a result of the loss of stabil-
ity of the elements under compressive stresses induced in the peripheral
areas away from welds. The mechanism of buckling is hidden in the action
of the inherent (incompatible residual plastic) strains formed during
welding. The experimentally measured longitudinal inherent strain ep

x dis-
tributions in the cross-section of weld joints after gas–tungsten arc welding
(GTAW) of specimens of titanium and aluminum alloys are shown in Figs
9.3 (a) and 9.3 (b) respectively3, 11. The maximum value ep

x max and its width
of distribution 2b (shown schematically) depend on the materials and
welding heat input. If two slits are cut along the inherent strain distribution
width 2b on both sides of the weld, the buckled plate will perform as shown
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in Fig. 9.3 (c)2 and the residual stresses fields sx are also changed 
appropriately.

In the 1950s, based on a model of the minimum potential energy of a
welded plate Vinokurov5 analyzed in more detail the loss of stability of a
thin plate after welding. As shown in Fig. 9.4, after welding, the plastically
deformed weld zone with inherent strain distribution of ep

x is schematically
shown as a dashed rectangle in Fig. 9.4 (a) in width 2b, which is simpler for
theoretical analysis and calculation. The plate of length L and width B (Fig.
9.4 (b)) has a fan-shaped segment with a longitudinal curvature of radius
R (Fig. 9.4 (c)) and is buckled into a saddle shape of cross-section A–A (Fig.
9.4. (d)) with its center of gravity at 0.

On losing stability, the buckled plate (Fig. 9.4 (b)) is released from an
unstable flat position of high potential energy with the maximum level of
residual stress distribution after welding and takes a stable warped shape.
The longitudinal curvature is caused by a certain bending moment formed
by the shrinkage force in the weld zone which is offset from the center of
gravity 0 of the cross-section A–A of the buckled plate (Fig. 9.4 (d)).

Figure 9.5 (a) shows a functional relationship between the potential
energy U accumulated in the plate and the curvature 1/R of the buckled
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plate with a different value of the initial maximum longitudinal residual
stress sx in the weld5. Figure 9.5 (b) shows the distributions of longitudinal
residual stresses in the plate corresponding to the points F (unstable) and
points S (stable) in Fig. 9.5 (a).

For the given geometry and material of the plate shown in Fig. 9.5, the
changeable distribution of residual stresses in the weld zone is the domi-
nating factor of the variation in potential energy. After welding, when the
weld is kept in a flat position, a maximum potential energy U is accumu-
lated in the plate (points F on the curves) with residual stress distribution
shown by curve F in Fig. 9.5 (b). On losing stability, the buckled plate pos-
sesses a minimum of potential energy U. The dashed curve in Fig. 9.5 (a)
shows the U = f(1/R) relation in the plate without the welding residual stress
(sx = 0).The value U increases with increase in sx.The points S on the curves
correspond to the minimum value of U where the buckled plate takes a
stable shape and the redistributed residual stress field is shown by the
dashed curve S in Fig. 9.5 (b). In other words, any forced change in the stable
curvature of the buckled plate will cause an increase in the potential energy
and, once the force is removed, the buckled plate will be restored to its
stable position, minimizing the potential energy.

In analyzing the buckling phenomena of the cruciform cross-section
beam joined by longitudinal welds shown in Fig. 9.6, Vinokurov5 suggested
a simplified approximation method to determine the critical stress scr and
buckling waves.

The area of inherent strains induced by the fillet welds is shown by a
shadowed cross-section in Fig. 9.6 (a). The longitudinal shrinkage force Fs

can be calculated for a stainless steel beam 2000mm long by considering
the total area Sb of the beam cross-section and the material properties ss =
400MPa and E = 1.8 ¥ 105 MPa. Consequently, the assumed residual longi-
tudinal compressive stress sx in the beam as a whole is also determined
approximately by sx = Fs/Sb = 5MPa. The corresponding strain ex is deter-
mined by ex = sx/E = 2.78 ¥ 10-4.To determine the critical compressive stress
scr, the thin-walled elements I and II with d = 2mm (see Fig. 9.6 (a)) can 
be assumed to be strips, with one longitudinal edge (Fig. 9.6 (b)) rigidly
clamped and restrained in the transverse direction but unrestrained in the
longitudinal direction. The strip is subjected to the longitudinal compres-
sive stress sx. According to the theory of stability of elastic systems15, the
critical stress is determined by the relation

[9.1]

For this particular case the coefficient K = 1.328, the ratio of plate length L
to plate width B is L/B = 2000/200 = 10; therefore, the value scr = 21.6MPa,
and the corresponding ecr = 1.2 ¥ 10-4.

s
d

mcr =
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B
p 2 2
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Hence ex > ecr, the thin strips I and II (Fig. 9.6 (a) will lose stability and
their edges become sinusoidal (Fig. 9.4 (c)) with half-wavelength l = 1.64B
= 32.8cm. The sinusoidal wave can be expressed as

[9.2]

To calculate the amplitude A, it is assumed that the edge of the buckled
strip is subjected to the strain ecr, and the difference in the lengths of the
original section 001 (Fig. 9.6 (c)) and the arc 0m01 on one half-wave can be
calculated. For this case, the amplitude A = 2.62mm.

Early in the 1950s, fundamental studies on the buckling of a thin plate
due to welding were carried out by a group of Japanese experts8, 16, 17. The-
oretical calculations were accompanied by experimental verifications as
well as exploitation of methods for practical application to eliminating
buckling. In the 1970s, Terai7 studied the buckling behavior of a thin-skin
plate to be welded on a rectangular rigid frame (see Fig. 9.1 (b)) which is
a typical structural element for naval ships. Results indicate that buckling
increases dramatically when the heat input surpasses a certain critical
amount.

Later, in the 1990s, Zhong et al.18 analyzed the buckling behavior of plates
under an idealized inherent strain. The results of theoretical calculation for
critical thickness show that it can be determined by the relationship shown
in Fig. 9.7 (a). For different ratios of width B to length L of the plate, the
narrower the plate the thinner is the critical thickness. For thin elements to
be welded, the thickness of 4mm (shown by a dashed line in Fig. 9.7 (a))
seems to be a threshold value; a plate thinner than 4mm becomes more sus-
ceptible to buckling due to welding.

As shown in Fig. 9.7 (b), in principle, all efforts at either ‘passive’ mea-
sures or ‘active’ control methods of low-stress no-distortion (LSND)
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welding to eliminate buckling are aimed at reducing scomp max to a level lower
than the critical compressive stress scr at which buckling occurs.

From Fig. 9.7 and equation [9.1] it can be seen clearly that, the thinner
the elements, the lower will be the value scr. For plates of thickness less than
4mm as widely used in aerospace and modern vehicle welded structures,
the value of scr dramatically drops to a level much lower than the 
peak value scomp max of the compressive stress after conventional GTAW.
However, the actual value scr is difficult to determine solely on the basis of
either the linear stability theory of small deformations or the nonlinear
theory of large deformations in the theory of plates and shells. These prob-
lems are the most complex. Sometimes, as the shrinkage force depends on
the rigidity of the elements to be welded, the directions of the action of the
shrinkage forces may change when the loss of stability occurs.

Obviously, any method for eliminating or controlling buckling distortions
must be based on adjusting the compressive residual stresses to achieve
scomp max < scr by means of reduction and redistribution of inherent strains.
In thin-walled elements, the amount of buckling also depends on the com-
bined effects of other types of weld shrinkage, e.g. shrinkages transverse to
the weld, and angular shrinkages, where the warpage caused by loss of sta-
bility increases on account of the additional angular rotation of the sheet
relative to the weld joints.

In the past decade, welding simulation and prediction by computational
method have been increasingly applied in addition to classic analytical and
conventional empirical procedures. The finite-element method has also
been adopted by Michaleris and coworkers19–23 for analyzing buckling 
distortions of stiffened rectangular plates for shipbuilding welded steel 
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elements. Shrinkage forces were obtained from a thermal elastic–plastic
cross-sectional model analysis. A simplified structural model is suitable for
the parametric investigations required in practice. The critical buckling
load, expressed by the cooling strain in the weld zone, is determined on the
basis of the lowest positive eigenvalue of the elastic structure. The deflec-
tions of the plate were determined on the basis of a nonlinear elastic analy-
sis with large displacements. Based on the finite-element analysis for large
displacements, and using an inherent shrinkage strain method, Tsai 
et al.24 investigated the buckling phenomena of a rectangular plate (1m ¥
1m) of aluminum alloy with two welded-on longitudinal T stiffeners posi-
tioned with different transverse spacings. With a large space between the
stiffeners, the plate thickness of 1.6mm is critical to buckling. Angular dis-
tortions enhance the buckling. The joint rigidity method suggested by these
workers is effective in determining the optimum welding sequence. Using
the optimum welding sequence can improve the flatness of the panel and
minimize angular distortion in the skin plate.

9.2.3 Buckling caused by circular and 
circumferential welds

The buckling distortions caused by circular welds on flat plates shown in Fig.
9.1 (d) and Fig. 9.1 (f) have more complicated specific characters owing to
the variation in residual stress distribution. Typical distributions of residual
stresses in plates with circular welds to join circular elements to it,e.g.flanges,
are given in Fig. 9.8. Figure 9.8 (a) shows the measured residual stress distri-
butions on titanium plate of thickness 1mm with a circular weld to join a
flange of thickness 4mm. Figure 9.8 (b) gives schematically the dependence
of the residual stress distribution on the radius R of the circular welds, while
R = 0 represents the case of arc spot welding; in the case when R2 > R1, the
distributions of both sr and sq are changed a great deal. In the case when R
Æ •, the circular weld tends to a linear longitudinal weld; the distributions
of sr and sq are altered to became the sx and sy in a plate with a butt weld.
The rigidities (thicknesses) of both the inner flange and the outer plate are
also dominating factors in the distributions of sr and sq.

The loss of stability of a plate with a flange welded in it is illustrated as
a whole in Fig. 9.9 (a). For a clearer presentation, the loss of stability of the
inner disk flange and the outer plate with a opening of radius R cut in the
centre are illustrated separately in Fig. 9.9 (b) and Fig. 9.9 (c).

For the case shown in Fig. 9.9 (b), Vinokurov5 gave a diagram showing
the variation in radial stress sr and the buckling deflection W0/d as func-
tions of radial displacement Ur (Fig. 9.10 (a)).

As the out-of-plane displacement W increases (Fig. 9.10 (a)), the stresses
sr and sq in the circular weld ring decrease, as shown by sloping line 1. The
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stress sd in the disk plate increases as Ur increases shown by line 2 while
the disk does not lose stability. In Fig. 9.10 (a), point A corresponds to equi-
librium of the stresses sr in the ring and sd in the disk and the radial dis-
placement is U0. In fact, the disk loses stability at point B where the critical
stress scr is reached. The critical stress of the circular disk plate with hinge-
supported edge is determined from the relation
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[9.3]

Afterwards, the radial displacement Ur increases rapidly according to 
line 3. At point C, sr in the weld ring and sd in the disk plate reach equi-
librium. In this state, the tangential stress sq in the ring in relation to sr,
denoted by sq = srR/bw, will decrease considerably. Losing stability, the
buckled disk will have maximum radial displacement U and the deflection
W/d is determined by the relation W0/d = 1.96(sr/scr - 1)

1/2, as shown by curve
4. For the particular case shown in Fig. 9.10 (b), the deflection of the contour
welded circular disk plate corresponding to point C on curve 4 will be W0

= 2.2d.
For the case shown in Fig. 9.9 (c), the circular weld on the inner edge of

the circular opening of radius R in the plate causes a radial tensile stress
sr, which produces the tangential compressive stress sq. As the thin plate is
most susceptible to loss of stability, sinusoidal wave buckling always takes
place round the whole circumference. Vinokurov5 determined the relation-
ship between the critical radial stress in terms of srcr

dR2
1/D, where D =

Ed 2/12(1 - m2) and the ratio R2/R1 is as shown in Fig. 9.11. Two possible
clamps 1 and 2 on the periphery of the circular plates (inner opening of
radius R1 and outer radius R2) were analyzed. The number of sinusoidal
half-waves at which the plate loses stability are given on the curves. Large
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sheets lose stability for 2m = 4 half-waves. The number of half-waves
increases at low R2/R1 ratios.

The actual restraint of the plate in engineering practice roughly corre-
sponds to the intermediate conditions between the rigid-clamping condi-
tion 1 and the hinged-support condition 2. When the radius R1 is reduced,
loss of stability occurs at higher srcr

. In an infinite plate, when R2 Æ •, loss
of stability caused by sr occurs regardless of the support conditions at the
edge of the inner opening, as the srcr

is expressed by the formula

[9.4]

From the formula it can be seen that the modulus E of elasticity and the
metal thickness d essentially cause the loss of stability of a flat plate.
Titanium alloys with E = 1.05 ¥ 105 MPa and aluminum alloys with E =
0.7 ¥ 105 MPa are more susceptible to buckling than steel elements with 
E = 2 ¥ 105 MPa at identical shrinkage forces. This is the reason why buck-
ling problems are much more troublesome in aerospace industries where
titanium and aluminum alloys are adopted widely.

A typical example of the buckling of a cylindrical shell in the form of a
sinusoidal wave caused by a circumferential weld is shown in Fig. 9.12. The
thin shell skin of thickness less than 1mm was fusion welded on a inner
rigid supporting ring; a compressive circumferential stress sq was induced
in cross-section AA and a sinusoidal wave with a certain pitch formed over
the whole circumference.

Based on the shrinkage force model, calculation of residual stress 
distribution and deflection in a cylindrical shell due to a circumferential
weld was made by Guan et al.25. Figure 9.13 presents the results using
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dimensionless expressions. The initial residual stress s0 in the weld over the
width of 2b (plastically deformed zone) can be determined either experi-
mentally or computationally. In many cases, s0 = ss. Relating to s0 the
maximum deflection Wmax on the weld centerline is described by the fol-
lowing formula (see the curve in Fig. 9.13 (a)):

[9.5]W
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The two-dimensional stresses sqmax
and sxmax

along the weld centerline can
be expressed in the dimensionless system as follows:

[9.6]

and

[9.7]

These relations provide a quantitative assessment of the deflections and
stresses as functions of the geometrical parameters of the shell as well as
the material characteristics and welding heat input. However, the buckling
shown in Fig. 9.12 occurs only in the case when the deflection Wmax is pre-
vented by a certain rigid supporting ring underneath the circumferential
weld while both the tensile and the compressive residual stresses possess
their maximum values.

9.3 Methods for removal, mitigation and prevention

of buckling distortions

In sheet metal fabrication, excessive buckling distortions can generally be
prevented by proper arrangement of technological measures during assem-
bly and welding, and also by selecting rational welding processes. In the case
of proper and skillfully applied techniques for eliminating buckling, welded
thin-walled plates, panels and shells can be fabricated economically, and
their quality and reliability can be improved considerably.

9.3.1 Classification of methods and 
technological measures

The most important stage in eliminating buckling distortions is 
rational design of welded structural elements: plates, panels and shells.
It is essential that designers should adhere to the concept that buckling is
not inevitable and that the problem could be solved by working together
with technological engineers. Buckling can be controlled by a variety 
of methods and technological measures for removal, mitigation or 
prevention.

Table 9.1 illustrates the main stages and methods for the control of buck-
ling distortions. In the design stage, rational selection of geometry, thick-
ness of materials and types of weld joint is essential. In the fabrication stage,
technological measures and techniques to eliminating buckling can be clas-
sified as follows:
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1. Methods applied before welding.
2. Methods adopted during welding operation.
3. Methods applied after welding.

In the methods applied before welding, e.g. predeformation, post-weld
buckling is compensated by a counterdeformation formed in the elements
prior to welding by a specially designed fixture die. In the methods applied
after welding, once buckling is in existence, warpage is removed 
by special flattening processes, using a manual hammer, applying a mecha-
nized weld-rolling technique or utilizing an electric—magnetic pulse shock.
These methods both before welding and after welding are arranged as
special operations on a production line and specific installations or fixtures
are needed, resulting in increasing cost and variable quality of welded 
elements.

Pretensioning can be classified in the category of methods applied either
before or during welding. For each particular structural design of panels, a
device for mechanical tensile loading is required. Owing to their complex-
ity and reduced efficiency in practical execution, application of these
methods is limited. In this sense, the thermal tensioning (see Section 9.4) is
more flexible in stiffened panel fabrication.

LSND results could be achieved during the welding process based on a
thermal tensioning (stretching) effect which is provided by establishing 
a required specific preset temperature gradient either in the overall 
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Table 9.1 Classification of methods adopted for the control of buckling
distortions

Stage Methods adopted

Design stage Rational selection of geometry and thickness
Rational selection of types of weld joint
Rational selection of welding techniques

Fabrication stage, Predeformation (counterdeformation)
before welding Pretensioning (mechanical, thermal)

Assembly in rigid fixture

Fabrication stage, Selection of a welding process with low heat input
during welding Application of power beam welding process

Forced cooling
Selection of weld sequences
Thermal tensioning
LSND welding technique

Fabrication stage, after Removal or correction using mechanical shock 
welding (hammer, weld rolling, electromagnetic shock)

Heat treatment (overall heating in rigid fixture,
local heating)

© 2005, Woodhead Publishing Limited



cross section of plate to be welded or in a localized area limited in the near-
arc zone; simultaneously, restraining transient out-of-plane warpage move-
ments of the workpiece is necessary. Different from the above-mentioned
‘passive’ methods which have to be employed after welding, the LSND
welding techniques (see Sections 9.5 and 9.6) can be classified as ‘active’
methods for in-process control of buckling distortions without the need to
rework operations after welding.

9.3.2 Selection of rational welding processes

The more attractive achievements in the control of buckling distortions are
the applications of power beam welding, e.g. electron beam and laser beam
welding. Their contributions are to reduce dramatically the heat input and
therefore to decrease the inherent strains, residual stresses and buckling 
distortions.

In Fig. 9.14, comparisons are given of the experimentally measured inher-
ent strain ep

x distributions caused by different welding processes13. Curve 1
in Fig. 9.14(a) corresponds to a higher heat input of GTAW, and curve 2 to
a lower heat input of GTAW of a titanium specimen of thickness 1.5mm.
The ep

x distribution width 2b is about 40mm. The higher the heat input, the
wider is the distribution of ep

x and the higher is the peak value of e p
x. The

relationships between the dimensionless width b/d of the e p
x distribution 

and the thickness d of the plate obtained using different fusion welding
processes are given in Fig. 9.14(b). Among the well-known fusion welding
processes, electron beam welding (curve 4) and laser welding (curve 5)
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impose a minimum width of the ep
x distribution much narrower than that

imposed by arc welding (curve 2), plasma welding (curve 3) and even oxy-
acetylene flame welding (curve 1). As result of the existence of inherent
(incompatible) strains in weld joints even by the application of high-energy-
density beam welding processes, buckling distortions thereby induced 
by compressive residual stresses in plates and shells cannot be avoided 
completely.

9.3.3 Passive technological measures for buckling removal
and correction after welding

Passive technological measures have to be taken, once warpage is in exis-
tence after welding. They are adopted as additional procedures and have to
be incorporated into production line. Basically, all the passive measures rely
on the formation of the inverse plastic deformations to compensate the
incompatible welding residual strains either in the weld joints stretched by
tensile residual stresses by using mechanical expansion effects or in the
compressed bowed zones of base metal far away from the weld by using
thermal shortening effects. Comparisons between the thermal shortening
effect by means of spot heating and the mechanical expansion effect by
means of spot shocking are given in Table 9.2. A residual shortened spot
zone can be obtained using spot heating whereas a residual expanded spot
zone remained using the spot shocking technique.
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Effects
Effected zone of plastic
deformation

Way in which
the effect acts

Residual stress
distribution

Thermal
shortening

Thermal expansion

Spot heating

Spot shocking

Temperature Shortened zone

Transient stresses

Expanded
zone

Transient stresses

Plastic flow

Mechanical
expansion

sq

sq

sq

sr-sTEA

sr

sr

Table 9.2 Comparison between the thermal shortening effect and the
mechanical expansion effect
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To compensate for the incompatible welding strains, the inverse 
plastic expansion deformation in the weld zone can be achieved using a
mechanized pneumatic hammer spot by spot (Fig. 9.15(b) and Fig. 9.15(c))
rather than using a manual hammer (Fig. 9.15(a)) for more stable techno-
logical results and less damage to avoid possible instability in the quality of
products.

The principle of the weld rolling technique for removal of buckling 
is shown in Fig. 9.16. Using narrow rollers under a certain pressure P
(Fig. 9.16(a)), inverse plastic deformations in the weld zone are formed 
(Fig. 9.16(b)) to compensate the incompatible welding stains. In some cases,
besides rolling the weld, rolling both the side zones close to the weld is also
feasible in practise (Fig. 9.16(c)).

The effectiveness of forming inverse plastic deformation in the weld
zones by weld rolling is shown in Fig. 9.17. During rolling, the longitudinal
residual stress sx in the weld is reduced directly under the rollers (Fig.
9.17(a)). The value of sx after rolling depends on the pressure applied for
rolling the weld. The twisted net of broken lines in Fig. 9.17(b) shows the
metal in-plane displacements near the weld joint under the rolling pressure
between the narrow rollers.

Because of its stability in obtaining the positive results to remove buck-
ling distortions, especially in the aerospace manufacturing of shell struc-
tures with longitudinal and circumferential welds, the weld rolling
technique is more widely applied in sheet metal fabrication6,10,11,14. Figure
9.18 shows some typical examples of selecting the best results for relieving
the residual stress (Fig. 9.18(a) and Fig. 9.18(b)) and therefore removal of
buckling (Fig. 9.18(c)). After rolling only the weld, the residual stress 
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9.15 Mechanized pneumatic hammer for buckling correction after the
welding of a conical shell6.
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distribution (dashed curve, after welding; solid curve, after rolling) shows
that under a higher pressure the peak value changes from tensile to com-
pressive (see Fig. 9.18(a)). In contrast, when a lower pressure is applied and
rolling is applied not only to the weld but also to the zones close to weld,
the residual stress distribution is negligible (Fig. 9.18(b)). Buckling caused
by a circumferential weld in a cylindrical shell (Fig. 9.18(c)) can be corrected
using the weld rolling technique. Buckling and residual deformations can
be removed properly after rolling the weld zone as well as rolling the near-
weld zones6,9.
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9.17 (a) Reduction in residual stress in a weld and (b) inverse plastic
deformation produced by the weld rolling technique3,5,6.

9.3.4 Active measures for in-process control, mitigation
and prevention of buckling

As mentioned in the previous sections, active measures taken before or
during welding are aimed at avoiding buckling without having to use
reworking operations after welding. The most applicable active technolog-
ical measures for in-process control of buckling are listed in Table 9.3.

The feasibility of one or another active measure is mainly dependent on
the strictness of design requirements for the structural performance and
also dependent on the specifics of the geometry of the elements, the mate-
rials applied, and the economic and productive results.

The predeformation (or counterdeformation) technique for mitigation
and avoiding buckling in shell elements (see Fig. 9.2(b), Fig. 9.2(d) and Fig.
9.2(f)) was successfully adopted firstly in manufacturing jet engine cases.
Figure 9.19 shows a scheme of the principle used for engineering execution
of the predeformation technique for a shell element 4 while a flange disk 
3 is to be welded in it. The circular weld 2 is performed using GTAW 1.
To avoid the subsided buckling 7, the local zone on shell surrounding the
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9.18 (a), (b) Residual stress relief and (c) distortion removal using the
weld rolling technique6,9.

Table 9.3 Active technological measures for the in-process control of buckling

Active measure Main concepts Feasible applications

Predeformation Compensation Shells with circular 
(counterdeformation) mechanism welds and panels

Reduction in with longitudinal 
residual stress welds

Pretensioning Mechanical Stiffened panels and
(or tensioning Thermal skinned frames
during welding) Hybrid thermomechanical

LSND welding Overall cross-section Plates, panels and 
thermal tensioning shells

Localized thermal 
tensioning

Reduction in 
incompatible strains
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circular weld is predeformed to position 4 by means of the fixture die under
pressure 5 before welding.

After welding, while the shell element with jointed flange disk is released
from the fixture die, because of the compensation displacements of both
the elastic restoration movement of shell element and the shrinkage phe-
nomena (especially in the direction transverse to the circular weld), the
shell element backtracks to its required position 6 (see Fig. 9.19).

The optimized value of predeformation can be calculated and selected
depending mainly on the geometry of the shell, e.g. the thickness of mate-
rial applied and the diameter of the circular weld6. For a rationally selected
and skillfully executed predeformation technique, the incompatible plastic
strains of the circular weld in both the tangential and the radial directions
are compensated properly by the predeformations either in the elastic state
or in the elastic–plastic state. The residual stresses are also controlled to be
much lower than the critical compressive stress at which undulated buck-
ling occurs.

As an alternative option to restore the required geometry of an alu-
minum shell element with a flange jointed by a circular weld, a reinforce-
ment ring on the flange could be prepared and compressed under pressure
after welding to compensate the transverse shrinkage of the circular weld6.
In addition, a reinforced circular weld bead with excess filler metal could
also be preformed and compressed under a pneumatic press spot by spot
after welding for the same purpose.

The pretensioning technique is applied in some cases as an active in-
process control method to avoid buckling distortions in shells with longi-
tudinal welds (Fig. 9.20(a)) or in plates with web stiffeners and stringer
panels (Fig. 9.20(b) and Fig. 9.20(c)). Before welding, the edges of shells and
panels to be welded are tension loaded by a specially designed installation
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or stand. As result, the incompatible plastic strains in the weld zone are
reduced properly26–28.

In some engineering applications, a hybrid technique, namely combined
pretensioning and prebending techniques, could also be adopted to avoid
subsided buckling caused by a longitudinal weld in cylindrical shells. The
bending moments result in inverse deformation in the longitudinal direc-
tion of the weld.

In general sheet metal fabrication, thin skin plates are frequently 
assembled and welded to rigid frames. Buckling always presents the most
troublesome problems for the fabricators. To solve buckling problems in 
the railway carriage fabrication and shipbuilding industries, in the 1970s,
the pretensioning effects were implemented successfully at Kawasaki 
Heavy Industries by Terai7 and Masubuchi8. In Fig. 9.21 the Kawasaki
methods are presented, which are based on the pretensioning effects exe-
cuted either mechanically (SS method) (extension) or thermally (SH
method) (expansion), as well as a hybrid mechanical–thermal method (SSH
method).

In all these methods, the welding operation proceeds in a pretensioned
state of the skin plate to be welded by fillet welds to the frame. The pre-
tensioning effects are implemented either by a specialized tensioning stand
or by a heating device to provide the necessary mechanical extension or
thermal expansion of the skin plate prior to welding. After welding, while
the skin plate is released from the tensioning stand or the heater is
removed, the skin plate is nestled up to the frame as flat as before welding
without buckling.
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9.20 Pre-tensioning technique to prevent buckling in (a) shells and (b),
(c) stiffened panels.
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More detailed descriptions of other active methods listed in Table 9.3
such as thermal tensioning and LSND welding techniques will be given in
the following sections.

9.4 Thermal tensioning to prevent buckling

In shipbuilding and vessel manufacturing industries the well-known low-
temperature stress-relieving technique10,29,30 with flame heating and com-
bined water cooling is widely adopted in welded structures of thicker plate
sections for mitigation of longitudinal residual stresses after welding. It is
based on a temperature gradient stretching effect induced by local linear
heating and cooling parallel to the weld line on plates of thickness 20–
40mm. This technique is not applicable for stress relieving, nor for removal
of buckling after welding of thin-walled elements where the metal sheets
are not stiff enough to avoid the transient out-of-plane displacement during
local heating and forced cooling. However, the idea of the temperature gra-
dient stretching effect (or, as is the commonly adopted term, the thermal
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tensioning effect) is logically feasible for avoiding buckling of plates and
shells during welding while the transient out-of-plane displacements are
prevented by properly arranged rigid fixtures or clamping systems31–33.

9.4.1 Effects of thermal tensioning

In comparison with mechanical tensioning (stretching) where special instal-
lations are needed, the thermal tensioning effect is normally implemented
much more economically using localized heating and properly matched
cooling to create the required temperature gradient and therefore the
expected tensioning effect. Efforts in this direction have been made during
the last few decades8,13,34–37.

The basic principle of the thermal tensioning effect is shown in Fig. 9.22.
Two curves sx1

and sx2
of thermal stress distributions are created by the cor-

responding temperature curves T1 and T2 on a thin plate of width Y = 1. In
this case, the thermal tensioning effect is defined as the value of s*x in the
plate edge at Y = 0 where the weld bead will be implemented. For a given
s*x, the greater the temperature gradient (∂T1/∂Y > ∂T2/∂Y), the higher is
the induced maximum value -s1xmax

of the compressive stress. An optimized
temperature curve can be calculated mathematically for an estimated value
s*x while the value -sxmax

does not exceed the yield stress and no plastic
deformation occurs in the locally heated zone.

Based on the results of a mathematical analysis for the thermal tension-
ing effect, Burak et al.34,35 conducted an experiment to control longitudinal
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plastic strains in a weld on an aluminum plate 4mm thick. As shown in Fig.
9.23, before and during GTAW, a temperature profile (curve T) was estab-
lished using a linear heater on both sides along the weld with forced-water
cooling by a copper backing bar underneath the weld zone. Corresponding
to the curve T, a thermal stress distribution curve s is also shown in Fig.
9.23. The maximum value s* represents the expected thermal tensioning
effect on both the plate edges to be jointed together.

As verified by experiment, the maximum value of the longitudinal resid-
ual stress in the weld can be reduced obviously with increase in the tem-
perature gradient DT (see Fig. 9.23), and therefore the longitudinal plastic
incompatible strains in the weld zone were mitigated respectively. Investi-
gation proves that the longitudinal incompatible strains can be controlled
quantitatively by an appropriately selected temperature gradient–thermal
tensioning effect.

9.4.2 Progress in the control of buckling distortions: from
passive measures to active in-process control

The buckling problems caused by fusion welding become more significant
for thin-walled elements of thickness less than 4mm (see Fig. 9.7(a)) which
are widely applied in designing aerospace structures. In the 1980s, to apply
the thermal tensioning effect to avoid buckling in aerospace structures of
thickness less than 4mm, a series of experiments were carried out by Guan
et al.31–33. It has been proved by the results of repeated experiments that the
scheme reported by Burak et al.34,35 for a plate 4mm thick is not applicable
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to eliminating buckling in elements of thicknesses less than 4mm. The
reason is that, owing to the susceptibility to loss stability of thin elements
of thickness less than 4mm, transient out-of-plane displacements occur in
areas away from the weld zone. The compressive stresses in these areas are
the results of superposition of both the welding temperature field and the
preset temperature distribution T (see Fig. 9.22).

The transient out-of-plane displacements outside the clamping fingers
(indicated as P in Fig. 9.23) release the potential energy induced by the
preset temperature field with the thermal plane-stress distribution. In the
lost-stability position, the expected preset thermal tensioning stress s* (Fig.
9.23) ceases to exist in the edges to be jointed together whereas the preset
thermal stress field is redistributed to take a stable form with minimum
potential energy (Fig. 9.5).

Progress was made in solving the above-mentioned problem to improve
the thermal tensioning technique and to make it applicable for preventing
buckling in elements of thickness less than 4mm especially in manufactur-
ing aerospace structures31. Figure 9.24 shows the improvement in the clamp-
ing systems. In conventional clamping system with a ‘one-point’ finger
fixture (indicated by P1 in Fig. 9.24(a)), transient out-of-plane warpage of
the workpiece is inevitable whereas, using the improved ‘two-point’ finger
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9.24 (a) Transient out-of-plane warpage displacement of workpiece in
a conventional clamping system and (b) its prevention in a ‘two-point’
finger clamping system31.
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clamping system (indicated by P1 and P2 in Fig. 9.24(b)), the desirable
thermal tensioning effect in terms of s*x (Fig. 9.22) can be established
without transient out-of-plane warpage displacements.

As an active in-process control method, this improved technique is more
widely acknowledged as the LSND welding method for thin materials13,31,32.
It is essential to note that the remarkable achievement of the LSND
welding technique as an active in-process control method in most cases in
aerospace engineering is ongoing in order to replace formerly adopted
passive measures (see Section 9.3.3) for removal of buckling after welding.
In other words, progress was achieved in avoiding buckling from passive
measures to active in-process control without additional reworking opera-
tions after welding. Detailed explanation of the LSND welding technique
patented in 1987 and its applications will be given later in Section 9.5.

9.4.3 Alternative options in the practical implementation 
of thermal tensioning

To create the thermal tensioning effect along the plate edges to be 
welded, the preset temperature field can be built up either statically by sta-
tionary linear heaters arranged underneath the workpiece parallel to the
weld direction or by using two movable heating devices on both sides of
the weld and synchronistically traveling with the welding torch. The LSND
welding technique can be implemented either in the former or in the later
way32. In 1990 a Japanese Patent was applied37 for to prevent buckling 
distortions in the welding of thin metal sheets using movable heating 
sources parallel to the welding torch. Figure 9.25 shows the scheme for the 
practical execution of this method to avoid buckling in the welding of a flat
plate (Fig. 9.25(a) and Fig. 9.25(c)) and to prevent buckling in the welding
of webbed panels (Fig. 9.25(b) and Fig. 9.25(d)). This method is not exactly
based only on the thermal tensioning effect but is mainly based on the 
additional heating-induced (indicated by 2 in Fig. 9.25) plastic strains 
equivalent to that in the weld zone. A proper shortened zone in the areas
away from the weld is formed to equilibrate the incompatible plastic zone
in the weld.

This method is applicable for the welding of aluminum structural ele-
ments of thickness 4–10mm for carriages and high-speed craft.The movable
heaters could be argon-shielded tungsten arc torches. Obviously, for the
reason mentioned above, this technique is hardly applicable for materials
of thickness less than 4mm. Owing to the fusion effect by the additional arc
heating, this method seems to be impractical for aerospace manufacturing.

For the thermal tensioning effect by means of moving heating (flame or
others) parallel to welding with or without cooling (heat sink) of the weld
zone, the geometrical process parameters were computationally optimized
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by Michaleris et al.38. In this way, the mitigating residual compressive
stresses in panels and therefore the smallest possible buckling distortions
can be achieved.

In the broad sense of the term ‘thermal tensioning’, the effect can be
created not only in the longitudinal direction of the weld to control the 
longitudinal plastic strains in weld zone, but the effect in mitigating the
transverse shrinkage of the weld could also be utilized for preventing hot
cracking39. Furthermore, manipulating the combination of heat sources and
heat sinks, the thermal tensioning effect as well as the thermal compress-
ing effect could also be established properly for the purposes required. Mit-
igating residual stresses in Al–Li repair welds40 is an example in applying
the alternative options of the thermal tensioning effect. The thermal 
tensioning effect can be created either in an overall cross-section of a plate
(cross-sectional thermal tensioning) or in a localized zone limited in a 
near-arc high-temperature area (localized thermal tensioning). For the
latter alternative the option of thermal tensioning a multiple-source system
(coupled heat source and heat sink) should be adapted. Later, as described
in Section 9.5, the overall cross-sectional thermal tensioning is utilized to
implement LSND welding. In Section 9.6, localized thermal tensioning is
investigated in more detail and utilized to execute the dynamically con-
trolled low-stress no-distortion (DC-LSND) welding technique41.
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9.25 Buckling avoiding technique for the welding of (a), (c) a plate and
(b), (d) webbed panels using a movable heating torch37: 1, welding
torch; 2, additional heating torches.
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9.5 Low-stress no-distortion welding

To fit in with the strict geometrical integrity and to ensure dimensionally
consistent fabrication of aerospace structures, the LSND welding technique
for thin materials, mainly for metal sheets of thickness less than 4mm was
pioneered and developed in the 1980s at the Beijing Aeronautical Manu-
facturing Technology Research Institute (BAMTRI) by Guan et al.31–33.This
technique aims to provide an in-process active control method to avoid
buckling distortions.

9.5.1 Basic principles for implementation of low-stress 
no-distortion welding

The specific and essential feature of LSND welding is to provide a desired
thermal tensioning effect during welding and simultaneously to prevent
transient out-of-plane warpage displacements of the workpieces which
occur as a result of the superposition of the temperature fields of welding
and preset heating. Figure 9.26 shows schematically the basic principle for
practical implementation of LSND welding31.The thermal tensioning effect,
which is defined herein and is as shown by the maximum tensile stress s*max

in the weld zone, is formed owing to the contraction of zone 1 by the water-
cooling backing bar underneath the weld and the expansion of the zone 2
on both sides adjacent to the weld by linear heaters. Both curve T and curve
s are symmetrical to the weld centerline. The higher s*max, the better will be
the results of controlling buckling distortions. If out-of-plane warpage dis-
placements take place on the workpieces (see Fig. 9.24(a)) during preset
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heating and welding, the expected thermal tensioning effect in terms of s*max

will no longer exist. This phenomenon has an adverse influence on the
control of buckling.

It is proved by experiments and engineering applications that, for LSND
welding of materials of thicknesses less than 4mm, the thermal tensioning
effect is the necessary condition whereas the sufficient condition is pre-
venting transient out-of-plane displacements by applying flattening forces
in ‘two-point’ finger clamping systems shown by P1 and P2 in Fig. 9.26. The
selected curve T is mainly determined by Tmax, T0 and H (the distance of
Tmax to the weld centerline). The tensioning effect s*max becomes stronger as
the temperature gradient Tmax - T0 increases while H decreases. The opti-
mization of s*max and technological parameters such as H can be imple-
mented computationally and verified experimentally. The desired LSND
welding results can be achieved appropriately.

Figure 9.27(a) and Fig. 9.27(b) show schematic views of practical imple-
mentation of the LSND welding method and apparatus for longitudinal
joints in flat plates and in cylindrical shells respectively.
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9.27 LSND welding technique for a longitudinal weld in (a) plates and
(b) cylindrical shells: 1, arc; 2, workpiece; 3, water-cooling backing bar;
4, linear heaters; 5, supporting mandrel; 6, ‘two-point’ finger clamping
system.
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In the stationary seam welder apparatus for LSND welding, the techno-
logical functions of the ‘two-point’ finger clamping system are found to be
as follows:

1. To prevent transient out-of-plane warpage displacements of 
workpieces.

2. To improve heat transfer in zones 1 and 3 (Fig. 9.26) for increasing the
temperature gradient Tmax - T0.

3. To increase frictional resistance for avoiding in-plane rotating move-
ment of workpieces.

In engineering practice, for a given power of heating elements, the desired
temperature profile can be established on stainless steel more quickly than
on aluminum alloys as the thermal conductivity of the former is almost an
eighth of that of the latter.

9.5.2 Investigations on the low-stress no-distortion
welding technique

The typical temperature field of two-dimensional heat transfer in GTAW
of a thin plate is shown in Fig. 9.28(a). In fact, in engineering practice,
the GTAW of a longitudinal weld on a thin plate is performed in a lon-
gitudinal seam welder. Workpieces are rigidly fixed in a pneumatic 
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9.28 Temperature fields of (a) conventional GTAW with two-
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finger-clamping system with a copper backing bar on a mandrel support.
Because of the intensive heat transfer from the workpiece to the copper
backing bar, the temperature field is not the normal shape and has a nar-
rowed distribution, as shown in Fig. 9.28(b). To implement LSND welding,
an additional temperature field as shown in Fig. 9.28(c) is formed by preset
heating and cooling (see Fig. 9.26). Therefore, the LSND welding tempera-
ture field shown in Fig. 9.28(d) results by superposition of the temperature
fields of Fig. 9.28(b) and Fig. 9.28(c).

For a clearer quantitative assessment of the LSND welding technique, a
systematic investigation33 was carried out by Guan et al.32 at BAMTRI and
The Welding Institute.

Figure 9.29(a) and Fig. 9.29(b) show the comparisons between the exper-
imentally measured inherent strain ep

x distributions and residual stress 
sx distributions respectively after conventional GTAW (curve 1) and 
LSND welding (curve 2) of an aluminum plate 1.5mm thick. Reductions 
in either ep

x or sx are obvious (as indicated by curve 2 in comparison with
curve 1).

The photographs in Fig. 9.30(a), Fig. 9.30(b) and Fig. 9.30(d) show that
the specimens welded conventionally are severely buckled in all cases of
aluminum alloy and stainless steel respectively. However, the specimens
welded by use of LSND welding are completely buckling free and as flat as
before welding.

Comparisons are also given in Fig. 9.31(a) and Fig. 9.31(b) of the results
of measured deflections f on specimens 1.6mm thick welded convention-
ally using GTAW and those welded using the LSND welding technique for
stainless steel and aluminum alloy respectively. Completely buckling-free
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using the optimized LSND welding technique on both (a) stainless
steel and (b) aluminum alloy specimens 1.6 mm thick32.
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(f = 0) results were achieved when the optimized technological parameters
for LSND welding techniques were applied.

9.5.3 Application and potential development of the low-
stress no-distortion welding technique

As demonstrated above, the idea of ‘active’ in-process control of buckling
distortions leads to the invention of a new method in manufacturing thin-
walled structures free from buckling. It is not necessary to have post-weld
reworking for stress relief and distortion removal. In contrast with the com-
monly accepted concept that buckling distortions are inevitable, designers
and manufacturers who suffer from problems of buckling could now adopt
a new idea that buckling is no longer inevitable with the LSND welding
technique. Buckling can be prevented completely and residual stresses can
be reduced significantly or controlled to a level lower than scr at which
buckling occurs.

A new generation of longitudinal seam welders for executing the LSND
welding technique was designed and manufactured at BAMTRI for indus-
trial applications. These apparatus are applicable for longitudinal welds on
plates and shells. Different from a conventional seam welder, the main func-
tions of a newly designed clamping apparatus provide both the necessary
condition and the sufficient condition dominating the success of LSND
welding. In aerospace industries, the longitudinal seam welders existing on
the production line can be modified for executing LSND welding. Success-
ful results in preventing buckling distortions were achieved in manufactur-
ing thin-walled jet engine cases of nickel-based alloys, stainless steels as well
as rocket fuel tanks of aluminum alloys where the acceptable allowance for
residual buckling deflections f at a weld length of L (see Fig. 9.2(a) and Fig.
9.2(c)) must be limited by the ratio42 f/L < 0.001. The LSND welding tech-
nique could be implemented and coupled with many known fusion welding
processes, e.g. arc welding, plasma welding, laser welding and electron beam
welding. Because of the way in which the preset temperature profile is
established, welding parameters in LSND welding remain the same as used
in the conventional welding procedure. If hardenable materials are sub-
jected to LSND welding, the required temperature gradient as shown by T1

in Fig. 9.32 and a uniform preheating temperature field T2 (for post-weld
heating) necessary for the improvement in weldability are established by
regulating the cooling and heating systems, preventing the weld joints from
possible overhardening and cracking.

The LSND welding technique can also be used for straight fillet and T-type
welds in panels with ribs as shown in Fig. 9.33. Cooling by the backing bar
and heating by either an electrical heater or a flame torch should be arranged
appropriately to keep the basic principle for LSND welding (see Fig. 9.26).
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For LSND welding of components with sufficiently long longitudinal
welds which cannot be readily placed into a stationary seam welder, an
alternative option of a movable apparatus can be applied32. Relative 
movement between the workpiece and restraining means (e.g. rollers)
during the welding operation is permitted. The structural elements can be
fed through the LSND apparatus and simultaneously the required temper-
ature profile will have been established and buckling-free weldments will
be produced.

Figure 9.34 shows the alternative approach of LSND welding in engi-
neering practice. Under certain circumstances, it may also be useful to
create a temperature profile with a higher gradient T1max (see Fig. 9.22)
which is sufficient to cause an excess of local thermal compressive stress 
-s1max over the value of the yield stress of the material at T1max. As a result,
compressive plastic strains will occur in the area of T1max.The formed plastic
strains will radically alter the residual stress magnitude and its distribution.
After welding with the higher T1max, the residual stress distribution assumes

330 Welding residual stress and distortion

T

Y 
T2

T1

(T1 + T2)
max

0

9.32 Temperature field for LSND welding of hardenable materials32.

7

8
2 1 2

8 6

7
3

2

8

5

3 8
2

6 8

21
8 5

7

34

7

P2

P2
P1 P1

P1
P1

P2

P2

P2 P2

9.33 LSND welding for fillet and T-type welds in panels with ribs32: 1,
backing bar; 2, heating; 3, welding torch; 4, weld; 5, 6, workpiece; 7,
clamping; 8, support.

© 2005, Woodhead Publishing Limited



a complicated pattern as shown by the measured experimental results in
Fig. 9.3432.The residual stresses alternately interchange from tensile to com-
pressive symmetrically to the weld centerline. Two more zones of tensile
stresses appear in areas where T1max causes plastic strains. The peak value
of tensile residual stress in the weld has been reduced significantly.

The specific pattern of residual stress distribution shown in Fig. 9.34 is
also favorable for preventing buckling. The workpiece remains buckling
free and keeps its original shape so that it is as flat as it was before welding.
Obviously, the reason is that, because of the stretching effect of the newly
appeared zones with tensile residual stresses located between the com-
pressively stressed strips, the residual compressive stresses, in this case,
cannot cause buckling; even the maximum value of the compressive stresses
are higher than scr. In other words, under the thermal compressive stresses,
the plastically yielding strips with tensile stresses act as specific stiffening
supports against possible buckling. This idea was practically implemented
as a technique for avoiding the buckling of aluminum elements, as shown
in Fig. 9.25.

The LSND welding technique should be considered at the early stage 
of design of thin-walled structures in order to achieve rational design,
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rational manufacturing in terms of material saving, weight reduction result-
ing from the use of possible thinner sheets without suffering from buckling,
and time saving by eliminating post-weld correction operations. Recent
progress in computational welding mechanics provides a powerful tool for
prediction and optimization of technological parameters in the use of the
LSND welding technique. As an example, later in the 1990s, Michaleris and
Sun20 presented a finite-element analysis of the thermal tensioning tech-
nique. Figure 9.35 illustrates the scheme of the thermal tensioning appara-
tus employed in their study. Prior to welding, a temperature differential is
developed by cooling the weld region with a jet of tap water below the weld,
and resistive heating with electric heating blankets. Both cooling and
heating are applied over the entire length of the plate. However, a moving
thermal tensioning apparatus with limited heating and cooling lengths,
moving along with the welding torches was also suggested.

The study by Michaleris and Sun demonstrated that thermal tensioning
can significantly reduce the longitudinal residual stress developed by
welding and thus eliminate welding-induced buckling. It also illustrated that
the finite-element method can be used to determine the optimum thermal
tensioning conditions of a specified weld joint and heat input.

9.6 Developments in low-stress 

no-distortion welding

The previous section contributed to dealing with the overall cross-sectional
thermal tensioning techniques. More recently, progress in seeking active in-
process control of welding buckling shows trends toward exploiting a local-
ized thermal tensioning technique using a trailing spot heat sink moving
synchronistically with the welding torch which creates a stronger 
temperature gradient along the weld line within a limited area of the high-
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temperature zone close to the weld pool. As a successful research result
achieved at BAMTRI in the early 1990s, the patented DC-LSND welding
method41–43 was developed. In this innovative technique, the preset heating
to set up a temperature profile as shown in Fig. 9.26 is no longer necessary.
The formation of specific inverse plastically stretched incompatible strains
ep

x in the near-arc zone behind the welding pool is dynamically controlled
by a localized moving thermal tensioning effect induced between the
welding heat source and the spot heat sink.

9.6.1 Localized thermal tensioning effect with coupled
heat source-heat sink

Apparatus for engineering implementation of the DC-LSND welding tech-
nique was designed and further developed at BAMTRI, as shown in 
Fig. 9.3641.

With this apparatus attached to the welding torch, a trailing spot heat
sink always follows the arc at a certain distance behind it. A cooling jet is
directed straight onto the just-solidified weld bead. A liquid medium, such
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as liquid carbon dioxide, liquid argon, liquid nitrogen or water, could be
selected for the atomized cooling jet. To protect the arc from the possible
interference of the cooling media, there is a coaxial tube to draw the vapor-
ized media out of the zone near the arc. The technological parameters for
the trailing spot heat sink and all the welding procedures are automatically
synchronistically controlled with the GTAW process. The dominating
factors, namely the distance between the heat source and heat sink, and the
intensity of the cooling jet, can be adjusted appropriately to reach an
optimum result. In systematic investigations of DC-LSND welding, finite-
element analysis with a model of a cooling jet impinging on the welding
bead surface has been combined with a series of experimental studies43–48.
Comparisons between the temperature fields on a conventionally gas–tung-
sten arc welded titanium plate and on a plate welded using the DC-LSND
technique are given in Fig. 9.37.

DC-LSND welding was carried out using the same parameters as in con-
ventional GTAW. The flow rate of cooling media (atomized water) was
selected to be 2.5ml/s.The distance between the arc and cooling jet was reg-
ulated from 80 to 25mm. It can be seen clearly that, in the abnormal tem-
perature field and isotherms induced by DC-LSND welding (Fig. 9.37(b)
and Fig. 9.37(d)), there is a deep valley formed by the cooling jet behind
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the weld pool. An extremely high temperature gradient from the peak to
the valley is created. The 800°C and 400°C isotherms in front of the heat
sink are severely distorted, pushing forward closer to the weld pool (see
Fig. 9.37 (d)).

The abnormal thermal cycles obtained by DC-LSND welding (Fig. 9.38
(b)) produce correspondingly abnormal thermal elastic–plastic stress and
strain cycles (Fig. 9.38 (d)) in comparison with the cycles formed by con-
ventional GTAW (Fig. 9.38(a) and Fig. 9.38(c)). It can be seen that the local-
ized thermal tensioning effect acts within a limited zone behind the weld
pool. It can be seen also from Fig. 9.38(d) that, in front of the arc, the influ-
ence of the heat sink is too weak to affect the normal thermal elastic–plastic
stress and strain cycles; the incompatible compressive plastic strain in near-
arc zones forms more or less as normal. However, behind the arc, in the
area of the just-solidified weld bead, because of the intensive heat sink by
the cooling jet, the shrinkage of metal during cooling from a high temper-
ature causes a very sharp temperature slope (Fig. 9.38(b)) and therefore
creates a strong tensioning effect in the temperature valley. In this way, the
compressive plastic strains formed before in the just-solidified weld zone
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can be compensated properly by the incompatible tensile plastic strains in
the area of the temperature valley (Fig. 9.38 (d)). Moreover, owing to the
intensive heat sink, the heat transfer from the weld pool to the peripheral
area is also reduced, resulting in narrowing, to some extent, of the width of
the zone of incompatible plastic strain distribution.

9.6.2 Optimization of parameters dominating 
the dynamically controlled low-stress 
no-distortion welding technique

As described above, in DC-LSND welding, both the value of incompatible
plastic strains and the width of its distribution can be controlled quantita-
tively by selecting the appropriate technological parameters: the distance
D between the welding heat source and the heat sink (Fig. 9.39) and the
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intensity of the heat sink (in terms of the convection coefficient a of the
heat sink in calculation).

Figure 9.40(a) and Fig. 9.40(b) show the residual strain and stress distri-
butions respectively in the cross-section of the weld on a titanium plate.
Comparisons are given between conventional welding (shown by the solid
curve) and DC-LSND welding with different distances D = 25mm, 50mm
and 80mm in Fig. 9.39. For a selected intensity of heat sink, the closer the
heat sink is to the heat source (the shorter the distance D), the stronger the
localized thermal tensioning effect becomes. For example, at the distance
D = 25mm, the residual plastic incompatible strain ep

x on the weld center-
line even changes sign from negative to positive (Fig. 9.40(a)), and the resid-
ual stress on the weld centerline changes from tensile to compressive (Fig.
9.40 (b)). For engineering application, complete freedom from buckling dis-
tortions can be achieved if the compressive residual stress in the peripheral
area of the plate away from the weld is controlled to a level below the crit-
ical value scr at which buckling occurs.

Results of experimental measurements of deflections and residual stress
distributions on stainless steel plates, mild steel plates and aluminum plates
show not only the feasibility that a wide variety of materials can be welded
using the DC-LSND technique but also its flexibility for practical applica-
tion. Figure 9.41 gives some typical examples from the systematic investi-
gation program. As shown in Fig. 9.41(a), the peak tensile stress in a weld
on a mild steel plate welded using conventional GTAW reaches 300MPa
(curve 1) and the maximum compressive stress in the peripheral area is
about 90MPa, which causes buckling with deflections of more than 20mm
in the centre of a specimen 500mm long. In the case of DC-LSND welding
with different technological parameters, the patterns of residual stress dis-
tribution (curves 2, 3 and 4) alter dramatically even with the compressive
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residual stresses in the centerline of the weld.After DC-LSND welding, the
specimens are completely buckling free and as flat as the original before
welding. Similar results were obtained on stainless steel and aluminum
plates as shown in Fig. 9.41(b) and Fig. 9.41(c) respectively.

The strong effect of the localized thermal tensioning either by a shorter
distance D or by a very intensive convection coefficient a of heat sink
causes the compressive stresses in the weld as shown by curves 2 and 3 in
Fig. 9.41(a), and the curves in Fig. 9.41(b) and Fig. 9.41(c) respectively. The
reason is that the shrinkage induced by the large temperature gradient
between the arc and the cooling jet tends not only to compensate the
welding compressive plastic strains but also to alter the sign of the residual
strain.

9.6.3 Engineering application and further exploitation

As an example of the successful implementation of the DC-LSND welding
technique for preventing buckling distortions, comparisons of results
between the deflections on specimens welded conventionally and those
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welded using the DC-LSND technique are given in Fig. 9.42. The stainless
steel strip with L = 2350mm, B = 150mm and d = 0.8mm was severely
buckled with a maximum deflection of 260mm after conventional GTAW
while the welded strip is at its longitudinal edge to avoid sinusoidal wave
flexures caused by the gravity of the strip itself in the horizontal plane posi-
tion (Fig. 9.42(a)). Warpage buckling was completely prevented using the
DC-LSND welding technique, as shown in Fig. 9.42(b).

A specially designed welding facility with the DC-LSND apparatus
(shown in Fig. 9.36) attached to the welding torch was installed at a metal
sheet works. Thin bands of stainless steel are butt welded along the band
width of 2m to form an endless ribbon conveyer. Strict flatness require-
ments present fabricators troublesome problems that are difficult to solve
even using power beam welding technology. By welding in this facility, com-
pletely deflection-free bands are produced without any post-weld flatten-
ing reworking procedure to correct the former troublesome distortions.
Based on the theoretical and experimental investigations, the optimization
of dominating parameters for engineering application of DC-LSND
welding can be executed, e.g. using the plotted curves shown in Fig. 9.43 for
the case of a titanium plate examined in previous section (see Fig. 9.37).

Results show that the distance D has a more significant influence on both
ep

x and sx than the heat sink intensity a in controlling buckling on thin mate-
rials. For the recommended range for selecting the optimum distance D
(Fig. 9.43(a) and Fig. 9.43(b)), the cooling intensity a of the heat sink is
approximately a fixed critical value related only to the welding heat input,
and it is not necessary to increase the cooling intensity over the critical
value because no further improvement in ep

x nor in sx were observed (Fig.
9.43(c) and Fig. 9.43(d)).
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Metallurgical and mechanical examinations show that the cooling-jet
medium has no notable influence on the titanium weld joint properties even
using an atomized water jet. The reason is clearly shown by the isotherms
of 400°C in Fig. 9.39 as a distorted abnormal isotherm in front of the heat
sink. In fact the cooling jet is impinging directly the solidified weld bead at
a temperature below 400°C.

As an addition to the LSND welding technique described in the previ-
ous section, the DC-LSND welding technique provides more flexibility in
the control of buckling in engineering practice. Besides the longitudinal
linear welds where both the LSND methods are suitable, the DC-LSND
method promises a wider variety of application to nonlinear and nonregu-
lar welds in thin-walled structural elements.

Recent progress in mathematical modeling and numerical simulation of
welding phenomena offers researchers powerful tools for studying in more
detail three-dimensional welding thermal and mechanical behaviors. Inves-
tigations in the field of innovative creation of new methods for welding 
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distortion especially to prevent buckling are the world’s most exciting 
and challenging subjects, involving many disciplines and industrial practice
and process experiments. These tools allow for the prediction of precise
control of the abnormal temperature fields and therefore the abnormal
thermal elastic–plastic cycles created by the possible combinations of 
the heat source–heat sink: multiple-source welding techniques. It is ex-
pected that a variety of coupled heat source–heat sink processes are fea-
sible not only to control welding distortion but also to produce defect-free
specimens.
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