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a b s t r a c t

A model based on a double-ellipsoidal volume heat source to simulate the gas metal arc welding (GMAW)
heat input and a cylindrical volume heat source to simulate the laser beam heat input was developed
to predict the temperature field and thermally induced residual stress in the hybrid laser–gas metal
arc (GMA) welding process. Numerical simulation shows that higher residual stress is distributed in the
vailable online 18 January 2011
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weld bead and surrounding heat-affected zone (HAZ). Effects of the welding speed on the isotherms and
residual stress of the welded joint are also studied. It is found that an increase in welding speed can reduce
the residual stress concentration in the as-weld specimen. A series of experiments has been performed
to verify the developed thermo-mechanical finite element model (FEM), and a qualitative agreement of
residual stress distribution and weld geometrical size is shown to exist.
inite element model (FEM)
esidual stress

. Introduction

The increased interest by industry and academia for hybrid
aser/arc welding is because this technique has shown high effi-
iency and a reduction in production cost compared to separate
aser welding or arc welding techniques. The hybrid laser–arc weld-
ng process is finding application in heavy industry, automotive,
ressure vessels, etc. for welding thick steel plates, difficult-to-
eld materials such as aluminum and magnesium, and welding
issimilar materials such as welding aluminum to steel and mag-
esium. A general overview of hybrid laser–arc welding and its
pplications was presented by Peyffarth and Krivt (2002).

The arc welding heat source is gas metal arc welding (GMAW) or
as tungsten arc welding (GTAW). GMAW can improve the chemi-
al composition of a base metal by choosing the corresponding filler
aterial. Laser welding combined with GMAW is characterized by
ider and deeper welds, lower heat input that manifests lower
istortion, good gap bridge ability, lower usage of laser power with
espect to autogenous laser welding, higher welding speed, and
mproved weld quality.

Previous studies on the laser–gas metal arc (GMA) hybrid weld-

ng process are focused mainly on experimental optimization of
rocessing parameters for a selected material with different joint
onfigurations, monitoring and control of the welding process, and
etallurgical analysis of the weld. Wang et al. (2008a) experimen-
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tally studied the effect of welding parameters on weld penetration
in the hybrid laser–metal inert gas (MIG) welding of an aluminum
alloy. Wang et al. (2008b) investigated the effects of setup condi-
tions of a laser head and arc torch and the laser beam parameters on
wire melting phenomena and gap tolerance in the hybrid laser–MIG
arc welding of an aluminum alloy. Hayashi et al. (2003) studied the
effect of gap tolerance on the weld quality of a high power CO2
laser–MIG hybrid welding process. The behavior of laser-induced
and arc plasmas near the molten pool during hybrid welding was
observed with a black-and-white charge-coupled device (CCD)
camera. Yao et al. (2006) experimentally studied the influence
of joint geometry and fit-up gaps on hybrid laser–metal active
gas (MAG) welding. Song et al. (2006) experimentally studied the
overlap welding of magnesium alloy sheets by using the laser–arc
hybrid process. Moore et al. (2004) studied the microstructures and
properties of laser/arc hybrid weld and autogenous laser weld in
pipeline steels. Gao et al. (2006) carried out a series of CO2 laser–gas
metal arc (GMA) hybrid welding experiments to study the effects of
laser power, arc current, and the stand-off distance between laser
and arc on the melting energy of CO2 laser–GMA hybrid welding.
Kim et al. (2006) observed the hybrid laser–MIG welding phe-
nomenon in butt joints with different gap conditions by using a high
speed camera. Qin et al. (2007) experimentally investigated the
effects of Nd:YAG laser and pulsed MAG arc hybrid welding param-

eters on the weld shape. The obtained results indicated that the
laser energy would affect the weld penetration and the weld width
would depend on the arc parameters for a given welding speed.

Welding induced residual stress is one of the most critical fac-
tors affecting the final weld quality and lifetime of the welded

dx.doi.org/10.1016/j.jmatprotec.2011.01.012
http://www.sciencedirect.com/science/journal/09240136
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standard metallographic procedures; then, the corresponding met-
allurgical microstructure at the cross-section of the specimens is
checked by optical microscopy.
F. Kong et al. / Journal of Materials Pro

tructure in real situations. To minimize and eliminate the negative
ffect of the welding process on the quality of the functional com-
onent or structure, an extensive research on welding distortions
nd residual stress has been performed by industrial and academic
esearchers. Studies based on experimental, analytical, and compu-
ational modeling methods are performed to study the evolution of
esidual stress in the welded structures for various applications. Hu
nd Richardson (2006) experimentally investigated the laser weld-
ng of high strength aluminum alloys. A large number of transverse
racks were found in the weld fusion zone. As one of the possible
ecommendations to mitigate the cracking problem, an additional
eat source was used to alter the temperature distribution and,
hus, reduce the cracking tendency.

Generally speaking, experimental trials take a long time and
equire a high cost to capture the optimal welding parameters.
umerical simulation is a cost-efficient way to help quantify the

easonable welding parameters and to further understand the
echanisms involved in welding. Current numerical studies on

he welding process concentrate on traditional electric arc weld-
ng including GTAW, GMAW, and partly on laser welding (LW).
hese studies center on the heat transfer, fluid flow and solute dif-
usion in the weld pool, thermal induced distortion and residual
tress, and grain growth in the heat affected zone (HAZ) and fusion
one (FZ). Deng et al. (2003) developed an uncoupled thermal-
echanical three-dimensional (3D) finite element model (FEM)

o investigate the residual stress and deformation in low carbon
nd medium carbon steels welded by the tungsten inert gas (TIG)
rc welding process, in which the effects of volume change due
o austenite–martensite transformation on residual stress and dis-
ortions were studied. The analysis of low carbon steel revealed
hat the residual stresses and thermal deformations did not seem
o be affected by phase transformation during cooling. However,
or medium carbon steel, the residual stress and thermal defor-

ations were significantly affected by the low temperature phase
ransformation. Abid et al. (2005) applied two-dimensional (2D)
nd 3D finite element models to predict welding distortions and
esidual stress in a pipe-flange joint. The heat input was modeled
y using the Goldak double ellipsoidal heat source model. Temper-
ture dependent material properties were used and deposition of
ller metal was obtained by the element birth and death feature.
ecause the heat source model was difficult to identify, the relevant
hysical mechanisms were not fully understood. A few numerical
imulations on the hybrid laser–arc welding have been published.
oon et al. (2007) presented a plasma-augmented laser welding
echnology for manufacturing small-diameter steel tubes, in which
plasma arc was added to the single-laser heat source to join the

onventional V-grooved butt joint of thin stainless steel strips. A
nite element (FE) thermal analysis was performed to study the
eat transfer process, where the laser beam was simply modeled
s a general surface heat flux. Chen et al. (2003) tried to analyze the
eat transfer mechanism in the hybrid laser–TIG welding process,
nd presented an energy-reduction point-line heat source model
o simulate the heat transfer and mechanism of energy interac-
ion. Liang et al. (2009) numerically analyzed an overlap welding
f magnesium alloy. According to the hybrid welding interaction
rinciple, a new hybrid heat source model was developed with
nite element analysis. Zhou and Tsai (2008, 2009) investigated
he mixing and diffusion processes in hybrid spot laser–MIG key-
ole welding by developing a mathematical model and associated
umerical techniques. Few numerical and experimental works on
he thermally induced residual stresses in the hybrid laser–GMA

elding process have been seen in public reports. However, those

ssues are meaningful to study to mitigate the final residual stress
n the weld bead obtained by laser–GMAW hybrid technique and
o further understand the hybrid welding mechanisms in a 3D
iew.
Fig. 1. Photo of hybrid laser–GMA welding system.

In this study, an experiment-based thermo-mechanical finite
element model is developed to predict the temperature field and
thermally induced residual stress in the hybrid laser–GMA welding
process. A reasonable hybrid heat source model is presented to con-
sider the specific heat input profiles due to the laser radiation and
GMAW arc heating. Subsequently, an extensive experimentation is
performed to validate the developed FEM.

2. Finite element modeling

2.1. Experimental process description

A continuous wave (CW) fiber laser with a power of 4 kW is used
as a leading heat source, and a gas metal arc welding torch is fol-
lowing with a wire feedstock. A six-axis robot is used to control
the welding path. The experimental setup is shown in Fig. 1. Laser
power is set at 3.0 kW, GMAW arc current is set at 180 A, and arc
voltage is set at 32 V. The sheet material is A36 mild steel, and the
selected wire feedstock is ER70S-3 with a 1.0-mm diameter. The
wire feed rate is kept constant at 11 mm/s. The coupons are clamped
to the work table using the appropriate clamps. The schematic view
of the clamping conditions and joint configuration is shown in Fig. 2.
The configuration and dimensions of the butt joint are shown in
Fig. 3a. A V-groove butt joint configuration is chosen (Fig. 3b). A
shielding gas mixture, supplied through the GMAW torch, of 80%
volume argon (Ar) and 20% volume carbon dioxide (CO2) is used to
protect the weld pool. After cooling down, the welded plate is cut
by an abrasive water jet machine. The specimens are polished using
Fig. 2. Schematic of clamping condition and joint configuration.
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Fig. 3. (a) Schematic view of the joint configuration and (b) the close-up of groove segment.

Table 1
Temperature dependent thermal, physical and mechanical properties of ASTM A36 carbon steel.

Temperature (◦C) Specific heat
(J/(kg ◦C))

Conductivity
(W/(m ◦C))

Yield stress (MPa) Thermal expansion
coefficient
(×10−5/◦C)

Young’s modulus
(GPa)

20 480 60 350 1.10 210
100 500 50 340 1.15 200
200 520 45 315 1.20 200
400 650 38 230 1.30 170
600 750 30 110 1.42 80
800 1000 25 30 1.45 35

1000 1200 26 25 1.45 20
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1200 1400 28
1400 1600 37
1550 1700 37

.2. Governing equations

.2.1. Temperature field solution
Understanding the temperature field in the hybrid laser/arc

elding process could be of importance in studying the outcomes of
he welding process including full penetration, thermally induced
racking and stress, and phase transformation occurring in the HAZ.
n the real welding situation, fluid flow induced heat convection is
ne of the important factors influencing the heat transfer in the
eld pool zone. The convection term in this study is ignored in

rder to simplify the numerical solution. An alternate approach is
pplied, in which the thermal conductivity at a temperature higher
han the melting point is revised by an incremental value, through

hich the heat transfer influence due to the convection in the weld
ool is considered. The laser beam power is modeled as a volume
eat source with a cylindrical Gaussian profile, and the GMAW arc
ower is assumed to be a double-ellipsoidal heat source (Fig. 4)
Goldak et al., 1984). Therefore, the governing equation of energy

ig. 4. Schematic of GMAW double-ellipsoid heat source model (Goldak et al., 1984).
20 1.45 15
18 1.45 10
15 1.45 10

conservation is shown as follows:

∂(�cT)
∂t

= ∂2(kmT)
∂x2

+ ∂2(kmT)
∂y2

+ ∂2(kmT)
∂z2

+ q̇laser(x, y, z, t) + q̇arc(x, y, z, t) (1)

where t is the time, � is material density, c is the specific heat of
material, and km is the thermal conductivity;

km =
{

k0 T < Tl

k0 + k′ T ≥ Tl

(2)

k0 is the traditional thermal conductivity of the material used; k′ is
the additional value by which the convection heat transfer capabil-
ity is equally considered in the proposed thermal modeling; Tl is the
melting point of the material used; x, y, and z are Cartesian coor-
dinates; and q̇laser(x, y, z, t) is the laser radiation induced volume
heat input and given by

q̇laser(x, y, z, t) = �1
Plaser cos ˚

2�R2
l

× exp

(
− (x − x0)2 + [z + (Lw − y)tan ˚ − vt − Dla]2cos2 ˚

2R2
l

)

· y

L2
w

· ı1(x, y, z, t) (3)

where v is the welding speed; �l is the laser absorption efficiency
by the welded material; Plaser is the nominal power of the laser

beam; x0 is the x-coordinate of the center point of the laser spot at
the material surface; Lw is the thickness of the butt joint; Rl is the
effective radius of the laser beam; ˚ is the inclination angle of the
laser head; Dla is the laser-to-arc stand-off distance. ˚ is set at 0◦;
and Dla is set at 5 mm in this study. Considering that this proposed
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According to previous experience, it is usually difficult to acquire
a convergent solution if a coupled thermo-mechanical FEM is
directly applied on the welding process when the temperature-
dependent material properties are used. This is because the
Fig. 5. Finit

odel is focused on the laser beam which precedes the GMAW arc
orch with the stand off-distance between the laser beam and the
enter of feeding wire of 5 mm. This distance is larger than the sum
f radius of laser beam (0.3 mm) and front effective radius of arc
cf = 3 mm). Therefore, the influence of interaction between laser
nd arc on the energy distribution can be ignored due to the fact
hat these two heat sources are separated. ı1(x, y, z, t) is the location
ontrol function defined as:

1(x, y, z, t) =
{

1 (x − x0)2 + [z + (Lw − y) tan ˚ − vt − Dla]2cos2 ˚ ≤ R2
l

0 otherwise
(4)

he power densities of the double-ellipsoid heat source, qf
arc (x,

, z, t) and qr
arc (x, y, z, t), describing GMAW heat input distribu-

ions inside the front and rear quadrant of the heat source can be
xpressed as (Goldak et al., 1984):

˙ f
arc(x, y, z, t) = 6

√
3ffParc

abcf�
√

�
exp

(
−3(x − x0)2

a2

)

·exp

(
−3(y − Lw)2

b2

)
· exp

(
−3(z − vt)2

c2
f

)
(5)

˙ r
arc(x, y, z, t) = 6

√
3frParc

abcr�
√

�
exp

(
−3(x − x0)2

a2

)

·exp

(
−3(y − Lw)2

b2

)
· exp

(
−3(z − vt)2

c2
r

)
(6)

here a, b, cf, cr are the characteristic parameters of heat sources.
n this study, a, b, cf, and cr are set at 4 mm, 3 mm, 3 mm, and 7 mm,
espectively. Parc is the nominal power of the GMAW, and Parc = �UI
here � is the energy efficiency of GMAW by the welded material,
is arc voltage of GMAW, and I is the arc current of GMAW.
The boundary conditions at all the surfaces including heat losses

rom the convection and radiation are shown below:

k(T)
∂T

∂n
= �0�(T4 − T4

∞) + hc(T − T∞) (7)
here n is the normal outward vector to the surface of specimen, �0
s the Stefan–Boltzman constant, 	 is emissivity, T∞ is room tem-
erature, and hc is the surface heat transfer coefficient due to the
onvection of shielding gas.

able 2
haracteristic geometrical sizes of weld bead measured by optical microscopy.

Welding speed (mm/s) a1 (mm) b1 (mm)

16 6.9156 0.7901
20 5.6745 0.5789
24 5.1540 0.4559
ent mesh.

2.2.2. Stress–strain relationships
During the welding process, the total strain increment (�ε) can

be written as the sum of the individual components due to elastic
(�εE), plastic (�εP) and thermal loading (�εT), volumetric change,
and transformation plasticity, respectively (Deng et al., 2003). In
this study, a thermal-elastic–plastic model is used to study the ther-
mally induced stress evolution and final residual stress in the hybrid
laser–GTAW welding process in order to reasonably reduce the
difficulty of convergence in the nonlinear thermo-mechanical FE
analysis. Therefore, the strain increment can be written as follows:

�ε = �εE + �εP + �εT (8)

2.3. Numerical procedure implementation based on ANSYS code
Fig. 6. Flowchart of numerical simulation procedure (where z is the centered coor-
dinate of the element, v is the welding speed, ti is the time, and L is the motion
distance of welding head at each time step).
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Fig. 7. Temperature distribution along the weld bead with the plate thickness of 6 mm: (a) general view of temperature and (b) characteristic isotherms of the molten pool
and keyhole (welding speed is 16 mm/s).
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ig. 8. Numerically predicted (left side) and experimentally obtained (right side)
ybrid laser–GMA welding (welding speed is 16 mm/s).

equired sub-step numerical calculations to acquire a convergence
olution in the thermal analysis are different from those in the
echanical analysis. Otherwise, a much larger sub-step number
ould need to be chosen to perform the thermal analysis and
echanical analysis simultaneously to reach the convergence state,

nd it would certainly be more computationally costly and could
xceed the capability of a common personal computer. There-

ore, an un-coupled thermo-mechanical FE analysis is performed
n this study (Fig. 5). First, an FE thermal analysis is performed to
cquire the whole temperature history during the welding and sub-
equent cooling processes. A non-uniform mesh is used, in which

finer mesh is located at the weld zone and HAZ in order to

ig. 9. Numerically predicted temperature distribution (a) across the weld (b) temperatu
6 mm/s).
sectional views of (a) fusion zone and (b) heat affected zone in the weld bead by

ensure enough numerical precision, and a coarse mesh is applied
at the area far from the weld bead to reduce the whole compu-
tational cost. Subsequently, a mechanical analysis is implemented
based on the same mesh configuration used in the thermal anal-
ysis. In ANSYS code, only the element type from the thermal field
(SOLID70 is chosen in this study) is selected for the mechanical
field (SOLID185 is correspondingly used), and to set the relevant

mechanical properties of material. Then, the temperature history
is applied as a thermal loading. At the same time, a mechanical
constraint representing the real situation needs to be applied on
the weld coupon. The whole numerical procedure is also shown in
Fig. 6.

re evolution curve versus time at several positions marked in (a) (welding speed is
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Fig. 10. Cross-sectional view of weld bead obtained by hybrid laser–GMA welding under three different welding speeds: (a) v = 16 mm/s, (b) v = 20 mm/s, and (c) v = 24 mm/s.

Fig. 11. Residual stress component contours of weld bead in the post-welded cooling phase: (a) transverse stress SX, (b) normal stress along the thickness SY, (c) longitudinal
stress SZ, (d) x–y plane shear stress SXY, (e) y–z plane shear stress SYZ, and (f) z–x plane shear stress SZX (welding speed is 16 mm/s).
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ig. 12. (a) von Mises equivalent residual stress contour of weld bead at a welding
ime at three characteristic locations on the top surface as shown in Fig. 9a.

For the simulation of the filling of the groove by a melted
ire, a “death and birth” technique is used in the FEM. Ini-

ially, all the elements located at the groove are killed, and an

mpty groove is obtained. Subsequently, the elements located
t the groove are activated segment by segment with time to
imulate the weld bead formation by the filler material. The
emperature-dependent material properties given in Table 1 are
onsidered in the proposed model (Nadimi et al., 2008). In the

ig. 13. Stress distribution transverse to the weld bead at three different paths of the top
X, (b) normal stress along the thickness SY, (c) longitudinal stress SZ, and (d) von Mises
of 16 mm/s, and (b) von Mises equivalent thermal stress evolution versus welding

simulation, the elastic stress-strain relationship of the welded
material is assumed to obey the isotropic Hooke’s law. The yielding
behavior of the welded material satisfies the von Mises prin-

ciple, and a bi-linear hardening principle is used to simulate
the plastic behavior after the material is brought into the yield-
ing state. The yielding stress of A36 is set at 350 MPa (at room
temperature), and the corresponding tangential modulus is set
at 2 GPa.

surface of weld bead obtained by hybrid laser–GMA welding: (a) transverse stress
equivalent stress SEQV (welding speed is 16 mm/s).
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ig. 14. Stress distribution transverse across the weld bead at the longitudinally m
Y, (c) longitudinal stress SZ, and (d) equivalent stress SEQV (welding speed is 16 m

. Results and discussion

In this study, a V-groove butt joint configuration is chosen
Fig. 3b), the characteristic geometrical sizes of weld bead are mea-
ured (Table 2), and they are used as the input into FE thermal
odel. Numerically predicted temperature distribution along the
eld bead is shown in Fig. 7a, and characteristic isotherms of the
olten pool and keyhole are shown in Fig. 7b. Laser beam radiating

n the weld material produces a keyhole zone in the weld pool of
long tail profile. The boiling point of A36 steel is assumed to be
800 ◦C. The numerical solution of FE thermal analysis of the hybrid

aser–GMA welding process supplies the predictions of fusion zone
Fig. 8a) and the heat affected zone (HAZ) profiles (Fig. 8b), which
re in a good agreement with experimentally obtained results. The
ross-sectional view of the weld bead looks like a profile of a wine
lass. The GMAW heat source has a wider heating radius than the
aser heat source, which decides the final width of the hybrid weld.
n the other hand, the laser has a primary role in deciding the
nal penetration depth of the hybrid weld. Fig. 9a shows a cross-
ectional view of the weld bead with three points (P1–P3) at the
istances from the center line for which the temperature evolu-
ion curves are numerically obtained as shown in Fig. 9b. The FE
nalysis shows that a high temperature gradient exists at the weld

one, where melting occurs by arc heating and laser radiation. For
oints farther from the weld center, the peak value of the temper-
ture history is decreased. When the welding process is done, the
elded specimen is cooled gradually to room temperature (Fig. 9b).

ig. 10 shows the cross-sectional views of the weld beads obtained
section (z = 30 mm): (a) transverse stress SX, (b) normal stress along the thickness

by the hybrid laser–GMA welding technique under three different
welding speeds of 16, 20, and 24 mm/s, respectively. It could be
concluded that the full penetration is achieved in all three cases.
However, narrower weld widths at both the top and bottom of
the welds are obtained when a higher welding speed is applied,
as shown in Fig. 10.

The results of the FE thermal analysis are applied as a load
for the subsequent mechanical analysis of welding residual stress.
Fig. 11a–c shows the contours of residual normal stress compo-
nents of weld bead. Fig. 11d–f shows the contours of the residual
shear stress components of the weld bead. It can be clearly found
that a 3D residual stress state existed at the weld bead obtained
by hybrid laser–GMA welding, and the magnitudes of the normal
stress components are slightly higher than those of shear stress.
In the case of the 16 mm/s welding speed, the peak value of resid-
ual transverse stress, 469 MPa (Fig. 11a), and longitudinal stress,
358 MPa (Fig. 11c), are exceedingly larger than the yield strength
of the base metal of 350 MPa, which shows that serious residual
stress is definitely present at a coupon level.

The corresponding von Mises equivalent stress distribution is
also calculated in order to determine the final residual stress state,
which is shown in Fig. 12a. The results show that a higher stress
concentration is located at the weld zone and surrounding HAZ.

The peak value of equivalent stress in this welding condition is
456 MPa, which indicates the welding induced plastic deforma-
tion is retained at the weld zone. In order to further understand
the generation process of residual stress and strain, an evolution
curve of von Mises equivalent stress versus welding time at three
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Table 3
Parameters used in the residual stress measurement by the X-ray diffraction technique.

Material Diffraction Diffraction Incident Collimator Exposure
time

Maximum beta Number of Beta angle Acquisition

6.5 s

c
c
l
e
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e
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s
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e
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d
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t
d
h
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z

F
w

plane angle, 2
 beam diameter

Fe-� (2 1 1) 156◦ K�-Cr 0.5 mm

haracteristic locations, which are marked in Fig. 9a, is numerically
alculated and shown in Fig. 12b. It can be seen that stress at each
ocation varies with the welding time, and a maximum stress value
xceeding the yield strength of material is produced in the welding
rocess, which causes plastic deformation to be retained in welded
aterial, and as a result, residual stress and strain states remain in

he cooling coupons.
The corresponding normal stress components as well as the

quivalent stress distributions transverse to the weld bead at three
aths on the top surface as shown in Fig. 13a–d. Generally, similar
rends of stress distribution are kept at these three paths. The high
ompressive transverse stress (Fig. 13a) and longitudinal stress
Fig. 13c) are located around the weld zone. In addition, the stress
tates also change with the thickness across the same cross-section.
ig. 14a–c shows the normal stress distributions along the cross-
ection of weld bead (z = 30 mm) at different thicknesses, and an
quivalent stress evaluation at the same cross-sections is shown
n Fig. 14d. The three locations across the thickness of the weld
ead are selected to study the residual stress state. One location

s at the top surface of weld bead, the second one is in the mid-
le of the bead, and the third one is at the bottom of the bead.
here exists a gradual transition of stress distribution along the

hickness of the weld. For transverse stress SX (Fig. 14a), the stress
istribution at the top surface is similar to that at the bottom, and
igher compressive stresses are both located at the weld zone.
owever, a higher tensile transverse stress is located at the weld
one along the path in the middle of the thickness of the weld

ig. 15. Comparison of experimentally obtained and numerically predicted residual stre
elding speeds: (a) transverse stress SX, (b) longitudinal stress SZ, and (c) the schematic
angle interval beta angles oscillation time

−20◦ to +20◦ 10 ±3◦ 120 s

bead. For normal stress along the thickness SY (Fig. 14b), the stress
distribution at the middle of the thicknesses has a higher peak
value as compared to the other two locations. For the longitu-
dinal stress SZ (Fig. 14c), the highest peak value of compressive
stress is located at the top surface of the weld zone, and the high-
est peak value of tensile stress is in the middle of the weld bead.
For the von Mises equivalent stress, there is a small reduction in
the maximum value of the stress at the bottom of the weld bead
with respect to those values at the top surface of the weld bead
(Fig. 14d).

In order to validate the accuracy of the numerically modeled
residual stress in the hybrid weld, an X-ray diffraction technique
is used to measure the residual stresses at the weld coupon’s
top surface by using the Laboratory Non-Destructive Residual
Stress Measurement System (Proto Manufacturing Ltd., Canada).
The diffraction parameters are presented in Table 3. The trans-
verse stress (SX) and longitudinal stress (SZ) distributions along
the characteristic path obtained by three different welding speeds
of 16 mm/s, 20 mm/s, and 24 mm/s are shown in Fig. 15a and b,
respectively. The weld coupon with measured path is shown in
Fig. 15c. It is shown that a qualitative agreement exists between
the experimentally obtained and numerically predicted residual

stresses. The residual stress concentration tends to decrease with
an increase in welding speed. The discrepancy between the exper-
imental data and numerically predicted ones is mainly caused by
the measuring error of the X-ray diffraction machine due to the
irregular surface of weld.

ss distribution across the weld bead at the top weld surface with three different
of numerically predicted and experimentally measured path at the top surface.
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Zhou, J., Tsai, H.L., 2008. Modeling of transport phenomena in hybrid laser–MIG
F. Kong et al. / Journal of Materials Pro

. Conclusions

A 3D thermo-elastic–plastic FEM is developed to study the ther-
ally induced residual stress in the hybrid laser–GMA welding

rocess. Some important findings are achieved by the numerical
imulation and experimental investigation shown below:

1) 3D residual stress is present in the weld bead and adjacent HAZ,
and higher compressive longitudinal and transverse stress is
mainly present in the weld bead.

2) The residual stress distributions obtained by the thermo-
elastic–plastic FE analysis and X-ray diffraction measurement
method are in a qualitative agreement.

3) The effect of the welding speed on the heat distribution and
residual stress along the weld joint is studied. A narrower bead
width at both the top and bottom of the weld is achieved at a
higher welding speed with a constant laser power and coupon
size. However, an increase in welding speed can effectively
reduce the residual stress concentration.

4) The proposed thermo-mechanical FEM could be further applied
to the optimization of the processing parameters of hybrid
laser–GMA welding as well as other welding techniques.
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