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In this study, a three-dimensional (3D) finite element model is developed to investigate thermally induced
stress field during hybrid laser-gas tungsten arc welding (GTAW) process. In the hybrid welding case, we
focus on the GTAW process sharing common molten pool with laser beam and playing an augment role in
the hybrid welding system. An experiment-based thermal analysis is performed to obtain the temperature
history, which then is applied to the mechanical (stress) analysis. A modified material model is used to
consider the influence of face-to-face contact between the top and bottom metal sheets in the thermo-
mechanical analysis of welding lap joints. Results show that the normal stress components prevail in
the weld zone during hybrid welding process, and maximum thermal stress exceeding the yield point
of material exists at the heat affected zone (HAZ) near the weld pool. Increasing the welding speed
causes the penetration and width of weld bead to decrease, and the thermal stress concentration at the
welded joint is also reduced accordingly. After welding and cooling down, longitudinal tensile stress
(SZ) and transverse compressive stress (SX) are retained in the formed weld, and the higher longitudinal
compressive stress exists around the weld bead. In addition, a series of experiments are performed to
validate the numerical results, and a qualitative agreement is achieved. Compared to the welded joint
obtained by GTAW and laser welding alone, the residual stress concentration in the weld joint obtained

Keywords:

Laser welding

Gas tungsten arc welding (GTAW)
Hybrid laser/arc welding

Finite element model

Residual stress

by hybrid laser-GTAW is the minimal one.
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1. Introduction

Steen (1980) showed that an addition of electric arc to the laser
beam used for welding and cutting could decrease the needed
power of laser with respect to the case if only laser is used for
welding. Subsequently, the laser-based hybrid welding technol-
ogy development was initiated not only at the academic level but
also at industrial level, which has been described in detail in the
works published by Peyffarth and Krivt (2002) and Petring and
Fuhrmann (2004). The advantages of the hybrid welding technique
compared to pure laser welding or arc welding are well known
and include an increase in (a) the welding speed, (b) the weldable
material thickness, (c) the gap bridging ability, and (d) the welding
process stability and efficiency. Rayes et al. (2004) analyzed exper-
imentally on the bead geometry the influence of various hybrid
welding parameters, such as the welding speed, arc current, laser
power, and inclined angles of the gas tungsten arc welding (GTAW)
torch and laser head. Chen et al. (2006) also experimentally stud-
ied the hybrid laser-arc welding of stainless steel and observed the
interaction between the laser beam and arc plasma. The classifica-
tion, characteristics, and applications of hybrid laser beam welding
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are further described by Mahrle and Beyer (2006). Recently, Liu
et al. (2004) presented a hybrid laser-tungsten inert gas (TIG) arc
welding of the AZ31B magnesium alloy. They use optical micro-
scope (OM) and electron probe microanalysis (EPMA) techniques
to investigate the weldability and microstructure of a magnesium
alloy in the cases of hybrid laser-tungsten inert gas (TIG) welding,
laser welding alone and TIG welding. They found that the weld-
ing speed of hybrid laser-arc welding is equal to the speed of
laser beam welding, but higher than that of TIG by acquiring the
same level of weld quality. In addition, in the fusion zone of hybrid
laser/arc welding, equiaxed grains exist, whose sizes are smaller
than that obtained from TIG welding but larger than those from
laser beam welding. In monitoring of welding process, Huang et al.
(2007) present an infrared temperature measurement method to
eliminate the interfering radiation in the laser-TIG hybrid welding
of magnesium alloys, and acquire an accurate distribution of the
temperature field of the weld.

In laser welding alone and hybrid laser/arc welding of high
strength aluminum alloys, a large number of transverse cracks
are also found in the weld fusion zone, as reported by Hu and
Richardson (2006). It is indicated that the cracking is related to
the presence of the elongated isotherms along the welding direc-
tion, which induce a transverse tensile strain in the weld fusion
zone during the cooling phase. An additional heat source could
be added to alter the temperature distribution and to reduce the


http://www.sciencedirect.com/science/journal/09240136
http://www.elsevier.com/locate/jmatprotec
mailto:kovacevi@lyle.smu.edu
dx.doi.org/10.1016/j.jmatprotec.2010.02.006

942 F. Kong, R. Kovacevic / Journal of Materials Processing Technology 210 (2010) 941-950

ety S<asivg and Coatrol
0 Laser Pracessing

A Lugi

CCD camera

(a) Photo of experimental configuration

(b) Close-up of the laser head and arc torch

Fig. 1. Experimental setup of laser-arc hybrid welding system. (a) Photo of experimental configuration; (b) Close-up of the laser head and arc torch.

cracking tendency (Hu and Richardson, 2006). It can be seen that
an inevitable presence of thermal deformation and residual stress
causes potential cracking or an overlarge deformation of the welded
joints. Therefore, in order to control the weld quality, it is neces-
sary to study the influence of welding parameters on the thermal
stress evolution and the sheets deformation during the welding
process.

Applying the simulation method to study the thermal and
mechanical processes is a cost-efficient way to understand the
physical mechanisms presented in the hybrid welding process. So
far, numerical and experimental investigations of welding resid-
ual stresses and controlling weld deformation focus mainly on
the conventional electrical arc welding and partly on the laser
welding processes. Moraitis and Labeas (2008) present a thermo-
mechanical finite element model to predict the residual stress and
distortion fields for laser beam welding of aluminum lap joints. In
this analysis, a keyhole model is introduced to predict the keyhole
size and shape required for the thermal analysis. However, the con-
tact heat transfer between the top and bottom sheets is ignored.
Abdulaliyev et al. (2007) apply a photothermoelastic model to
investigate the thermal stress concentration in the butt-jointed
thick plates of different materials where the residual stresses are
not considered.

In modeling of hybrid laser/arc welding processes, Chen et al.
(2002) tried to analyze the heat transfer mechanism in the hybrid
laser-TIG welding process, and presented an energy-reduction
mode point-line heat source model to simulate the heat transfer
and energy interaction mechanism. However, the influence of vari-
able location of laser and arc on energy redistribution of hybrid heat
source is not considered, which directly influences the tempera-
ture distribution in the welding process according to the previous
experimental measurements (Peyffarth and Krivt, 2002). Zhou and
Tsai (2008) develop a mathematical model to solve the tempera-
ture distribution and fluid flow in the molten pool generated by
the hybrid laser-metal inert gas (MIG) keyhole welding process, in
which, a volume of fluid (VOF) method is used to track the evolu-
tion of the molten pool free surface, and the enthalpy method is
employed for latent heat. In addition, Ribic et al. (2008) develop a
three-dimensional (3D) heat transfer and fluid flow model to study
the GTA/laser hybrid welding process, as well as the GTAW and
laser welding only. However, to the best of our knowledge, there are
no detailed numerical studies on the thermal stress evolution and
residual stress distribution in the hybrid laser/arc welding so far.
In the proposed study, a numerical model of thermo-mechanical
analysis is developed to simulate the temperature distribution and

thermal stress evolution during the hybrid laser/arc welding pro-
cess. To verify the numerical model, a series of experiments are
performed.

2. Experiment procedure

Fig. 1 shows the experimental setup of the hybrid laser—-GTAW
welding system, and a lap joint configuration is chosen. The sys-
tem comprises a fiber laser with power of 4 kW and a GTAW power
source with arc current up to 250 A. The laser welding head with
the GTAW torch is attached to a six-axis high precision robot. Main
welding parameters are listed in Table 1. In this study, the arc torch
shares common weld pool with a laser beam. It is assumed that
forced convection is present at the bottom surface of the coupon
due to the flow of inert gas. Argon with a flow rate of 30 SCFH is used
as the inert gas. Additionally, the coupon is in contact with the fix-
ture and some heat losses occur through the conduction between
the coupon and the fixture. The geometrical size of each coupon
is 50 mm in length, 20 mm in width, and 1.4 mm in thickness (see
Fig. 2a). The lap length is set at 25 mm. In this study, four cases
of hybrid laser-GTAW experiment with different welding speeds
of 20 mm/s, 25 mm/s, 30 mm/s, and 40 mmy/s are performed to val-
idate the thermo-mechanical finite element model. At the same
time, two-level laser powers at 2.5 kW and 3 kW are used, and the
two-level arc current of GTAW are set at 120 A and 160 A; and volt-
age are set at 17.0V and 15.1V, respectively. As comparisons, laser
welding only and GTAW are performed separately as well.

Once the welded specimen is acquired, a part of it is cut for
residual stress testing, and the remaining part is used for the met-
allurgical measurement of the cross-sections of the weld bead. A
water jet machine is used to cut the coupon for testing, and the
coupon size is same with the geometry in the modeling. An X-ray
diffraction machine is used to measure the residual stress distribu-
tion at the weld surface across the weld bead, and a measured path
is shown in Fig. 2b.

Table 1
Main welding parameters used in this study.

Welding speed, v 20-40 mm/s
Electrode angle, 6 14°

GTAW current, I 120-160A
Arc column diameter, 2R, 6 mm
Laser power, Pjaser Max. 4 kW

Laser beam angle, @ 11°
Laser focal spot diameter, 2R, 0.6 mm
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Fig. 2. Geometry and boundary conditions of lap joint.

3. Finite element modeling
3.1. Temperature field solution

The governing equation used to analyze the temperature field
can be specialized to a differential control volume and shown as
follows:

PC<2;%{V}T{L}T>+{L}Tm}=qhw4&y,zt) (1)

where p is the density, c is the specific heat, and T is the location-
time dependent temperature. {L} is the vector operator, {L} =

3y ¢ 1V} is the velocity vector for mass transport of heat,

Ux

{V} = { vy } (Quaser(X, ¥, Z, £) is the heat generation rate per unit
vz

volume, that results from the laser-radiation induced volume heat

input and given by (Kong et al., 2008):

Plaser €OS ¢

X,y,z,t) =
q]aser( y ) m anIZ

x exp (JX—Xo)Z +[z+(L-y) tang — vt — hJ? cosZ¢)
2R?

A(L%)Aal(x,y,z,t) (2)

where 1, is the efficiency of laser energy absorbed into material,
Pyjaser is the nominal power of the laser beam, @ is the inclination
angle of the laser head and ¢ is set at 11°, xq is the location of the
laser head along the x-coordinate and xo =37.5 mm, L is the whole
thickness of the lap joint, R, is the effective radius of the laser beam
and R is set at 0.3 mm, h is the stand-off distance between the
center of laser beam and the center of the electric arc and h=0 in
this study. §1(x, y, z, t) is the location control function and shown
as follows:

51(%,y, 2, t)= { (1): th}lllgfw i(;:;xo)2+[z+(L—y)tem ¢-vt—h]’ cos? ¢ < R?; 3)
{q} is the heat flux vector, and Fourier’s law is used to relate the
heat flux vector to the thermal gradient:

lqy=-[DI{L}T (4)
Where the conductivity matrix [D] is given by:
Ky O 0
[Dl={0 Ky O (5)
0 0 K,

Kxx, Kyy, Kz, are the conductivity in the element along the x, y, and
z directions, respectively.

Substituting Eq. (2) into Eq. (1) and ignoring the effect of fluid
flow in the weld pool on the temperature field of the welded joint,
i.e.letting {V} =0, the governing equation of temperature field solu-
tion can be further shown below:

aT T .
pe (31’) = {L} ([DRLYT) + Qraser(x. ¥, 2, £) (6)
In addition, the boundary conditions are considered.

(1) Specified heat flow input acting over the weld bead surface S;:

(@B} = —qx (7)

where {f} is the unit outward normal vector; g* is the input
heat flow that results from the arc heat source and given by
q* = Garc(X, ¥, 2, t) - 62(X, ¥, ). S denotes the surface area of the
lap joint under arc heating. The whole schematic view of the
hybrid heat sources in the welding system is shown in Fig. 2(a),
and the boundary conditions are indicated in Fig. 2(b).

Here, the surface heat source model for the arc can be given
by (Kong et al., 2008):

Parc cosé (x—x0)*+(z — vt)? cos?0
X, ¥,z t)=ng—=—""exp | —
Garc(X, ¥, Z, t)=q o p 2R

a

(8)

where 7, is the efficiency of arc energy absorption into the
material, 6 is the inclined angle of the arc torch, P, is the nom-
inal power of the arc, R, is the effective radius of the arc column
and Ry is set at 3 mm.

The location-controlled function 6 (x, y, z) is specified as:

1, whiley=1L;

S(x.y.2) = { 0, otherwise. )
(2) Specified convection and radiation heat loss acting over surface
S, (Newton’s law of cooling) is given as:

(@7 (B) = hy(Ts — Too) + 03(TE = T2) (10)

where hy is the heat convection coefficient acting on the surfaces
of the welded joint, T, is the bulk temperature of the surrounding
air, Ts is the surface temperature, o is Stefan-Boltzmann constant,
and 3 denotes the effective emissivity due to radiation heat sink. S,
denotes the surface area of lap joint exposure to the environment.

Combining Eq. (4) with Egs. (7) and (10), and integrating them
over the volume of the element, the governing equation of temper-
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ature field solution used in this study is given below:

/ <pc (g{) ST + {L}T([D]{L})T> d(vol)
vol

= / 8Tq x dS; — / {8Thy(T — Ts) + 8To3(T* — T2)}dS,
S1 S2

+ / 8TQIaser(x’ .z, t)d(VOI) (1 1 )
vol

where vol denotes the volume of the element, and 6T denotes an
allowable virtual temperature dependent on the location x, y, z, and
time t.

3.2. Stress-strain relationships

The following thermal elastic-plastic constitutive equations are
used in the mechanical (stress) simulation (ANSYS Inc, 2007):

[do] = [D%P][de] — [D™]dT (12)
and
[D®] = [D°] + [DP] (13)

where do denotes the stress increment, de denotes the strain incre-
ment and dT denotes the temperature increment, [D¢] denotes the
elastic stiffness matrix, [DP] denotes the plastic stiffness matrix, and
[D™] denotes the thermal stiffness matrix.

The boundary conditions in the mechanical analysis are taken
in consideration that one edge of the lap joint is fixed, i.e.
(Ux=Uy=Uz=0), and the other one is only transversely shrinkage
free, i.e. (Uy=Uz=0).
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3.3. Implementation of finite element analysis

3.3.1. Material parameters definition

A gap with variable size usually exists in the lap joint configura-
tion of industrial operations. Therefore, a gap-free configuration
could be thought of as a special case of gap value approaching
zero, which is chosen in this study to investigate the thermal dis-
tribution of the hybrid laser/arc welding process. The contact heat
transfer that exists between the top sheet and bottom sheet before
they are welded is generally ignored in the theoretical and numer-
ical thermal analysis in previous work (Abdulaliyev et al., 2007).
Recently, some reports experimentally show that the reduction in
the weld distortion and the level of residual stresses of joint could
be achieved by controlling the gap thickness (Peyffarth and Krivt,
2002). In order to further study the thermal and mechanical behav-
iors of the welded material in the hybrid laser and arc welding
technique, we define the air film-AISI 1018 steel hybrid material
model with an ignorable gap size between two sheets in order to
handle the face-to-face contact heat transfer. It is assumed that
the thermo-physical properties of the gap belong to air film when
the temperature of the gap location combined with the top steel
sheet is lower than the melting point of steel, and they belong
to AISI 1018 steel when the temperature of the gap reaches or
exceeds the melting point of steel. In addition, the stress value
at the weld pool region should decrease to zero. So, a revised
mechanical property model is introduced in the following sec-
tion in order to involve the molten pool region into the thermal
stress computation process. The main idea is that the elastic mod-
ulus of sheet material at a temperature higher than the melting
point of steel is set to an exceedingly low value instead of zero.
The real reason for this adjustment is to reasonably reduce the
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(a) General view

(b) Local magnification

Fig. 4. Finite element mesh used in thermo-mechanical analysis. (a) General view; (b) Local magnification

computational cost and increase the convergence rate because the
exceeding temperature-sensitive physical parameters obviously
increase the difficulty of simulation convergence during the finite
element analysis. In addition, to further simulate the residual stress
of the welded joint, an elastic-plastic material model is used in the
mechanical analysis module, and an isotropic hardening plastic-
ity model is chosen to consider the plasticity in the ANSYS code
(ANSYS Inc, 2007). In ANSYS 11.0, elasticity is defined by Young’s
modulus and Poisson’s ratio, and plasticity is defined by yield
stress and the elastic-plastic tangent modulus. Moreover, the von
Mises stress is used to predict yielding of the welded joint. In this
study, the yield stress of AISI 1018 steel is set at 350 MPa, and the
elastic-plastic tangent modulus is set at 2000 MPa. The other ther-
mal and mechanical parameters used in this study are shown in
Fig. 3.

3.3.2. Numerical implementation of thermal and mechanical
analysis

The finite element meshes used in both thermal and mechanical
(stress) calculations are shown in Fig. 4. A non-uniform mesh along
the welded joint is chosen. The much finer mesh is placed near
and along the weld bead in order to assure enough accuracy in
simulation, and the courser mesh is chosen for the areas far from
the weld bead in order to reduce the computation cost.

An uncoupled thermal-mechanical finite element analysis is
performed in this study. A thermal analysis is first implemented
to acquire the temperature history in the welding process. Subse-
quently, mechanical analysis is done under the temperature loads
based on the previous thermal analysis. A moving heat source due
to laser radiation and arc burning is loaded into the finite ele-

ment model, and all of these procedures are implemented based
on ANSYS Program Designed Language (APDL).

4. Results and discussion
4.1. Temperature field of hybrid laser-GTAW welding
Fig. 5(a) shows the contours of temperature distribution in the

hybrid laser-GTAW welding process at instant of t=0.4001s. The
geometry of the weld bead increases with the arc addition in the

2500 P — [ /5‘30"
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0.5 1 1.5 2 2:5 3 35 4
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Fig. 6. Temperature evolution versus the welding time in the weld at different char-
acteristic points by hybrid laser-GTAW welding at 25 mm/s of welding speed (laser
power is 3 kW, and arc current is 120 A).
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Fig. 5. (a) The modeled temperature contours at the top of the weld and (b) cross-sectional views of the modeled temperature contour versus the micrograph of the weld
obtained by the hybrid laser-GTAW welding process at moment of t=0.4001 s (laser power is 3 kW, and arc current is 120 A).
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Fig. 7. Modeled temperature contours across the weld bead versus the cross-sectional micrographs of weld obtained by laser/arc hybrid welding at different welding speeds:
(a)v=20mm/s, (b) v =30mmy/s, and (c) v = 40 mm/s (laser power is 3 kW, and arc current is 160 A).
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Fig. 8. 3D modeled contours of stress components in the weld obtained by hybrid laser-GTAW welding. (a) Transverse stress SX, (b) along-thickness stress SY, (c) longitudinal
stress SZ and (d) von Mises equivalent stress SEQV (laser power is 3 kW, and arc current is 120 A).
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SY, (c) longitudinal stress SZ and (d) von Mises equivalent stress SEQV (laser power is 3 kW, and arc current is 120 A).

laser/arc hybrid weld with respect to the single laser weld bead.
The more details on thermal analysis of hybrid laser-GTAW can be
found in Kong et al. (2008). Fig. 5(b) indicates the comparison of
halves of cross-sectional views of weld beads obtained by hybrid
laser-GTAW. The left half shows the heat distribution across the
weld bead obtained by the numerical simulation; and the right
one is the micrograph of the cross-section of weld bead <remove-
image> obtained by optical microscope. In Fig. 5b, the red region at
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the left modeled cross-section denotes fusion zone where temper-
ature exceeds the melting point (1480 °C), and the dash line at the
right experimental one denotes the fusion line of the weld bead.
It is evident that the isotherm obtained by the finite element ther-
mal analysis of hybrid welding process describes very well with the
fusion zone and HAZ profiles of the weld. Fig. 6 shows the temper-
ature evolution with the processing time in the weld at different
characteristic points by hybrid laser-GTAW welding at 25 mm/s of
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Fig. 10. Equivalent stress evolution with respect to the welding time at different characteristic points by hybrid laser-GTAW welding at 25 mm/s of welding speed (laser

power is 3kW, and arc current is 120 A).
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stress SZ and (d) von Mises equivalent stress SEQV (laser power is 3 kW, and arc current is 120 A, and welding speed is 25 mm/s).

welding speed. At the locations L3, L4, L5, L6, and L7, the maximum
temperature exceeds the melting point of the material of 1480°C.
The maximum temperature at the other locations shown in Fig. 6
is lower than 1480 °C, which means that all of them are outside of
the fusion zone.

The influences of the welding speed on the geometry of the weld
bead and temperature field are also studied based on the finite ele-
ment model. Fig. 7 shows the thermal analysis results (left side)
and micrographs (right side) across the cross-section of the weld
bead obtained by hybrid laser-GTAW welding process. The numer-
ical and experimental results show that penetration and width of
the weld bead tend to increase with the decrease in the welding
speed.

4.2. Stress field of hybrid laser-GTAW welding

The stress and strain evolutions are calculated based on the
obtained temperature field by finite element thermal analysis.
Fig. 8(a)-(c) shows the contours of the normal stress components,
and the equivalent stress shown in Fig. 8(d). It is clearly indicated
that the higher stress concentration exists at the HAZ around the

150

molten pool, and the proposed mechanical analysis also deals with
the assumption that there is a small level of stress in the weld
pool. Fig. 9 shows the cross-sectional view of stress distribution
at the weld pool region in the hybrid laser-GTAW welding. Fig. 10a
and b indicates the stress evolution versus the time at several fea-
tured locations shown in top-left corner. The stress concentration
in the hybrid weld decreases because of the changes of the tempera-
ture distribution caused by an arc addition. Previous numerical and
experimental studies on the laser welding or arc welding show that
a reasonable preheating or post-weld heat treatment could effec-
tively reduce the residual stresses in the weld (Hu and Richardson,
2006). The performed study gives a strong implication that in the
hybrid welding technique, the stress state is sensitively dependent
on the welding conditions (such as arc current, welding speed, laser
power, and stand-off distance between the laser and arc).
Numerical calculations have pointed out that a higher stress
concentration exists at the HAZ of the lap joint obtained by the
hybrid laser-GTAW welding. Moreover, stress state has an abrupt
transition from tensile stress to compressive stress at the HAZ out-
ward from the weld pool. To clearly describe the stress distribution
in the lap joint, a cross-section A in the middle of the length of
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Fig. 12. Comparison of experimentally measured residual stress distribution and numerical results at section A on the top of weld obtained by hybrid laser-GTAW welding.
(a) Transverse stress SX and (b) longitudinal stress SZ (laser power is 3 kW, and arc current is 120 A, and welding speed is 25 mm/s).
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Fig. 13. Peakvaluesof normal stress components and equivalent stress versus weld-
ing speed (laser power is set at 3 kW and arc current is set at 120 A).

the weld is chosen as the specific location (see Fig. 2b) to display
the stress evolution in this study, and three typical instances are
specified to determine the stress distribution: (a) at the begin-
ning of welding (t=0.1041ss), (b) when laser crossing the specified
cross-section A (t=0.4401 s), and (c) at the end of the welding pro-
cess(t=0.7121s). Fig. 11 shows the stress distribution along the
length of weld on the top surface at section A. Longitudinal stress
component, SZ, is the highest of the three normal ones. Normal
stress components prevail in the weld, and the along-thickness
stress SY is relatively lower than the longitudinal stress SZ and
transverse stress SX. In this case, the maximum equivalent stress is
around 350 MPa, which indicates that the degree of thermal stress
concentration is not too high. This result is obviously advantageous
in acquiring a welded joint of higher mechanical properties.
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In the hybrid welding process, as well as for any fusion weld-
ing processes, the maximum transverse tensile stress SX exists in
the formed weld, and HAZ of the as-welded joint is exposed to the
maximum compressive stress instead of tensile stress. To further
validate the proposed thermo-mechanical model, an X-ray diffrac-
tion test machine is used to measure the residual stresses in the
laser hybrid weld, and the results are shown in the Fig. 12. It can
be seen that there exists a qualitative agreement of residual stress
distribution between the simulation results and measured ones.
However, a discrepancy existing between the numerical prediction
and experimental data lies mainly on two factors. One is because of
the measuring errors from the X-ray diffraction technology; the
other one is because of an isotropic hardening plasticity model
used in this study to consider the plastic mechanic behavior of
welded material, which actually has a little difference with the true
stress-strain curve of the material.

Welding speed, laser power, arc current and voltage are the
main parameters influencing welding quality. Fig. 13 shows the
maximum positive values (maximum tensile stresses, such as SX-
max, SY-max, and SZ-max) and minimum negative ones (maximum
compressive stress, such as SX-min, SY-min, and SZ-min) of thermal
stress components and equivalent stress SEQV in the welded joint
at three different welding speeds of 20, 30, and 40 mm/s, respec-
tively. In general, the higher stress concentrations exist at the HAZ
due to the equilibrium between the shrinkage of the weld bead
caused by solidification of the molten pool and the base metal resis-
tance to distortion. The maximum stress usually locates at both
ends of the weld bead (see Fig. 8). Essentially, the welding speed
increase causes the energy input into the unit volume of the weld
bead at the unit time interval to decrease, and the weld pool size
is reduced accordingly. The numerical results show that the maxi-
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Fig. 14. Measured residual stress at the top surface across the weld bead versus welding speed. (a) Transverse stress SX and (b) longitudinal stress SZ (laser power is 3 kW,

and arc current is 120 A).

300 —4—]laser welding

z (@) —=-GTAW

= 200 ——Niybrid laser-GTAW

e i /

7 1

g 100 ' [

@

g

o

2

5 (o}

g

& 100

200 ’ Center of weld zone
-3 -2 -1 0 2 3
X (mm)

—e—laser welding

(b) | |-m-GTAW
g 500 ——Dybiid laser-GTAW
£
5 300
4
@
5 |
= 100 /‘ i
o 1
E L !
' 3 u ] I} ] 9 3
%ﬁ -100 : ; :
~ :'(_ Center of weld zone|
-300 :

X (mm)

Fig. 15. Measured residual stress at the top surface across the weld beads obtained by different welding processes. (a) Transverse stress SX, (b) longitudinal stress SZ (welding

speed is 15 mm/s, laser power is 2.5 kW, and arc current is 150 A).



950 F. Kong, R. Kovacevic / Journal of Materials Processing Technology 210 (2010) 941-950

mum normal stress components are located at the HAZ and the peak
value of each one increase with the decrease in welding speed.

Fig. 14 shows the residual stress measurement results at top
of the weld along the x direction obtained by the X-ray diffrac-
tion technique. Obviously, with an increase in welding speed, the
longitudinal stress at the center of the weld bead changes from
the compressive state to the tensile one. The maximum stress also
reduces slightly with the increase of the welding speed. At the
same time, the residual stresses at the weld zone obtained by laser
welding alone and by GTAW at the constant welding speed are
also measured for comparison. The laser power is set at 2.5 kW,
the arc current is set at 150 A, and the arc voltage is set at 15.1V.
The residual stress measurement results clearly show that stress
components (the transverse stress, SX in Fig. 15a, and the longitu-
dinal stress, SZ in Fig. 15b) in the weld zone using only arc welding
are of the highest intensities. However, the residual stress level at
the weld zone obtained by hybrid laser/arc welding is of the low-
est intensity, even lower than ones obtained by only laser weld
as shown in Fig. 15. These results strongly support the conclu-
sions derived from the numerical modeling results, which further
validates the accuracy of the proposed thermo-mechanical finite
element analysis.

5. Conclusions

A 3D thermal-mechanical finite element model is developed to
investigate the temperature field and transient thermal stress field
in the hybrid laser—-GTAW welding for a lap joint configuration.
Several conclusions can be drawn from the proposed study and
shown as follows:

(1) An air-steel film model is used to consider the contact heat
transfer at the interface between the top and bottom metal
sheets, which is validated as an efficient way experimentally.

(2) The numerical results show that a higher stress convergence
exists at the HAZ of weld, and longitudinal stress (SZ) and trans-
verse stress (SX) prevail in the hybrid welding process. The
X-ray diffraction test machine is used to measure the resid-
ual stress distribution in the welds obtained by the laser hybrid
technique. A qualitative agreement exists between the numer-
ical prediction and experimental measurement.

(3) The level of residual stress concentration in the welded joint
obtained by hybrid laser—-GTAW is lower than ones present in
the weld joints obtained by either laser welding alone or GTAW.

(4) The proposed study could be used to better clarify the distri-
bution of the thermally induced residual stresses during the
different types of welding processes.
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