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Abstract Laser + pulsed gas metal arc welding (GMAW)
hybrid welding process is an attractive joining technology
in industry due to its synergy of the two processes. It is of
great significance to conduct fundamental investigations
involving mathematical modeling and understanding of the
hybrid welding process. In this study, an adaptive heat
source model is first developed for laser beam welding.
Through combining the ray-tracing method with the
keyhole profile determination technique based on the local
energy balance, the keyhole shape and size are calculated
and correlated to the distribution parameters of the
volumetric heat source model. Then, thermal action
characteristics in laser + pulsed GMAW hybrid welding
are considered from viewpoint of macro-heat transfer, and a
combined volumetric heat source model for hybrid welding
is developed to take consideration of heat input from laser,
pulsed gas metal arc, and overheated droplets. Numerical
analysis of thermal conduction in hybrid welding is
conducted. The shape and size of fusion zone and weld
dimension in the quasi-steady state are calculated for
various hybrid welding conditions, which have a fair
agreement with the experimental results.

Keywords Hybrid welding . Keyhole geometry . Numerical
analysis . Temperature profile .Weld dimension

1 Introduction

Since the digital waveform control makes the metal transfer
mode run under the condition of one-droplet-per pulse
during pulsed gas metal arc welding (GMAW), the welding
process is very stable, and there is almost no spatter [1].
However, pulsed GMAW, as a variant of GMAW process,
still has shortcomings of lower welding speed, less weld
penetration, and wider width of heat-affected zone (HAZ).
Though laser beam welding offers deep weld penetration
with high welding speed and small HAZ width, it requires
stringent parts positioning with lower gap bridging ability
and its high welding speed leads to high solidification rates
which may in turn lead to cracking and/or pores in the seam
[2]. To enhance capability of two processes and compensate
deficiencies of each individual, laser + pulsed GMAW
hybrid welding process has been developed. Reported
advantages of this new process are an increase in (1) the
welding speed, (2) the weldable thickness, (3) the gap
bridging ability, (4) the weld quality with reduced suscep-
tibility to pores and cracks, as well as (5) the process
stability and efficiency. Thus, laser + pulsed GMAW hybrid
welding has significant potential of wide applications in
manufacturing industry [3–6].

However, for laser + pulsed GMAW hybrid welding
process, the number of process parameters is increased
because it involves not only the parameters of individual
process, but also the new parameters resulting from the
combination of two processes, such as the relative position
and posture between the laser head and GMAW torch [7].
Though the increased number of process parameters allows
a flexible adjustment of the hybrid welding process, it
places higher demands on the technology development and
the process optimization [8]. Until now, most of the
relevant welding parameters are determined empirically,
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which requires a substantial level of practical experience.
There is still a lack of fundamental investigations involving
mathematical modeling and understanding of hybrid welding
process [8, 9].

In hybrid welding, larger aspect ratio weld is produced
by keyhole phenomena. To develop adaptive heat source
model for laser + pulsed GMAW hybrid welding process, it
is essential to describe the thermal action of laser beam on
the workpiece appropriately. To describe the deep penetration
weld related to laser welding, three-dimensional volumetric
distribution of heat source on the weldment must be taken into
consideration. In this study, adaptive combined volumetric
heat source models are established to investigate thermal
conduction mechanism in laser beam welding and laser +
pulsed GMAW hybrid welding processes, respectively. The
distribution parameters of the volumetric heat source models
are calibrated by the predicted keyhole dimensions. The
temperature profiles and weld pool geometry in laser welding
and hybrid welding are numerically analyzed. It lays
foundation for process optimization and helps to understand
the heat transfer mechanism during the hybrid welding
process from the viewpoint of engineering.

2 Heat source model for laser beam welding

In laser beam welding, the high intensities of the focused
beam lead to the formation of a keyhole in the weld pool.
As shown in Fig. 1, the generated keyhole enables the beam
to penetrate deep into the workpiece and to distribute the
entrained energy over the depth greatly increasing the
penetration depth with no appreciable enlargement of the
weld seam width. Although several kinds of volumetric
heat sources were used to model the laser keyhole welding
process [10–14], they all do not fully take into account the

complex laser power distribution features in keyhole mode
laser welding. In this study, a novel kind of volumetric heat
source model in the form of curve-rotated body is
established to describe the heat input in keyhole mode
laser beam welding.

2.1 Rotary volumetric heat source

As demonstrated in Fig. 2, the key features of the proposed
volumetric heat source mode are as follows:

1. The heat input from laser beam is distributed within a
domain defined by a curve-rotated body. Its height is
equal to (ze−zi), while its radius r0(z) is tapered from
top to bottom surfaces according to a certain rule along
the thickness direction of the workpiece. During the
laser deep penetration welding, laser energy acts on the
workpiece through the keyhole, i.e., laser energy is
mainly concentrated inside the keyhole. The radii of heat
action domain at the top (re) and bottom surfaces (ri) are
determined according to the keyhole geometry.

2. In any plane perpendicular to the central axis (z axis),
the heat density distribution within the domain is
described by the Gaussian function [15],

qL r; zð Þ ¼ qm 0; zð Þ exp � 3r2

r20ðzÞ
� �

ð1Þ

where, qL (r, z) is the heat flux distribution function, qm
(0, z) is the power density at the central axis, and r0(z)
is the heat distribution parameter.

3. In keyhole mode laser welding, especially for Nd:YAG
laser, due to multiple reflection and Fresnel absorption
of laser energy on the keyhole wall, the power is
concentrated on the lower part of keyhole [15, 16]. So
the power density on the bottom of keyhole is much
higher. Considering this power distribution feature, the
power density qm (0, z) at the central axis of the heat
source increases with a certain rule along the thickness
direction of the workpiece. A proportion factor is
introduced to describe the difference between the peak
power densities at the top (z=ze) and bottom (z=zi)
surfaces of the domain,

# ¼ qm 0; zið Þ
qm 0; zeð Þ # � 1ð Þ ð2Þ

where, c is the proportion factor, qm (0, zi) and qm (0,
zi) are the power densities at the central axis of bottom
and top surfaces of the domain, respectively. In this
study, it assumes that qm (0, z) changes from qm (0, ze)
on the top surface to qm (0, zi) on the bottom surface in
a linear way, i.e.,

qm 0; zð Þ ¼ a1zþ b1 ð3ÞFig. 1 Schematic of keyhole laser welding

246 Int J Adv Manuf Technol (2011) 57:245–255



Because

qm 0; zeð Þ ¼ a1ze þ b1; qm 0; zið Þ ¼ #qm 0; zeð Þ ¼ a1zi þ b1

ð4Þ
Then, two coefficients a1 and b1 can be obtained by
solving the above two equations. And we get

qm 0; zð Þ ¼ qm 0; zeð Þ 1� #

ze � zi
zþ #ze � zi

ze � zi

� �
ð5Þ

Substituting Eq. 5 into Eq. 1, we obtain

qL r; zð Þ ¼ qm 0; zeð Þ 1� #

ze � zi
zþ #ze � zi

ze � zi

� �

� exp � 3r2

r20ðzÞ
� �

ð6Þ

4. In Eq. 6, different distribution modes are obtained if the
radius r0(z) is tapered from top to bottom surfaces in
different functions. The way how r0(z) varies determines
what kind of curve-rotated body takes the heat action
domain related to keyhole laser welding. In this study,
one kind of tapering function is used, i.e., r0(z) changes
in parabolic curve.

5. The heat source model describing laser beam welding
is the repeated addition of a series of heat density
functions in Gaussian form with different peak values
qm (0, ze) and parameters r0(z). Once the peak value qm
(0, ze) and the parameter r0(z) are known, Eq. 6 has
specific version, and the heat source model is determined.

Let r0(z) changes in a parabolic curve,

r0ðzÞ ¼ z2

p
þ s ð7Þ

Since ri ¼ z2i
p þ s; re ¼ z2e

p þ s Through solving these two
equations, we get

p ¼ z2e � z2i
re � ri

; s ¼ riz2e � rez2i
z2e � z2i

ð8Þ

r0ðzÞ ¼ re � ri
z2e � z2i

z2 þ riz2e � rez2i
z2e � z2i

ð9Þ

Integrating the heat density function within the domain, and
applying the law of energy conservation,

hLQL ¼
Z ze

zi

Z 2p

0

Z r0ðzÞ

0
q r; zð Þrdrdqdz ¼

Z ze

zi

Z 2p

0

Z r0ðzÞ

0
qm 0; zeð Þ 1� #

ze � zi
zþ #ze � zi

ze � zi

� �
exp � 3r2

r20ðzÞ
� �

rdrdqdz ð10Þ

where, ηL is the power efficiency, and QL is the laser power.
After a series of integration and manipulation, the following
expressions are obtained,

qm 0; zeð Þ ¼ 3hLQL

p 1� e�3ð Þ E þ Fð Þ ð11Þ

where two intermediate variables are defined as follows

E ¼ 1� #

ze � zi

1

p2
z6e
6
þ s

p

z4e
2
þ s2

2
z2e

� �
� 1

p2
z6i
6
þ s

p

z4i
2

þ s2

2
z2i

� �� �
ð12Þ

F ¼ #ze � zi
ze � zi

1

p2
z5e
5
þ 2

s

p

z3e
3
þ s2ze

� �
� 1

p2
z5i
5
þ 2

s

p

z3i
3

þ s2zi

� �� �
ð13Þ

Finally, the heat density function for the volumetric heat
source can be written as

qL r; zð Þ ¼ 3hLQL

p 1� e�3ð Þ E þ Fð Þ

� 1� #

ze � zi
zþ #ze � zi

ze � zi

� �
exp � 3r2

r20ðzÞ
� �

ð14Þ

where r0(z) is defined by Eq. 9.
It can be seen that the rotary volumetric heat source is

constructed by superimposing a number of Gaussian plane
heat sources with different peak power densities and
distribution parameters along the thickness direction of the
workpiece. The volumetric heat source model here can be
determined by the domain dimensions (re, ri, ze, zi). How to

0

x

y

z
qm

ri

re

r0

zi

ze

Fig. 2 Schematic of curve-rotated volumetric heat source
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correlate these domain dimensions (distribution parameters)
to the keyhole geometry is introduced next.

2.2 Algorithm for keyhole geometry

Kaplan developed a model to calculate the keyhole profile
using a point-by-point determination of the energy balance
at the keyhole wall [17]. The corresponding absorbed
power transferred to the keyhole wall balances the
conduction losses, which yields the local inclination of the
wall. As shown in Fig. 3, the geometry of the keyhole wall
in the longitudinal section may be calculated point-by-point
by locally solving the energy balance at the wall.

As illustrated in Fig. 3a, the local keyhole wall angle θ is
determined by the balance between the heat flux conducted
into the keyhole wall, qv, the locally absorbed beam energy
flux, Ia, and the evaporation flux, Ievp. The heat balance on
the keyhole wall requires that following relation is valid

tan qð Þ ¼ qv
Ia � Ievp

ð15Þ

The calculation of local keyhole wall angle θ requires
the values of qv, Ia, and Ievp. The main advantage of
Kaplan’s model is simple, but its main shortcoming is the
oversimplification for calculating Ia. The locally absorbed
beam energy flux Ia on the keyhole wall is calculated by
taking into account the Fresnel absorption by the workpiece
during multiple reflections and the plasma absorption. The
previous models [17, 18] used a conical keyhole to estimate
the locally absorbed beam energy flux Ia on the keyhole
wall, and did not consider the curvature of the local keyhole
wall. In addition, a constant absorption coefficient was used
to calculate the value of Ia.

Cho and Na used a ray tracing technique to calculate the
multiple reflection and Fresnel absorption [15]. Here, this
ray tracing technique is used to determine the locally
absorbed beam energy flux Ia on the keyhole wall.
Therefore, the ray tracing technique is combined with the

point-by-point determination of the energy balance at the
keyhole wall.

To implement the multiple reflections in analysis, a ray
tracing technique with the discrete grid cell system is
proposed as shown in Fig. 4. First of all, a ray vector is
formed from the focal point to an arbitrary cell denoted as
~I . Some portion of the energy contained in the ray is
absorbed according to the Fresnel absorption model, and
the rest is delivered by the reflected ray R

!
to the point Pr

on the opposite side by the following simple vector
equation.

~R ¼~I þ 2 �~I � ~N� �
~N ð16Þ

where, ~N indicates the surface normal at that irradiated
point Pi.

The molten surface of workpiece is regarded as specular
in this study, and it is reasonable to adopt the Fresnel
reflection model [15] which is widely accepted for the
decision of material’s laser absorption rate. Reflectivity R at
the molten surface is mainly dependent on the angle
between incident ray and surface normal f. The absorption
rate α (f) will be 1−R.

a fð Þ ¼ 1� 1

2

� 1þ 1� " cos fð Þ2
1þ 1þ " cos fð Þ2 þ

"2 � 2" cos fþ 2cos2f
"2 þ 2" cos fþ 2cos2f

" #

ð17Þ

"2 ¼ 2"2

"1 þ "21 þ sst =w"0ð Þ2
h i1

2

The value of ε is related to the electrical conductance per
unit depth of metal, σst, and ε1, ε2 denotes the real part of the
dielectric constants of metal and plasma respectively. Addi-
tionally, ε0 indicates the permittivity of a vacuum and ω is one
of the laser properties representing the angular frequency.

Keyhole
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WWelding direction(a) (b)Fig. 3 Schematics of the
inclination angle of local
keyhole wall and calculation
process of keyhole profile [17]
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As shown in Fig. 5, a ray is reflected from point Pk−1 to
point Pk, and then to point Pk+1. According to geometrical
optics approach, the angle ak between incident ray and
reflection ray at point Pk may be written as

ak ¼ p � 2 qk0 þ qk
� � ð18Þ

qk0 ¼ 2
Xk�1

n¼1

qn ð19Þ

where, θk is the inclination angle of local keyhole wall at a
point where a ray is reflected kth time, and θn is the
inclination angle of local keyhole wall at a point where a
ray is reflected nth time. Since the workpiece is discretized
in the thickness direction, it is not possible to find a point to
make αk exactly consistent with the angle between the
incident ray and the reflection ray. Therefore, it is necessary
to replace it by a point with nearest distance to point Pk

m.
And its criterion is expressed as

ak
m � ak

�� �� � ak
m�1 � ak

�� �� ð20Þ

ak
m � ak

�� �� � ak
mþ1 � ak

�� �� ð21Þ
where ak

m�1,a
k
m and ak

mþ1are the angles between incident
ray and reflection ray when a ray is reflected to points
Pk
m�1;P

k
m and Pk

mþ1, respectively. And ak
m may be calculated

by the following equation

ak
m ¼ arc cos

Pk
m

	!
� Pk
	!� �

� Pk�1
		!

� Pk
	!� �

Pk
m

	!
� Pk
	!����
���� Pk�1
		!

� Pk
	!����
����

ð23Þ

where, Pk
m

	!
; Pk
	!

and Pk�1
		!

are the vectors of points Pk
m;P

k and
Pk�1, respectively. ak

m�1 and ak
mþ1 can be calculated in a

similar way.
In general, the laser beam absorption is characterized by

the Fresnel absorption and the inverse Bremsstrahlung (IB)
absorption. The Fresnel absorption is very efficient inside
the keyhole due to the multiple reflection of the trapped
laser beam. The IB absorption is due to the plasma inside
the keyhole which absorbs the laser beam and then
redeposits the energy on the keyhole wall by radiation.
For Nd:YAG laser, IB absorption plays a minor role [19].
For simplification, the coefficient of IB absorption is still
taken as a constant. When a laser beam passes through a
plasma of length before hitting the keyhole wall, part of the
beam energy is absorbed by the plasma due to IB. For a ray,
when it is reflected by mth time to a point on the keyhole
wall, its intensity may be written as

Ii ¼ e�b lm
Ym�1

k¼1

1� a 8kð Þð ÞI rl; i; l1
� � ð24Þ

where Ii is the intensity transmitted, β is the IB absorption
coefficient, lm is the total length passing through the plasma
when the ray is reflected for mth time, l1 is the length
passing through the plasma when a ray is reflected to the
keyhole wall for first time, rl,i is the radial distance from the
beam axis to the keyhole wall point hit by a ray for its first
time, and α (fk) is the absorption rate for kth time reflection
(8k=α

k/2).
For a point on the keyhole wall, the total absorption

energy Ia is the sum of the energy from all direct incident
and reflected rays, i.e.,

Ia ¼
XN
i¼1

a fmð ÞIi ð25Þ

where, N is the number of rays including the direct incident
ray and the coming rays through multiple reflection on the
keyhole wall.
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0
k

k

k
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Fig. 5 Schematic sketch of
the methodology of multiple
reflections of laser beam on the
keyhole wall
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Fig. 4 Schematic diagram of multiple reflection effect in the keyhole
[15]
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The evaporation loss on the keyhole wall is calculated as
follows

qevp ¼ meLb ð26Þ
where, me is evaporation coefficient, and Lb is the latent of
evaporation.

The heat losses at each point of the keyhole wall may be
expressed as [17]

qv r;8ð Þ ¼ Tv � T1ð ÞlPe0
cos8þ K1 Pe

0 � r� �
K0 Pe0 � rð Þ

 !
ð27Þ

To obtain the keyhole profile in the longitudinal cross-
section (x–z plane), only the azimuthal angles 8=0, π are of
interest. The heat flow conducted away from the front and
rear keyhole wall may be described as

qv xf ; 0
� � ¼ Tv � T1ð ÞlPe0

1þ K1 Pe
0
xf

� �
K0 Pe0xf
� �

 !
ð27Þ

qv xr; pð Þ ¼ Tv � T1ð ÞlPe0 �1þ K1 Pe
0
xr

� �
K0 Pe0xrð Þ

 !
ð28Þ

where r is the radial distance from the local line source to
the keyhole wall, xf, xy are the distance from the local line
source to the front and rear keyhole wall, respectively, Tv,
T∞ are the boiling point and ambient temperature, respec-
tively, l is the thermal conductivity, K0 is the modified
Bessel function of the second kind and zero order, K1 is the
modified Bessel function of the second kind and first order,
and Pe′ is a modified Peclet number (Pe

0 ¼ v = 2a, v is the

welding speed, and a is the thermal diffusivity).
After Ia, qv, and qevp are known, Eq. 15 can be used to

determine the keyhole wall geometry. If a mild steel
workpiece of thickness 8 mm is welded with a laser power
2 kW and travel speed 1 m/min, the calculated keyhole
geometry and a light ray trace are shown in Fig. 6. It is
clear that the ray can reach the bottom of the keyhole after
multiple reflections inside the keyhole. Most of the
traveling rays in the keyhole are superposed at the keyhole
bottom, which results in a deep penetration and an increase
in the total energy absorption rate.

2.3 Keyhole-based heat source model for laser welding

When the keyhole geometry is determined, its shape and
size are used to calibrate the distribution parameters of the
volumetric heat source for laser beam welding.

re ¼ xf � xr
2

ð29Þ

ri ¼ re
2

ð30Þ

ze � zi ¼ HK ð31Þ

ze ¼ L

where (xf −xr) is the keyhole length at the top surface, HK is
the keyhole depth, and L is the workpiece thickness.
Therefore, the distribution parameters of volumetric heat
source for laser beam welding are correlated with the
keyhole shape and size.

3 Heat source model for hybrid welding

Based on the appropriate description of heat input from laser
beam, pulsed GMAW and heat content of droplets, adaptive
heat source model for laser + pulsed GMAW hybrid welding
is developed through combining three parts of heat density.

In the pulsed GMAW process, the peak current is usually
much greater than the background current and both

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0
z,

 m
m

x, mm

Fig. 6 The calculated keyhole and multiple reflections of a light ray
inside the keyhole

Table 1 The process parameters in laser welding (other parameters:
focal radius 0.6 mm, focal length 200 mm, beam defocusing −1 mm)

Test No. Laser power, kW Welding speed, m/min

1 2.0 1.2

2 2.0 1.8

3 1.8 1.0

4 2.0 1.0
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alternatively act on the workpiece. One single heat source is
not able to reflect the features of pulsed GMAW process.
When pulsed GMAW is combined with laser welding, the
hybrid welding process is operating at a higher welding
speed. If sole pulsed GMAW works at such high speed, its
weld penetration is comparatively small. Thus, it is
reasonable to treat the heat input of pulsed GMAW arc as
two double elliptic heat sources with different distribution
parameters, which are corresponding to the average peak
and background heat input, respectively.

During pulsed GMAW, the overheated droplets impinge
onto weld pool surface with high velocity and carry extra
heat content into weld pool. This part of droplet heat has a
certain impact on the weld pool geometry. So it is necessary
to take into account the droplet heat content in modeling
temperature field and weld pool geometry. In addition,
droplets deliver momentum into weld pool and result in pool
surface depression. Thus, the heat content of overheated
droplets should distribute in a region within weld pool. In this

Fig. 7 Schematic of the laser + pulsed GMAW hybrid welding
process
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Fig. 8 Comparison between the
calculated and measured trans-
verse cross-section geometry of
laser welds a test 1, b test 2, c
test 3, d test 4
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study, this region is treated as a double ellipsoid within which
the relevant heat density is uniformly distributed with time-
averaged heat density.

The following three parts of heat input into weldment are
combined together, i.e., double elliptic planar distribution
of both peak and background duration from pulsed arc,
double ellipsoid body distribution of droplet heat content,
and parabolic curve-rotated body distribution of laser beam
with linearly enhanced peak density along the centerline. To
describe this model mathematically, it can be written as

qV x; y; zð Þ ¼ qap x; yð Þ þ qab x; yð Þ
 �þ qd þ qL r; zð Þ ð32Þ

where r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
.

4 Results and discussion

First, the keyhole-based heat source model for laser beam
welding is used to calculate the temperature field in laser
beam welding. The process parameters are listed in Table 1.
The material of workpiece is mild steel with thickness of
8 mm. During the calculation process, the keyhole
geometry is first calculated, and then the distribution
parameters for the volumetric heat source are determined
automatically. The proportion factor χ takes a value of 2.0
in this study. Figure 7 shows the comparison between the
predicted and measured transverse cross-section of laser
weld under different conditions. On the left-hand side, the
solid line and dotted line demonstrate the predicted fusion
line and keyhole wall, respectively. On the right-hand side
is the macro-photograph of laser welds. The calculated
keyhole radius at top surface is almost near the focal radius
of laser beam, while the keyhole depth is near but slightly
less than the weld penetration. The predicted transverse
cross-sections of laser welds agree with the experimentally
measured ones.

Then, the combined volumetric heat source model is
employed to calculate the temperature field in laser + pulsed
GMAW hybrid welding. This study is mainly concentrated on
the prediction of weld geometry and temperature profiles
through developing adaptive heat source model. To speed up
the simulation process and focus on main mechanisms in
hybrid welding, only the heat conduction problem in the

quasi-steady state is considered, and the fluid flow in the weld
pool is not dealt with at this stage.

As shown in Fig. 8, the coordinates system is moving at
the welding speed along the welding direction (x-axis),
z-axis along the opposite thickness direction and the origin
coincident with intersection point between top surface of
the workpiece and the arc centerline for hybrid welding.

Hybrid welding was conducted on mild steel workpiece
of 8-mm thickness. As shown in Fig. 8, laser beam was
leading and the arc was trailing. The laser beam was
perpendicular to the top surface of workpiece, while the
axis of GMAW torch was 270 titled with respect to the
centerline of laser beam. The laser-arc distance was
1.0 mm. The shielding gas was Ar+18%CO2. The mode
of metal transfer was one droplet for each pulse. The
process parameters are listed in Table 2. The combined
volumetric heat source model for hybrid welding is used to
calculate the temperature profile.

Figure 9 shows the calculated and measured weld cross-
section of laser + pulsed GMAW hybrid welding for test 1.
The previous mode [5, 6] is that the distribution parameters
of volumetric heat source are selected according to
experimental data and expertise, while the new mode in
this study is that the distribution parameters of volumetric
heat source are correlated to the predicted keyhole shape
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Fig. 9 Comparison of the calculated and measured weld cross-section
in hybrid welding (test 1)

Table 2 The process parameters in laser+GMAW-P hybrid welding

Test no. Base current/A Peak current/A Averaged current/A Averaged voltage/V Pulse frequency/Hz Wire feed rate/m min−1

1 15.6 528.0 119.7 22.9 116 4.1

2 15.6 525.0 144.4 24.0 125 5.0

Other parameters are as follows: laser power 2,000 W; welding speed, 1 m/min; wire diameter, 1.2 mm; wire extension, 16 mm; focus
position, −1 mm

252 Int J Adv Manuf Technol (2011) 57:245–255



-6

-4

-2

0

y, mm

z,
 m

m

770.0

970.0

1170

1370

1570

1770

-6

-4

-2

0

y, mm

z,
 m

m

770.0

970.0

1170

1370

1570

1770

-6

-4

-2

0

y, mm

z,
 m

m

770.0

970.0

1170

1370

1570

1770

-4

-2

0

x, mm

z,
 m

m

770.0

970.0

1170

1370

1570

1770

-4

-3

-2

-1

0

1

z,
 m

m

y, mm

 Predicted
 Measured

(a)

-6 -4 -2 0 2 4 6

-6 -4 -2 0 2 4 6

-6 -4 -2 0 2 4 6

-40 -35 -30 -25 -20 -15 -10 -5 0

-4 -3 -2 -1 0 1 2 3 4

-40 -35 -30 -25 -20 -15 -10 -5 0
0

2

4

6

8

x, mm

y,
 m

m

770.0

970.0

1170

1370

1570

1770

(d) Front view (x=1.0 mm)

(e) Front view (x=0.0 mm)

(f) Front view (x=-2.0 mm)

(c) side view (y=0)

(b) Top view (z=0) 

Fig. 10 The predicted weld
geometry (a) and temperature
fields (b–f) in hybrid welding
(test 2)

Int J Adv Manuf Technol (2011) 57:245–255 253



and size. It is seen that the predicted and experimental
results are in good agreement, and the calculation accuracy
is improved by using the new mode. It demonstrates that
the new heat source model is suitable to simulate the laser +
pulsed GMAW hybrid welding process effectively.

Figure 10a compares the predicted weld cross-section of
hybrid welding with the measured one for test 2, while
Figs.10b–f demonstrate the predicted temperature fields at
different positions. The weld pool boundary is represented
by the 1745 K solidus isotherm. Figure 10b and c are the
temperature profiles at top surface and longitudinal cross-
section of workpiece, respectively. Figure 10d is the
temperature field at transverse cross-section at x=1 mm.
As shown in Fig. 8, this location is the axis of laser beam,
so the fusion zone with larger depth–width ratio is
dominated by laser power. The location x=0 is between
the laser beam and the GMAW torch, so that Fig. 10e
shows a fusion zone resulted from the combined effect of
both laser beam and arc power. Figure 10f illustrates a
fusion zone behind the arc (x=−2.0 mm), thus, it is just
affected by the arc power.

5 Conclusions

1. To depict characteristics of heat source action in laser
deep penetration welding, one new kind of heat
density distribution mode is proposed. The heat
source model describing laser beam welding is the
repeated addition of a series of heat density functions
in Gaussian form with different peak values and
distribution parameters within a curve-rotated body,
while its volume radius is tapered from top to bottom
surfaces according to parabolic curve, and its power
density at the central axis of the heat source
increases linearly along the thickness direction of
the workpiece, respectively.

2. The ray tracing technique is combined with the
Kaplan’s method for determining keyhole profile using
a line heat source and local energy balance at keyhole
wall. The multiple reflections of laser rays inside the
unsymmetrical keyhole and Fresnel absorption of laser
energy by keyhole wall are calculated. The prediction
accuracy of keyhole shape and size is improved. The
calculated keyhole dimensions are correlated with the
distribution parameters of the volumetric heat source
for laser welding. Based on the developed heat source
model for laser beam welding, the predicted transverse
cross-sections of laser weld are in good agreement with
the experimental measured ones.

3. Based on the appropriate description of heat input from
laser beam, pulsed GMAWand heat content of droplets,
the combined heat source model is developed for laser +

pulsed GMAW hybrid welding through combining three
parts of heat density. The developed adaptive volumetric
heat source model is employed to conduct numerical
analysis of temperature fields and weld dimensions in
laser + pulsed GMAW hybrid welding. The experimen-
tal results show that the computed transverse cross-
sections of hybrid welds match well with the measured
values for various welding conditions.
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