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Abstract As the mathematical model has been developed in
part I, the simulation results of the transport phenomena and
solidification cracking in laser spot bead-on-plate welding of
AA6063-T6 aluminum alloy and the experimental validation
are presented in this paper. Modeling results showed that the
solute concentration in the solidified region continuously in-
creases during the solidification process. As the temperature is
lower than the coherent temperature (i.e., the temperature at
which the coherent mushy zone is just formed), the strains
accumulated in the coherent mushy zone increase with the
increasing solid fraction. The amount of strain in the mushy
zone is primarily determined by the life (i.e., time span) of the
coherent mushy zone, which is determined by the solidifica-
tion range and solidification time. The increased solidification
range and consequently solidification time extend the life of
the coherent mushy zone, which increases the amount of strain
and thus increases the likelihood of solidification cracking.
The modeling results are in agreement with the experimental
results. Both the experimental and modeling results exhibited
that solidification cracking is prone to occurring near the top
surface and middle part of the weld bead and an increase of
laser power leads to the higher cracking susceptibility.

Keywords Laser welding . Aluminum alloy . Solidification
cracking .Mushy zone . Numerical simulation

1 Introduction

In the first part of this study [1], the mathematical model and
numerical considerations for the calculations of mass, mo-
mentum, heat, species, stresses, and strains during laser spot
bead-on-plate welding of aluminum alloy have been devel-
oped. In this second part, the simulation results will be pre-
sented and validated by the experiments.

Laser welding has been used widely to join metal materials
with high precision and efficiency. Despite many advantages
over other welding techniques, the use of laser welding of
aluminum in vehicle structural applications has been limited,
mainly because of concerns regarding the weld discrepancies
such as cracking, porosity, and HAZ degradation [2–5]. So-
lidification cracking is a major discrepancy and commonly
observed during laser welding of aluminum alloys if the
welding conditions are not set up properly. Previous research
[6] indicated that the solidification cracking occurred at the
terminal stage of solidification when the metal almost solidi-
fied completely with liquid films presented along the grain
boundaries. The material becomes very brittle with the exis-
tence of liquid films and can be torn apart when the tensile
strain is built up. Basically, the controlling factors of solidifi-
cation cracking consist of metallurgical and mechanical parts
[7]. Metallurgical factors include the solidification range,
backfilling, dendrite coherency, eutectic fraction, surface ten-
sion, grain boundaries, etc. In general, a large solidification
range leads to an extended mushy zone and increases solidi-
fication cracking susceptibility [8, 9]. Mechanical factors refer
to the stresses and strains induced during the solidification
process, which provide the driving force to form the cracks.
Up until now, various criteria for solidification cracking re-
garding the behavior of the mushy zone were proposed
[10–17]. Since the stress and strain evolutions are closely
related to the transport phenomena and material properties,
the united modeling of the transport phenomena and
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mechanical behavior of the workpiece are essential to predict
the solidification cracking.

In comparisonwith other metals, aluminum alloys are more
susceptible to solidification cracking due to its relatively high
thermal contraction and solidification shrinkage [5]. Various
methods have been proposed to eliminate the solidification
cracking during fusion welding of aluminum [18–27]. Cicală
et al. [18] made a series of experiments with the attempt to
identify the effects of operating factors of laser welding on the
weld quality, and the results showed that the most influential
factors to the solidification cracking were the welding speed
and wire feed rate. The effect of chemical compositions was
studied by Kim et al. [19], Ploshikhin et al. [20], and
Karunakar et al. [21], and it was found that the cracking was
mitigated by adding appropriate amount of some special ele-
ments. Ploshikhin et al. [22] investigated the interrelation
between the welding parameters, properties of the welded
material, and the cracking susceptibility of AA6056-T4 alu-
minum alloy. It was also reported that the solidification crack-
ing was reduced by introducing a trailing heat sink or an
additional heat source in the welding because the mechanical
strain in the brittle temperature range (BTR) was reduced by
changing the temperature distribution in the material and thus
the cooling rates of BTR [23, 24]. Chen and Molian [25]
found that solidification cracking was effectively minimized
by using the dual beam as compared to single beam laser
welding. Zhang et al. [26] investigated the effect the temporal
pulse shaping on the solidification cracking susceptibility of
Nd:YAG-pulsed laser welds of AA6061-T6 aluminum alloy,
and the results showed that the crack-free welds were obtained
over a limited range of trailing ramp down gradients.
Lakshminarayanan et al. [27] investigated the effect of various
fusion welding methods on the strengths of welded AA6061
aluminum alloy and found that the formation of fine, equiaxed
microstructure in the weld zone led to the sound weld strength
with superior resistance to solidification cracking. However,
due to complex phenomena involved in laser welding of
aluminum alloys, details of the underlying physics involved
in the observed cracking phenomena cannot be fully under-
stood by experiments alone. The united model combining the
transport phenomena and stress/strain evolutions for laser
welding of aluminum alloys is also not fully developed.

Based on the mathematical model developed in part I of
this study, the simulation results of the temperature, velocity,
concentration, and stress distributions during laser spot bead-
on-plate welding of AA6063-T6 aluminum alloy are present-
ed in this part. The solidification cracking susceptibility is
assessed by examining the mechanical strain developed in
the coherent mushy zone. The effect of laser power on
solidification cracking susceptibility is also discussed in
terms of strain accumulation and liquid backfilling in the
mushy zone. Finally, the modeling results are validated
by the experiments.

2 Results and discussion

Three-millimeter thick AA6063-T6 aluminum alloy was se-
lected in this study. Table 1 lists the physical properties of
AA6063-T6 [28]. Note that the absorptivity of laser energy at
solid or liquid surface in Table 1 refers to the Fresnel absorp-
tion of the incident intensity directly from the laser beam. In
fact, once the keyhole is formed, the laser energy is virtually
completely absorbed by the keyhole due to multiple reflec-
tions, as discussed in part I [1]. Table 2 lists the operating
parameters for the laser spot bead-on-plate welding process in
the model. A laser beam with a Gaussian distribution is
assumed. The workpiece is assumed to be constrained at the
sidewalls (r=2.5 mm) and the bottom surface (z=0), which
indicates that the normal displacements at these surfaces are
set to be zero (see Eqs. (61)–(62) in part I).

2.1 Temperature, velocity, solute, and stress distributions

Modeling results on the sequence of temperature distributions,
velocity distributions, solute (Mg2Si) concentration distribu-
tions, and transverse stress distributions for laser spot bead-
on-plate welding of 3-mm thick AA6063-T6 at P=3.0 kWare
presented in Figs. 1, 2, 3, and 4, respectively. The following
phenomena can be observed in the figures: heating and melt-
ing of workpiece, weld pool formation and dynamics, forma-
tion and collapse of the keyhole, and cooling and solidifica-
tion of weld metal during laser welding.

Figure 1 shows the temperature distributions in the metal
during laser spot bead-on-plate welding of 3-mm thick
AA6063-T6 aluminum alloy. As shown, at the beginning of

Table 1 Physical properties of AA6063-T6 aluminum alloy

Nomenclature Value

Specific heat of solid phase cs(J/kg–K) 900

Specific heat of liquid phase cl(J/kg–K) 900

Thermal conductivity of solid phase ks(W/m–K) 180

Thermal conductivity of solid phase kl(W/m–K) 180

Density of solid phase ρs(kg/m
3) 2,690

Density of liquid phase ρs(kg/m
3) 2,690

Dynamic viscosity μl(kg/m–s) 0.012

Latent heat of fusion H(J/kg) 3.9×105

Initial solidus temperature Ts(K) 888

Initial liquidus temperature Tl(K) 928

Boiling temperature Tv(K) 2,740

Thermal Expansion at 300 K(10−6/K) 27

Absorptivity of laser energy at solid surface 0.2

Absorptivity of laser energy at liquid surface 0.5

Initial solute concentration (Mg) (wt%) 0.7

Initial solute concentration (Si) (wt%) 0.4
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the welding process (i.e., t<1.6 ms), the laser energy is mainly
consumed to heat up the base metal and correspondingly a
small weld pool forms. Because the top surface of the work-
piece is almost flat at this time, significant laser energy is
reflected away [13]. At t=4.8 ms, the laser-induced recoil
pressure begins to push the molten metal downward when
the liquid metal begins to evaporate, and a keyhole is formed.
The temperature of the metal vapor increases quickly, and
finally, metal vapor is ionized to form the plasma under the
intensive laser beam. The laser-induced plasma has a signifi-
cant effect on the keyhole drilling process, which absorbs
significant laser energy through the iB absorption [13]. This
reduces the amount of laser energy that can reach the bottom
surface of the weld pool, and consequently, the recoil pressure
and drilling speed decrease at the same time. Meanwhile, the
hydrostatic pressure at the bottom of the weld pool increases
as the keyhole becomes deeper, which provides the higher

resistance force to the keyhole drilling process. As a result, the
drilling speed gradually decreases during the melting process.
Subject to the surface tension and hydrostatic pressure [1], the
keyhole begins to collapse when the laser power is shut off at
t=18 ms. After that, the temperature of the base metal de-
creases quickly, and the molten metal is solidified.

Figure 2 presents the corresponding velocity distributions
in the weld pool during laser spot bead-on-plate welding of 3-
mm thick AA6063-T6. The driving forces are the laser-
induced recoil pressure and surface tension force [13]. As
shown in Fig. 2, at t=1.6 ms, the melt flow in the weld pool
is not significant because of the short action time of recoil
pressure. The velocity becomes more significant at t=4.8 ms.
At t=8.0 ms, as the keyhole becomes deeper, the metal vapor
pulls the liquid at the liquid-gas interface upward. Meanwhile,
the recoil pressure is always greater than the hydrostatic
pressure during the melting process, and it would squeeze
the molten metal to flow upwards. As a result, the molten
metal flows outwards and the velocity at the liquid-gas inter-
face is greater than that of the other places of the weld pool. As
the keyhole begins to collapse, as shown at t=20.8 ms, the
molten metal backfills the keyhole under the hydrostatic pres-
sure. The velocity decreases quickly after the keyhole col-
lapses and disappears gradually during the solidification
process.

Figure 3 shows the corresponding solute (Mg2Si) concen-
tration distributions in the weld metal during laser spot bead-
on-plate welding of 3-mm thick AA6063-T6 aluminum alloy.
As shown, the initial solute concentration for AA6063-T6 is
about 1.083 wt%. From this figure, it is found that the segre-
gation has a significant effect on the solute redistribution.
During the melting process at t<14.4 ms, the solute concen-
tration in the weld pool and solid zone is fixed at the initial

Table 2 Process parameters for modeling of laser welding of AA6063-
T6 aluminum alloy

Nomenclature Value

Laser power P (kW) 3.0

Laser beam radius at focus rf0(mm) 0.2

Laser beam radius rf(mm) 0.2

Substrate initial temperature T0(K) 300

Surrounding temperature Tgas(K) 300

Ambient temperature T∞(K) 300

Thickness of substrate metal Hb(mm) 3.0

Radius of substrate metal Rb(mm) 2.5

Pulse duration td(ms) 18
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Fig. 1 Temperature distributions
in the weld metal for bead-on-
plate laser welding of 3-mm thick
AA6063-T6 aluminum alloy
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concentration because the segregation has not occurred. At t=
14.4 ms, the solute concentration in the solidified region near
the top surface begins to decrease, which can be explained as
follows. The solidification process is ongoing at the upper
boundary of the weld pool at t=14.4 ms while the laser power
is still on. This is because most of the laser energy hits at the
underside of the keyhole as the keyhole becomes deep. When
the keyhole reaches a certain depth, the laser energy received
by the upper boundary of the weld pool is less than the heat
dissipates to the surroundings, and then the liquid metal be-
gins to solidify at the edge of the weld pool. According to the
solidification path prior to the eutectic formation shown in

phase diagram (see Fig. 2 in part I), the solute concentration in
the solid phase equals to the solute concentration in the liquid
phase multiply by the partition coefficient (k0=0.12) at the
solid-liquid interface during solidification. As a result, the
solute concentration in the solidified region is quite low at
the initial stage due to small partition coefficient. When the
laser power is shut off at t=18 ms, the molten metal begins to
solidify, and the size of the weld pool decreases quickly. As
the liquid metal solidifies, more and more solute is expelled to
the weld pool, consequently the solute concentration in the
weld pool becomes higher, and correspondingly, the solute
concentration in the solidified region continuously increases.
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Fig. 2 Velocity distributions in
the weld pool for bead-on-plate
laser welding of 3-mm thick
AA6063-T6 aluminum alloy
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Fig. 3 Concentration
distributions in the weld metal for
bead-on-plate laser welding of 3-
mm thick AA6063-T6 aluminum
alloy
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As shown, a high concentration zone is observed in the middle
portion of the workpiece at the end of solidification.

Figure 4 presents the corresponding transverse stress (i.e.,
the stress component in the r direction) fields in the workpiece
for laser spot bead-on-plate welding of 3-mm thick AA6063-
T6 aluminum alloy. Note that the stresses and strains are zero
as the temperature is higher than the coherent temperature
(i.e., the temperature at which the coherent mushy zone is just
formed). As shown, the stresses are negative (i.e., compres-
sive stresses), and the stress distributions have the similar
pattern during the whole melting process (t<18 ms). Because
the workpiece is constrained at the sidewalls (r=2.5 mm) and
the bottom surface (z=0), the thermal expansion occurring in
the melting process induces the compressive stresses inside
the material. In the zone far away from the weld pool, the
magnitude of compressive stress is low because the thermal
expansion is quite small due to the insignificant temperature
change. The stresses are also very low in the zone near the
weld pool in spite of the large thermal expansion. This is
because the yield strength of the material is significantly
reduced at the elevated temperatures [25]. As a result, a high
stress zone is formed in the zone between the above two low
stress zones. During the solidification process (t>18 ms), the
compressive stresses gradually decrease and the tensile stress-
es (denoted by the positive values in Fig. 4) gradually build
up. For example, the compressive stresses at t=20.8 ms are
generally smaller than those at t=18 ms. The tensile stresses
are first observed at t=24 ms, which initiate in the solid zone
near the weld pool because of a significant decrease in tem-
perature resulting in the large thermal contraction here. Then,

the areas under the tension expands, and finally, the whole
workpiece is under tensile stresses at t=40 ms. The phenom-
enon can be explained that the compressive elastic strains
caused by aforementioned thermal expansion during the melt-
ing are gradually released and the tensile strains gradually
developed by the thermal contraction during the solidification
process. The evolutions of tensile stresses and strains are
critical to the formation of solidification cracking as discussed
below.

2.2 Evaluation of solidification cracking

Figure 5 presents the effect of solute segregation on the
mechanical strains in the BTR for the regions at z=
2.875 mm of laser spot bead-on-plate welded 3-mm thick
AA6063-T6 aluminum alloy. The threshold strain for
assessing the cracking occurrence is also given as discussed
in part I [1]. In this study, as the temperature reaches the
coherent temperature, the mechanical and thermal strains at
the coherent solid fraction (fs=0.6) become zero. The mechan-
ical strains in the BTR increase as the solid fraction increases
due to the presence of tensile stresses as fs>0.6. Since the
visco-plastic strains developed in the BTR are time-
dependent, the cooling rate becomes the most important factor
regarding strain accumulation. The higher cooling rate corre-
sponds to the shorter solidification time within the BTR,
which leads to the relatively small visco-plastic strains be-
cause the material in the coherent mushy zone has less time to
creep. When the segregation is ignored, as shown in Fig. 5a, it
is apparent that the mechanical strains become smaller as the

012 1 2

1

3

2

0

4

r (mm)

z 
(m

m
)

t = 1.6 ms t = 11.2 mst = 4.8 ms

t = 20.8 ms

t = 8.0 ms

t = 14.4 ms t = 17.6 ms t = 24.0 ms

t = 27.2 ms t = 33.6 mst = 30.4 ms t = 40 ms

σr  (MPa)
-70 -60 -50 -40 -30 -20 -10 0 10 3020 40 50 60 70

Fig. 4 A sequence of transverse
stress distributions in the weld
metal for bead-on-plate laser
welding of 3 mm thick AA6063-
T6 aluminum alloy
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location of the mushy zone gets closer to the central axis of the
weld metal. This phenomenon can be further explained as
follows. For the case without segregation, the solidification
range changes little during the whole solidification process
because the solute concentration changes little (C=
1.083 wt%), and consequently, the BTR remains a constant
(see Fig. 3 in part I) as the corresponding solid fraction is in
the range of 0.6 to 1.0. The cooling rate in the coherent mushy
zone is primarily determined by the heating condition of the
adjacent weld pool. As the weld pool shrinks and the temper-
ature of the liquid metal decreases in the later stage of the
solidification process, the heat dissipation rate from the weld
pool to the mushy zone decreases, resulting in a high cooling
rate of the coherent mushy zone. Consequently, the accumu-
lated mechanical strains decrease in the region closer to the
axis of the weld metal. When the segregation is considered in

the solidification process as shown in Fig. 5b, however, the
mechanical strains in the region closer to the axis of the
workpiece are much higher, as compared to the case without
segregation. It is also found that the threshold strain curve
within BTR and the strain distribution cross each other at r=
0.05 and 0.15 mm, which indicates the likelihood of solidifi-
cation cracking near the middle part of the workpiece. For the
cases with segregation, the solute concentration in the mushy
zone continuously increases during the solidification process,
and consequently, the solidification range becomes wider (see
Fig. 3 in part I). As a result, the life (i.e., time span) for the
coherent mushy zone is longer, leading to the higher
mechanical strains. In conclusion, the amount of strain
in BTR is primarily determined by the life that the
coherent mushy zone experiences, which is determined
by the solidification range and weld cooling rate. The

Fig. 5 Effect of segregation on
the mechanical strain in the
mushy zone at z=2.875 mm for
bead-on-plate laser welding of 3-
mm thick AA6063-T6 aluminum
alloy. a without segregation; b
with segregation
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solidification range is mainly dependent on the solute
concentration and segregation.

Figure 6 shows the effect of solute segregation on the
mechanical strains in the BTR for the regions at r=0.2 mm
of laser spot bead-on-plate welded 3-mm thick AA6063-T6

aluminum alloy. As shown, the results for mechanical strains
in BTR at r=0.2 mm are similar to the results discussed in
Fig. 5. When the segregation is ignored, refer to Fig. 6a, the
mechanical strains become smaller as the location of the
mushy zone gets closer to the top surface of the weld metal.

Fig. 6 Effect of solute
segregation on the mechanical
strain in the mushy zone at r=
0.2 mm for bead-on-plate laser
welding of 3-mm thick AA6063-
T6 aluminum alloy. a without
segregation; b with segregation
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As the segregation is taken into account, refer to Fig. 6b, the
region closer to the top surface (z=3.0 mm) has the high
strains. This is because the solute concentration in the mushy
zone increases during the solidification process, and thus, the
solidification range becomes large. As a result, the life for the
coherent mushy zone is extended which is helpful for strain
accumulation. In turn, as the segregation is considered, the
threshold strain curves within BTR and the strains cross each
other at z=2.9 and 3 mm, which indicates the high likelihood
of solidification cracking near the top surface of the
workpiece.

2.3 Effect of laser power

Figure 7 presents the effect of laser power (i.e., P=2.4, 3.0,
and 3.6 kW) on the final solute concentration distributions for
laser spot bead-on-plate welding of 3-mm thick AA6063-T6
aluminum alloy. As shown, an increase in laser power results
in an increase in the weld pool size and consequently the
region with the segregation and solute redistribution. From
the final solute distribution shown in this figure, it is found
that the high solute-concentration zone appears near the center
and top surface of the weld bead, and its size increases with
the elevation of laser power. This is because the significant
amount of solute in the solid metal diffuses into the weld pool
during the melting process with an increase in laser power,
and thus, the segregation during the solidification process
expels the more solute to the end of solidification that is
accumulated near the center and top surface. The solute con-
centration is important for the formation of mechanical strains
in the mushy zone and cracking formation as discussed below.

Figure 8 shows the effect of laser power on the me-
chanical strains at z=2.875 mm in the mushy zone for
laser spot bead-on-plate welding of 3 mm thick AA6063-
T6 aluminum alloy. Note that the segregation is consid-
ered here. As shown, an increase of laser power leads to
an increase in the strains and solidification cracking sus-
ceptibility. For example, the threshold strain curve within
BTR and the tensile strains cross each other at r=0.05 and
0.15 mm at the laser power levels of P=3.0 and 3.6 kW,
which indicates the occurrence of solidification cracking.
However, two curves do not cross each other under a laser
power of P=2.4 kW, indicating that solidification crack-
ing would not occur. This is mainly because an increase in
laser power actually creates a comparatively high-
temperature boundary for the mushy zone that would
lower its cooling rate and extend the solidification time.
Therefore, the high laser power results in a long life for
the coherent mushy zone, which increases the amount of
mechanical strain and thus the solidification cracking
susceptibility.

It should be pointed out that the above discussion
about the solidification cracking from Figs. 5, 6, 7, and
8 is based on the strain theory [9]. According to this
theory, an increase in mechanical strain developed in the
mushy zone leads to an increase in solidification cracking
susceptibility. As discussed above, a longer solidification
range and a lower cooling rate lead to a longer solidifica-
tion time that results in higher mechanical strain and
solidification cracking susceptibility. However, it has been
noticed that the susceptibility of solidification cracking is
also related to the liquid backfilling [6]. The solidification
cracking occurs only when the mechanical strain exceeds
the threshold value and the liquid backfilling is insuffi-
cient. Extending the solidification time would allow more
time for the liquid metal to backfill, which, in turn, may
reduce the solidification cracking susceptibility [26]. As a
result, the long solidification time of the coherent mushy
zone leads to the different results for the solidification
cracking to occur in terms of the accumulated mechanical
strains and liquid backfilling. Therefore, there exists a
competition between these two conditions. More research
remains to be done to decide which conditions, the accu-
mulated mechanical strains in the coherent mushy zone or
the liquid backfilling, dominate the occurrence of solidi-
fication cracking. Nevertheless, it is significant to evalu-
ate the mechanical strains accumulated in the coherent
mush zone as discussed in the present study, which is

�Fig. 8 Effect of laser power on the mechanical strains at z=2.875 mm in
the mushy zone for bead-on-plate laser welding of 3-mm thick AA6063-
T6 aluminum alloy. a P=2.4 kW; b P=3.0 kW; c P=3.6 kW; the
segregation is considered

Table 3 Mechanical properties of AA6063-T6 aluminum alloy

Nomenclature Value

Poisson’s ratio 0.33

Elastic Modulus at 300 K (GPa) 68.3

Tensile strength at 300 K (MPa) 241

Yield strength at 300 K (MPa) 214

Table 4 Chemical compositions
of AA6063-T6 aluminum alloy Chemical composition Si Mg Fe Cu Mn Zn Cr Ti Al

Value (wt%) 0.4 0.7 0.2 0.1 0.15 0.15 0.05 0.1 Balance
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the necessary condition for the occurrence of the solidifi-
cation cracking.

3 Experimental validation

3.1 Experimental procedure

3.1.1 Material

Three-millimeter thick AA6063-T6 aluminum alloy was used
in the validation experiment. The mechanical properties and
chemical compositions of this alloy, per the manufacturer’s
data sheet, are shown in Tables 3 and 4, respectively.

3.1.2 Sample fabrication

The spot weld configuration, shown in Fig. 9, was selected in
this study. The specimens were fabricated from 30×30×3 mm
sheets, and a weld was located in the center of each the

specimen. In order to constrain the workpieces during welding
process, the specimens were constrained by bolted connection
on a steel plate as shown in Fig. 9. Prior to welding, the
aluminum sheets were degreased by acetone and then polished
by abrasive cloth. The YLS-4000-CL fiber laser with the
adjustable power of 0–4 kW was used in the experiments.
The wavelength and radius of focal point are 1.07 μm and
0.2 mm, respectively. The welding time is 200 ms in this
experiment. A 100 % argon with a flow rate of 25 L/min
was used as the shielding gas.

3.1.3 Weld examination

To study the quality of laser spot welds and the cracking
susceptibility, the top surface and cross-sections of the speci-
mens were prepared and examined. The welds were etched by
Dix–Keller’s and were examined by FEI Quanta–200 scan-
ning electron microscope.

3.2 Modeling versus experimental results

Figure 10 presents the effect of laser power (i.e., P=3.2 and
3.6 kW) on the cracking susceptibility of a laser spot bead-on-
plate welded 3-mm thick AA6063-T6 aluminum alloy. As
shown in Fig. 10a, the solidification cracking was found in
each case and the cracks were initially developed near the
center of the weld bead and propagated outward. This phe-
nomenon is consistent with the aforementioned modeling
results. As discussed above, because the segregation leads to
wide solidification range in the central part of the weld bead
during solidification process, it takes more time for the molten
metal at this region to be completely solidified, and

Laser beam
Steel plate

Specimen 
(AA 6063)

Weld bead Screw

Fig. 9 Schematic of laser spot welding system in the experiment

P = 3.2 kW P = 3.6 kW

P = 3.2 kW P = 3.6 kW

Weld bead

Specimen

Weld bead
Specimen

B-side view

A-top view

Fig. 10 Effect of laser power on the cracking susceptibility in laser spot welding of 3-mm thick AA6063-T6 aluminum alloy. a top view; b side view
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consequently more mechanical strains are accumulated in the
mushy zone. When the accumulated mechanical strain in the
mushy zone exceeds the threshold strain, the solidification
cracking is likely to occur, and the locations near the middle
part become the most sensitive to form the cracking during the
solidification process. As comparing these two cases, it was
found that the amount and length of the cracks increased as the
laser power was increased under a given welding time. These
results indicate that the accumulated mechanical strains in the
coherent mushy zone prevailed for the occurrence of solidifi-
cation cracking under the given welding conditions, and an
increase in laser power resulted in an increase in susceptibility
of the cracking formation, which are in agreement with the
modeling results shown in Fig. 8.

As shown in Fig. 10b, the specimens were vertically ma-
chined into the two pieces along the center of the weld bead,
and cross-section of weld bead was examined from the side
view. Test results exhibited that the cracks formed at the
region near the center of the weld bead within a range of
1 mm. The cracks initially formed at the top surface of the
weld bead and propagated in the workpiece with a depth of
about 2 mm. The cracks formed near the top surface of the
weld bead in both cases, and they became significant at a laser
power of 3.6 kW. These phenomena observed in the experi-
ments are consistent with the modeling results.

It should be pointed out that the quantitative model valida-
tion is rather difficult. First, the absorptivity of laser energy at
the surface of AA6063-T6 aluminum alloy varies with the
temperature while the experimental data are unavailable. In
the present calculations, estimated values were used for the
absorptivity of solid and liquid surface. Second, the plasma
plume above the keyhole attenuates laser propagation through
laser absorption, scattering and refraction [2]. Furthermore, it
is difficult to create the keyhole at the initial stage due to high
reflectivity and cooling effect by shielding gas. All of these
details were not included in the modeling. Nevertheless, the
present investigation clearly demonstrates the usefulness of
the computation model, which can provide the designers with
a tool for estimating the effects of aluminum grades and
process variables (e.g., laser power and welding time) on the
cracking susceptibility of laser spot bead-on-plate welding of
aluminum alloys.

4 Conclusions

Based on the mathematical model developed in the first
part of this study, the transport phenomena, mechanical
behaviors and solidification cracking susceptibility of
AA6063-T6 aluminum alloy during laser spot bead-on-
plate welding were simulated. Based on the solidification
criterion built in first part of this study, the solidification
cracking susceptibility of laser spot bead-on-plate

welding of AA6063-T6 aluminum was assessed. The
modeling results were validated by the experiments.
The conclusions are as follows:

1. The mechanical strain at the coherent temperature is zero
initially. It increases in the coherent mushy zone as the
solid fraction increases during the solidification process.
By comparing the calculated mechanical strain with the
threshold strain in the coherent mushy zone, it was found
that the regions close to the top surface and middle part of
the weld bead had a greater tendency to form solidifica-
tion cracking, which was caused by the higher mechanical
strains under the higher solute concentration in the coher-
ent mushy zone. An increase in laser power increases the
risk of solidification cracking due to low cooling rate in
the coherent mushy zone.

2. The solute segregation is important for the formation of
solidification cracking. The amount of mechanical strains
accumulated in the mushy zone is determined by the life
that the coherent mushy zone experiences, which is a
function of the solidification range and weld cooling rate.
An increase in solidification range and a decrease in
cooling rate extend the life of the coherent mushy zone,
which increases the amount of strain and thus results in
higher susceptibility for solidification cracking.

3. The modeling results are consistent with the phenomena
observed in the experiments. The experimental results
confirm that the solidification cracking occurs near the
top surface and middle part of the weld bead and an
increase in laser power leads to an increase in cracking
susceptibility. The results indicate that the solidification-
cracking criterion built in this study based on the strain
theory can be applied to laser spot bead-on-plate welding
of AA6063-T6 aluminum alloy.
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