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Abstract With the increasing requirement for weight reduc-
tion in automotive industry, joining dissimilar aluminum (Al)
alloys within overlap joint becomes more and more inevitable.
However, hot cracking is a challenge issue in Al alloy
welding. Overlap joint without hot cracking and also with
good tensile shear strength is very important for industrial
application. In order to better understand the hot cracking
behavior in laser welding of dissimilar Al alloys, AA5754
and AA6013 sheets were overlap welded to investigate the
effects of process parameters on hot cracking susceptibility,
then the tensile shear tests were carried out on sound welded
joint. The chemical composition, microstructure, and fusion
ratio of welded joint were also studied. The results showed
that the hot cracking can be prevented under appropriately
choosing of welding process parameters. In particular, the
critical process parameters to prevent the formation of hot
cracking, i.e., welding speed 3.0, 3.3, 3.9, and 4.5 m/min with
the corresponding overlap width 12, 10, 8, and 6 mm, were
determined in the present study. The tensile shear strength of
the sound welded joints without hot cracking reached 140 N/

mm, which was qualified to meet the industrial application
requirement.

Keywords Laser welding . Hot cracking .Al alloys . Overlap
joint . Tensile shear strength

1 Introduction

In recent years, with the increasing requirement of environ-
mental protection and energy saving, light weighting and high
fuel efficiency become one of the most important develop-
ment directions [1–3]. The demand for weight reduction has
driven increasing need for lightweight materials used in vehi-
cles. Due to their attractive characteristics such as low density,
high specific strength, and excellent mechanical properties,
aluminum alloys have become one of the most important
lightweight materials [4–6]. Among different Al alloys, the
series 5000 (Al-Mg) and 6000 (Al-Mg-Si) are widely used
in the fabrication of automotive, aircraft structures, and other
structural applications [7–10]. As a critical joining technique
for Al alloys, laser welding has been extensively applied in
practical production because of its advantages such as high
weld quality, high production rate, manufacturing flexibility,
and low distortion [11–14]. However, welding of Al alloys is
always accompanied by numerous welding defects including
hot cracking, distortion, porosity in joints, etc. [15–17].
Especially, due to large solidification shrinkage, thermal ten-
sions which generate tensions and deformations, and the sen-
sitive chemical composition [18–21], hot cracking becomes
one of the biggest challenges in Al alloy welding. Until now, a
number of researches on welding of Al alloys have been car-
ried out. Luijendijk [19] who conducted the welding of
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dissimilar Al alloys found that the chemical composition of
weld played an important role in hot cracking tendency, and
the filler material can help avoid hot cracking efficiently for
sheet thicknesses of 1.5 and 3 mm. Cicala et al. [22] studied
the influence of welding speed on hot cracking in butt welding
of Al alloy sheet and noticed that hot cracking sensitivity was
strongly dependent on the welding speed, because the welding
speed had an important influence on solidification speed and
temperature gradient, and it can determine the deformation
and tension of the molten pool during solidification. In the
study of Park et al. [23], sheets of AA5052 and AA6061 with
thickness of 2 mm were welded using friction stir welding
(FSW) in butt joint. Because of the difference in Mg content
of AA5052 and AA6061, the distribution ofMg in FSW joints
of dissimilar Al alloys was studied by electron probe micro-
analysis (EPMA). As a result, no melting occurred during
FSW and the material mixing patterns were clearly shown in
FSW joints. Dong et al. [1, 24, 25] overlap-welded Al alloy
sheet to stainless steel by gas tungsten arc welding (GTAW);
the tensile shear test was conducted to estimate the strength of
the overlap-welded joint. They found that the use of filler
wire, the proper post-weld heat treatment, and ultrasonic vi-
bration can help improve the joint strength significantly. The
abovementioned studies reflected different aspects in hot
cracking behavior in different welding conditions, and the
others studied the welding of dissimilar alloys and the method
to estimate the overlap-welded joint. However, few re-
searchers investigated the hot cracking behavior in overlap
joint of dissimilar Al alloys. Especially, because the thermal
strain or displacement in welding can be strongly influenced
by joint configuration, overlap-welded joint has a remarkably
higher tendency to hot cracking than that of butt-welded joint
when the sheet thickness is around 1 to 2 mm [26]. And also,
overlap laser welding of dissimilar Al alloys has been applied
in automotive industry gradually, so it is really crucial to pro-
vide guidance in prevention hot cracking as well as offer
sound welded joint with high mechanical property.

To provide guidance for the prevention of hot cracking in
overlap laser welding of dissimilar Al alloys, a lot of work
have been performed. In our previous experiments, the influ-
ence of stacking order and laser power on hot cracking has
been investigated [27] and found that the order of material
stacking significantly affected weld’s hot cracking susceptibil-
ity, and the critical laser power was obtained for tested condi-
tions which could effectively reduce hot cracking. The present
study focuses on the hot cracking behavior in laser welding of
dissimilar Al alloys in different overlap width. Sheet of
AA6013 was overlap-welded on the top of AA5754. The
effects of the welding speed, overlap width, and the clamping
condition on hot cracking were systematically investigated.
The tensile shear strength of the welded joint without hot

cracking was also examined. The chemical composition, mi-
crostructure, fusion ratio, and morphology were further
discussed to provide guidance in overlap laser welding of
dissimilar Al alloys.

2 Experimental procedures

The base materials used in this investigation were AA5754
and AA6013; the chemical compositions of the two base ma-
terials are listed in Table 1. To investigate the effects of
welding speed (V), overlap width (D), and clamping condition
on hot cracking, sheets of AA5754 and AA6013 with dimen-
sion of 150 mm (L) ×100 mm (W) × 2 mm (t) were overlap-
welded at different process parameters. Figure 1 illustrates the
schematic of overlap-welded specimens, where DS is the dis-
tance from the weld centerline to free edge, which is half of the
overlap width in the test. Before welding, acetone was used to
remove the oils that remained on the surface of the specimens.
Then, sheets of Al alloys were welded by the fiber laser
(Ytterbium laser system-10000) with an emission wavelength
of 1070 nm and focused beam with a diameter of 0.6 mm and
focal length of 300 mm. The laser beam focal position was on
the top surface of upper sheet. The laser torch was inclined at

Table 1 Chemical compositions of AA5754 and AA6013 used in the
present study (wt%)

Alloy Mg Si Fe Cu Mn Cr Zn Al

AA5754 2.253 0.2437 0.2524 0.009 0.0675 0.1869 0.013 Bal

AA6013 1.023 0.6037 0.34 0.24 0.0218 0.19 0.0113 Bal

Fig. 1 The schematic of the overlap-welded sheets. The length (L), width
(W), thickness (t), and overlap width (D) are marked
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an angle of 9° to prevent the burning damage caused by laser
reflection from workpiece surface. Argon was used as
shielding gas with a flow rate of 15 L/min supplied by a nozzle
of 8 mm inner diameter, and the nozzle had an angle with
horizontal direction of 40° to achieve a better protection effect.
The backing sheet was also 2-mm-thick aluminum sheet. To
avoid the distortion of the sheets which will form a gap be-
tween the interfaces, pressing force was applied on the sheets
by clamping device before welding. The schematic of the
welding setup is shown in Fig. 2.

To investigate the effects of welding speed and overlap
width on hot cracking susceptibility, experiments with four
different overlap widths of 12, 10, 8, and 6 mm were carried
out, respectively. In order to guarantee the reliability of the
experimental results, repeating tests were conducted for the
same welding parameters. The welding parameters are listed
in Table 2. In order to investigate the effect of clamping con-
dition on hot cracking, two clamping condition being no con-
straint on free edge (NCFE) and with constraint on free edge
(WCFE) were applied. At the WCFE condition, the pressure
was applied on the free edge to decrease deformation due to
the solidification shrinking and thermal tensions, as displayed
in Fig. 3. After welding, the overlap-welded specimens were
cut, mounted, polished, and prepared for metallographic anal-
ysis. The microstructure of the resultant welds was etched
with Keller reagent, consisting of 1 % HF, 2.5 % HNO3,

6.5 % HCl, and 90 % H2O, and then observed by optical
microscopy (OM, Leica-DM4000), and HBF4 (2.5 % HBF4)
reagent was used for polarized light image. The distribution of
the related elements was examined by energy-dispersive spec-
troscopy (EDS), and also the fracture surface of hot cracking
was investigated by a scanning electron microscopy (SEM,
JSM7600F).

The corresponding mechanical property of overlap-welded
joint was evaluated through tensile shear test at room temper-
ature. In order to estimate the tensile shear strength of the
overlap joint without hot cracking, the tensile specimens were
prepared for the tensile shear test (ISO 9018: 2003). The 25-
mm-wide specimens were cut normally to each weld, and the
joint was located in the center of the tensile specimen. For
overlap-welded joint, two supporting sheets with the same
thickness of the welding specimen (2mm) were placed at each
end of the tensile specimen, thus maintaining the joint region
parallel to the tensile loading direction [28, 29]. Figure 4
shows the schematic of tensile specimen. All tests were con-
ducted on Zwick/Roell Z100 testing machine at a constant
speed of 1 mm/min. The failure load and failure location were

Fig. 2 The schematic of the welding process. a Front view. b Side view

Table 2 The results for cracking observation corresponding to different
welding parameters used in the tests

D (mm) 12 10 8 6

V (m/min) and cracking appearance 2.7 3.0 3.6 4.2

No No No No

3.0 3.3 3.9 4.5

No No No No

3.3 3.6 4.2 4.8

Yes Yes Yes Yes

3.6 3.9 4.5 5.1

Yes Yes Yes No

Fig. 3 The clamping condition (WCFE: with constraint in free edge) in
which the download pressing load was applied on the free edge

Fig. 4 The schematic of tensile shear specimen. a The 25-mm-wide
tensile shear specimen. b Two supporting sheets were applied in the
tensile shear test
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recorded for each specimen. Two specimens for each welding
parameter were tested to assure the repeatability, and the final
failure loads were averaged.

3 Results and discussion

Generally, hot cracking occurs at the final stage of solidifica-
tion when the material is under high temperature [30, 31].
Figure 5 shows the typical top view of the specimens after
welding. In Fig. 5a, it can be observed that a long hot cracking
occurs in the center of weld seam under the corresponding
welding parameter. In Fig. 5b, the weld appearance is quali-
fied without visible cracking.

3.1 The effect of welding speed and overlap width on hot
cracking

The laser power was set as 4.5 kW to obtain proper penetra-
tion. In this test, the welding speed was changed for each
overlap width. The welding parameters and cracking results
are listed in Table 2. It shows that hot cracking susceptibility is
different with respect to welding speed, and the increase of

welding speed causes large hot cracking susceptibility, namely
changes from cracking free to cracking appearance.

After welding, the weld penetration and fusion ratio were
measured on weld cross section. Figure 6 displays the typical
weld cross section. Here, SU and SL are the fusion area of the
upper and lower sheets, respectively. And fusion ratio R is
defined as volumetric percentage of melted lower sheet with
respect to the whole weld bead, given by:

R ¼ SL
SU þ SL

ð1Þ

The influence of welding speed on weld penetration of
dissimilar joints is presented in Fig. 7. An obvious result is
that decreasing the welding speed directly results in deeper
penetration. In addition, the weld penetration increases signif-
icantly when the overlap width decreased. Figure 8 shows the
influence of welding speed on fusion ratio of dissimilar joints.
It shows that the tendency of fusion ratio with various welding
speed is similar with that of weld penetration. With the in-
crease of welding speed, the fusion ratio decreases.

Fig. 5 Typical top view of the specimens. a P= 4.50 kW, V= 3.6 m/min,
D = 10 mm, a long cracking exists on the surface. b P = 4.50 kW,
V= 3.3 m/min, D= 10 mm, without visible cracking

Fig. 6 The typical weld cross section, penetration, fusion ratio, and the
weld width between upper and lower sheets (WUL) were measured
through cross section

Fig. 7 Welding speed versus weld penetration of dissimilar joints of
AA6013 and AA5754

Fig. 8 Welding speed versus fusion ratio of dissimilar joints of AA6013
and AA5754
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It is known that hot cracking generally occurs at the final
stage of solidification (the mushy zone where dendrites and
the liquid phase coexist), the cavities between dendrites
caused by either shrinkage or tensile stress are not able to be
filled with the few remaining liquid film [26, 32]. The hot
cracking susceptibility of weld is affected by both chemical
compositions of the weld materials and the thermal and me-
chanical conditions the weld experiences during its solidifica-
tion stage. When overlap welding of the same Al alloy sheets,
the increase of welding speed will decrease the hot cracking

susceptibility. As the welding speed slows down, the staying
time of the mushy zone becomes longer; thus, the weld metal
becomes easier to hot cracking [33]. However, due to use of
dissimilar Al alloys in the present work, the tests showed
different result. Actually, the hot cracking susceptibility de-
pends greatly on the chemical composition of weld, especially
the content of Mg and Si, during the welding of Al alloys. Hot
cracking susceptibility reaches to the peak when chemical
compositions of Si and Mg are around 0.62 and 0.86 wt%,
respectively [22, 34]. Due to the overlap joint of dissimilar Al

Fig. 9 The influence of welding speed on the average contents of Mg and Si in weld. a D= 6 mm. b D= 8 mm. c D= 10 mm. d D= 12 mm

Fig. 10 The distribution of Mg and Si contents in EDS line scanning
analysis along the yellow line in upper sheet and the blue line in lower
sheet, respectively. Process parameters: P = 4.5 kW, V = 3.0 m/min,
D= 10 mm

Fig. 11 The hot cracking susceptibility versuswelding speed and overlap
width

Int J Adv Manuf Technol (2016) 86:2895–2904 2899



alloys, as the change of fusion ratio, the chemical composi-
tions of weld will also change. The changing average content
of Si and Mg in the weld due to the changing fusion ratio can
be calculated as follows:

CX ¼ R� CXL þ 1−Rð Þ � CXU ð2Þ

where CX is the average content of element X, R is the fusion
ratio, and CXL and CXU are the content of element X in
AA5754 and AA6013 which are given in Table 1, respective-
ly. Figure 9 exhibits the changing average contents of Mg and
Si versus welding speed. It clearly shows that with the in-
crease of welding speed, the contents of Mg and Si in the weld
get closer to the highest hot cracking susceptibility.

The line scanning results of Mg and Si elements prove that
these elements are mixed and redistributed in the weld after
fusing by laser beam. Figure 10 displays the distribution of
Mg and Si contents after welding. It can be found that the
content of Mg in the weld is more than that in the base metal,
namely AA6013 in the upper sheet along the yellow line. On
the contrary, the content of Si decreases. Due to the different
chemical compositions between upper and lower sheets, the
distribution ofMg and Si along the blue line in the lower sheet
shows the opposite result. As the mixture of different elements
in weld, the chemical compositions of weld differ with each

other due to the different welding speed. This explains that the
hot cracking susceptibility increases as the welding speed in-
creases, resulting in the variation of hot cracking from crack-
ing free to cracking appearance.

The critical welding speeds are 3.0, 3.3, 3.9, and 4.5 m/min
when the overlap widths are 12, 10, 8, and 6 mm, respectively.
To avoid hot cracking, the welding speed should be less than
these critical values. Besides, it can be found that when the
overlap width is 6 mm, hot cracking disappears at the welding
speed of 5.1 m/min. The lower sheet can hardly be welded to
the upper sheet due to the high speed.

According to the experimental results, it was also found
that as the overlap width decreases, the critical welding speed
increases greatly as displayed in Fig. 11. Generally, owing to
the thermal aggregation in the area between weld and free
edge, the hot cracking easily occurs at the smaller overlap
width. Due to thermal aggregation in the molten pool, large
thermal stress would be induced by solidification shrinkage
[30]. However, the fusion ratio will increase greatly at the
smaller overlap width as illustrated in Fig. 8. This directly
determines the chemical compositions of the weld. With the
increase of the fusion ratio, element contents of Mg and Si
within the weld vary from cracking sensitive values to non-
sensitive ones, and thus the critical welding speed increases.

3.2 Microstructural analysis and the effect of clamping
condition on hot cracking

3.2.1 Microstructural analysis

The typical microstructure of overlap laser welding dissimilar
Al alloy joint is shown in Fig. 12. The grains in weld can be
identified clearly by polarized light image, as revealed in
Fig. 12b which is the same area with Fig. 12a. The grain
structure in laser weld of overlap joint primarily consists of
some equiaxed grains in the center and the columnar dendritic
grains originating from the fusion line. Figures 13, 14, and 15
are partial enlarged detail microstructure of locations A, B,
and C in Fig. 12, respectively. Figure 13b shows clearly the

Fig. 12 The microstructure of the overlap joint without hot cracking in
the surface with the welding speed 3.3 m/min and overlap width 10mm. a
Optical microscopy. b Microstructure in polarized light image

Fig. 13 Enlarged microstructure
of equiaxed grains in location A
of Fig. 12. a Optical microscopy.
b Polarized light image
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equiaxed grains in the center of weld. It can also be confirmed
that the hot cracking initiates at intergranular in overlap weld
and then propagates along the dendritic grain’s boundary [35].
Figure 12 is the microstructure of overlap joint without hot
cracking in the surface. Although there is no hot cracking in
the surface, it still can be observed several short cracking at the
cross corner of sheets. Figures 14 and 15 show that the crack-
ing initiates from the fusion line between the upper and lower
sheets and propagates along the dendritic grain’s boundary. It
is known that, in overlap-weld joint, stress and strain concen-
tration exists at the gap between two sheets. The deformation
of free edge results in the formation of the gap (see Fig. 12), at
which the cracking easily initiates [33, 36], and then stops
propagating as the chemical compositions of weld not sensi-
tive to hot cracking.

3.2.2 The effect of clamping condition on hot cracking

Based on the abovementioned discussion, the deformation of
free edge due to thermal shrinkage leads to the cracking initi-
ation, and the propagation of the cracking depends on the
chemical compositions of the weld. One way to avoid the
hot cracking is to control the chemical compositions of the
weld, and the other way is to decrease the deformation of
the free edge by applying constraint, as displayed in Fig. 3.
To investigate the effect of constraint condition in overlap
joint configuration on hot cracking, experiments under same
welding parameter with respect to different constraint

condition were carried out. The welding parameters and the
results for cracking observation are listed in Table 3.

The results of this investigation show that the satisfactory
weld without hot cracking can be produced by applying press-
ing force on the free edge. The samewelding parameter results
in the same thermal shrinkage and chemical compositions of
weld. However, the pressing force on free edge can decrease
its upwarp hence producing the hot cracking free weld.

3.3 SEM observation

The hot cracking can be elucidated by the observations of the
fractures. As occurs in the fusion zone during solidification of
the weld pool, hot cracking is characterized by a dendritic
fracture surface [37]. Figure 16 shows the fracture surface
characteristic of the phenomenon of hot cracking in laser
welding. The smooth surface of grains indicates that the hot
cracking originates during the solidification process which is
at high temperature. Some theories of hot cracking indicate
that the hot cracking propagates through the liquid film cov-
ering grain boundaries [38, 39]. Due to the thermal shrinkage
and inadequate filled with liquid, the hot cracking easily oc-
curs [35].

3.4 Tensile shear testing

Based on the results and discussion above, as the welding
speed decreases, the hot cracking susceptibility reduces during

Fig. 14 Enlarged details of crack
in location B of Fig. 12. a Optical
microscopy. b Polarized light
image

Fig. 15 Enlarged details of crack
in location C of Fig. 12. a Optical
microscopy. b Polarized light
image
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the overlap laser welding of dissimilar Al alloy sheets. The
sound weld joint without hot cracking can be produced when
the welding speed is no more than the critical values at each
overlap width. Generally, the tensile shear strength of overlap-
welded joint is one of the important mechanical properties [1,
40, 41]. Some researchers have studied the overlap joint shear
property of Al alloys series 5000 and 6000 sheets welded by
FSW [42] and friction stir spot welding (FSSW) [43, 44]. In
this study, the tensile shear test was carried out for these welds
free from hot cracking. The effect of welding speed on tensile
shear load of overlap-welded joints of dissimilar Al alloys is
shown in Fig. 17. As described before, the specimen for ten-
sile shear test has a width of 25 mm, so here the characteristic
value of tensile shear (special tensile shear strength) was cal-
culated as the maximum load divided by the specimen width.
As illustrated in Fig. 17, the tensile shear load decreases as the
welding speed increases at constant overlap width. The
greatest shear strength (172 N/mm) was obtained under the
following welding condition: overlap width 10 mm and

welding speed 3 m/min. Compared with the shear strength
of joint made by FSW and FSSW joints (less than 120 N/
mm), the shear strength value of the joint produced by laser
welding (approximately 140 N/mm) was higher. The tensile
shear strength of overlap joint depends on the area between
upper and lower sheets, which can be calculated by the weld
width between upper and lower sheets (WUL) multiplies the
specimen’s width (25 mm). The measurement of the WUL in
cross section of weld as illustrated in Fig. 6. Table 4 lists the
value of WUL and corresponding welding speeding and over-
lap width. It can be found that the weld width between upper
and lower sheets decreases as welding speed increases, which
can explain the decrease of tensile shear strength.

4 Conclusions

The effects of welding speed, overlap width, and clamping
condition on hot cracking susceptibility of laser welding of
dissimilar Al alloys in overlap joint were investigated. The
sound joint free from hot cracking could be produced if the
welding parameters were appropriately chosen. From this re-
search, the following conclusions can be obtained:

1. With the increase of welding speed, the hot cracking sus-
ceptibility increases. The critical welding speed was 3.0,
3.3, 3.9, and 4.5 m/min when the overlap width was set as
12, 10, 8, and 6 mm, respectively. To avoid the formation

Table 3 Welding parameters used in the tests

D (m) 12 12 10 10 8 8

V (m/min) 3.3 3.6 3.6 3.9 4.2 4.5

Cracking NCFE Yes Yes Yes Yes Yes Yes

WCFE No No No No No No

NCFE no constraint on free edge, WCFE with constraint on free edge

Fig. 16 Hot cracking fracture morphology in laser welding. a
Macrograph top view. b Details of fracture surface

Fig. 17 The effect of welding speed on fracture load in tensile shear
testing

Table 4 The weld width between upper and lower sheets (WUL) under
different welding parameters

D (mm) 6 6 8 8 10 10 12 12

V (m/min) 4.2 4.5 3.6 3.9 3.0 3.3 2.7 3.0

WUL (mm) 1.67 1.53 1.90 1.81 2.04 1.57 1.89 1.79
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of hot cracking, welding speed should be less than these
thresholds.

2. The fusion ratio increased greatly as overlap width re-
duced from 12 to 6 mm, resulting in the increase of critical
welding speed.

3. The deformation of free edge due to the thermal shrinkage
easily leads to the initiation of cracking, and sound weld
without hot cracking can be produced by applying con-
straint on the free edge.

4. The tensile shear strength of the joints without hot crack-
ing was more than 140 N/mm, which meets the industrial
application requirement.
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