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Abstract
Due to high hot crack susceptibility of Al-Mg-Si alloys, autogenous welding by rectangular pulsed laser beam has not been
generally successful in the removal of cracks. In this research, the effect of pulsed Nd:YAG laser parameters and preheating on
the creation of hot cracks in the 6061-T6 aluminum alloy was investigated. The sample that was fabricated by the laser parameters
including 1 Hz, 0.12 mm/s, 10 ms, and without preheating exhibited the highest cooling rate and the smallest dendrite arm
spacing but no hot crack was observed. The tensile test specimens of this sample fractured at a point far from the weldmetal and a
decrease in the precipitation of silicon andmagnesium in the inter-dendritic space and the reduction of thermal stresses resulted in
the elimination of hot cracks. However, according to macro-scale models for the creation of hot cracks, preheating decreased the
tensile stresses in the BTR (brittle temperature range), but increasing the preheating temperature led to increasing rather than
decreasing the hot crack length. In this case, the formation of hydrogen porosity, the segregation of silicon and magnesium, and
the creation of low melting point compounds were the important parameters affecting the hot crack initiation and growth.

Keywords 6061 aluminum alloy . Laserwelding . Hot crackmodeling . Solidificationmicrostructure . Rectangular pulse . Stress
simulation

1 Introduction

Aluminum-magnesium-silicon alloys, which are known as
6XXX Al alloys, are one of most widely used alloys in indus-
try [1, 2]. High coefficients of thermal expansion, the forma-
tion of low melting temperature compounds, and a great dif-
ference between solidus and liquidus temperatures increase
the possibility of the formation of hot cracking in aluminum-
magnesium-silicon alloys during fusion welding [3–5].
Owing to the susceptibility of 6XXX series to hot cracks,
solid-state welding processes, especially the friction stir
welding method, have been paid attention [6, 7]. Of the fusion
methods that are being used to join 6XXX series, the gas metal

arc weldingmethod using dissimilar filler metals such as 4043
and 5356 aluminum alloys as well as the electric resistance
welding method can be mentioned [8–10]. Considering the
applications of 6XXX series in corrosive environments, the
chemical composition mismatch after welding through fusion
methods along with the presence of a dissimilar filler metal
enhances galvanic corrosion in corrosive environments
[11–13] and also, yield strength, tensile strength, and elonga-
tion of the weld metal will be lower than those of the base
metal [4, 14, 15]. Therefore, fusion welding without using
dissimilar filler metals is an interesting topic. The studies
show that conventional fusion methods have been almost un-
successful to inhibit the formation of hot cracking during the
welding of 6XXX series. Hence, recently, many investigations
have been performed in order to reduce hot cracking using
high-density sources such as laser beam as well as innovative
techniques to weld these alloys [16–18]. In the cases which
have led to the removal of cracks using a pulsed laser beam,
the mode of ramp-down laser pulse has been used. In these
studies, it has been noted that the removal of hot cracking is
not possible due to the high rate of solidification in rectangular
pulses which are available in most of the laser welding ma-
chines [19–21]. Although using the mode of ramp-down laser
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pulse has resulted in a substantial decrease in the dimensions
of hot cracks, some other researchers have mentioned the
presence of residual micro-cracks in weldments [22].

There are micro-, meso-, and macro-scale models for
the prediction of hot cracks. In the micro-scale, the so-
lidification microstructure and the solid/liquid interface
are important. In this scale, the RDG (Rappaz Drezet
Gremaud) model and other criteria such as the Kou’s
hot crack criterion based on the melt flow in the inter-
dendritic spaces and the balance of melt feeding and
consumption formulate the susceptibility to hot crack-
ing. The results of the related research works show that
decreasing the solidification rate and the strain rate and
increasing the temperature gradient lead to reducing hot
cracks. Also, increasing the dimensions of the solidifi-
cation microstructure, due to the enlargement of the
melt flow canals, improves the melt feeding and thus
reduces hot cracking [23–26]. Macro-scale models also
predict the susceptibility to hot cracking based on stress,
strain, or the strain rate that enters the solidifying melt.
For example, the results of some studies have shown
that preheating reduces the stresses in the brittle temper-
ature range (BTR) and therefore reduces hot cracking
[27]. It should be noted that BTR is the temperature
range of the solidification end in which hot cracking
is most likely to occur.

In this research, the effect of Nd:YAG laser parame-
ters with a rectangular pulse and using preheating on
the formation of hot cracks as well as finding a rela-
tionship between solidification microstructure of the
weld, the base metal microstructure and hot cracks have
been investigated.

2 Experimental procedure

A commercial aluminum-magnesium-silicon alloy sheet,
AA6061, with a thickness of 0.8 mm was welded using
80 W, Nd:YAG pulsed laser machine in the form of bead-
on-plate and partial penetration. The heat treatment conducted
on the 6061 aluminum alloy was T6 (solution treatment at
530 °C for 35 min, quenching in the water and aging at
160 °C for 18 h). The chemical composition of the alloy has
been presented in Table 1. Preheating was carried out by an
electrical resistance heating pad at 100, 200, and 300 °C, re-
spectively. The welding parameters are displayed in Table 2.

Table 1 The chemical
composition of 6061 aluminum
alloy

Al Wt.% Mg

Wt.%

Si

Wt.%

Cu

Wt.%

Zn

Wt.%

Mn

Wt.%

Cr

Wt.%

Fe

Wt.%

Ti

Wt.%

Ni

Wt.%

Balance 0.91 0.69 0.22 0.06 0.05 0.16 0.43 0.05 0.01
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In pulse laser welding, heat input, the average peak power
(APP), and the average peak power density (APPD) are de-
fined by the following formulas [28]:

Heat input
J

mm

� �
¼ frequncy Hzð Þ � pulse energy Jð Þ

welding speed
mm

s

� � ð1Þ

Average Peak Power Wð Þ ¼ APP Wð Þ ¼ pulse energy Jð Þ
duration time sð Þ ð2Þ

Average Peak power Density
W

mm2

� �

¼ APPD
W

mm2

� �
¼ APP Wð Þ

spot area mm2ð Þ ð3Þ

The results of the calculation of the abovementioned pa-
rameters have been presented in Table 2. The effects of the
laser welding parameters and preheating on the formation of
hot cracking were examined by an optical microscope as well
as a scanning electron microscope (SEM). Keller’s reagent
was employed for etching by a modified technique [29]. The
Clemex Image Analysis software was used to measure the
grain size and the inter-dendritic spacing. Energy dispersive
spectroscopy (EDS) was used to quantify the elements which
precipitated in the inter-dendritic spaces. Tensile stresses
caused by welding were simulated by the ANSYS APDL
software. The dimensions of the samples simulated were
100 × 20 × 0.8 mm3. The meshes were of quad type and their
size was 1 × 1 × 0.4 mm3. The thermal source was heat flux so
that it was assumed a heat element transfers energy of each
pulse in a circular area with a diameter equal to the laser beam
at a time equal to the laser duration time to the workpiece
surface. 3D heat conduction, radiation, and convection were
considered. In addition, it was assumed that the two end of the
sample were fixed. Tensile test specimens were fabricated
according to the ASTM E8 standard with sub-size dimensions
(Fig. 1) and they were transverse to the weld line. They were
tested at a loading rate of 1 mm/min. Prior to performing the
tensile test, solution and aging heat treatments of tensile test
specimens were carried out according to the ASTM B918-09
standard. Solution treatment at 530 °C for 35 min was carried
out to solve the solutes in the aluminum matrix. The samples
were quenched in water which was in the room temperature
exactly after the solution treatment. The samples were aged at
160 °C for 18 h. Aging treatment is generally recognized to



cause the precipitation of Mg2Si particles in the aluminum
matrix.

3 Results

Figure 2a shows the top surface of sample no. 1 welded at
10 ms, 4.8 J pulse energy, and 1 Hz pulse frequency. Even in
discrete pulses, there are star-type hot cracks in the center of
the weld pool. Figure 2b shows the cross section of sample no.
9. The welding mode was bead-on-plate and partial
penetration.

In Fig. 3, the effect of increasing the duration time on the
dimensions of the hot cracks is depicted. Applying successive
pulses, and thus forming the weld seam, leads to the conver-
sion of the star crack to the longitudinal crack. The longitudi-
nal cracks are created in the regions close to the weld axis. In
this region, the highest tensile stress due to welding is created
[30, 31]. As can be seen, with increasing the duration time, the
crack length decreased so that the crack changed from a con-
tinuous form to isolated cracks.

For the investigation of welding speed and pulse frequency
separately on the hot crack creation in three samples was fab-
ricated (Fig. 4). Decreasing the welding speed caused

Fig. 1 The sample location relative to the weld line and the dimensions of the tensile test specimens

Table 2 Laser welding parameters

Sample
No.

Pulse
energy (J)

Focal spot
diameter (mm)

Frequency
(Hz)

Duration
time (ms)

Welding
speed (mm/s)

Preheat
(°C)

Heat input
(J/mm)

Average peak
power (kW)

Average peak power
density (kW/mm2)

1 4.8 0.5 1 10 – – – – –

2 4.8 0.5 4 2 0.50 – 38.4 2.4 12.2

3 4.8 0.5 4 4 0.50 – 38.4 1.2 6.1

4 4.8 0.5 4 6 0.50 – 38.4 0.8 4.1

5 4.8 0.5 4 8 0.50 – 38.4 0.6 3.1

6 4.8 0.5 4 10 0.50 – 38.4 0.48 2.4

7 4.8 0.5 1 10 0.50 – 9.6 0.48 2.4

8 4.8 0.5 4 10 0.25 – 76.8 0.48 2.4

9 4.8 0.5 1 10 0.12 – 38.4 0.48 2.4

10 4.8 0.5 1 8 0.12 – 38.4 0.6 3.1

11 4.8 0.5 4 10 0.50 100 38.4 0.48 2.4

12 4.8 0.5 4 10 0.50 200 38.4 0.48 2.4

13 4.8 0.5 4 10 0.50 300 38.4 0.48 2.4

14 4.8 0.5 1 10 0.12 300 38.4 0.48 2.4
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Fig. 3 The effect of the duration time on hot cracks. The pulse energy, welding speed, and focal spot diameter were 4.7 J, 0.50 mm/s and 0.5 mm,
respectively. Increasing the duration time decreases hot cracks

Fig. 2 a The top view of a single pulse. Star crack can be seen in the center of the weld pool. b The cross section of sample no. 9. The weldingmode was
bead-on-plate and partial penetration
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increasing the hot cracks compared with sample no. 6.
Decreasing the laser frequency to 1 Hz and the welding speed
to 0.12 mm/s had the most interesting effects on the reduction
of hot cracking. Although the heat input was the same as that
in the samples welded at 4 Hz and 0.5 mm/s (Table 2), the
cracks were completely removed. The welding line profile is
also indicative of the turbulence in the weld pool in this sam-
ple. The same results can be seen in sample no. 10 (Fig. 4).
This weld has been fabricated at 1 Hz, 8 ms, and 0.12 mm/s.
There is no crack at the top view of the sample.

Preheating was performed at 100, 200, and 300 °C.
Figure 5 shows the effect of the preheating temperature on
the solidification cracks. In the previous researches [18, 20,
32], it has been noted that hot cracking decreases with increas-
ing the preheating temperature. Another reason for decreasing
hot cracking by preheating the workpiece, which has been
pointed out in the literature [4, 33–35], is decreasing the stress-
es applied to the weld pool during welding. Despite all the
abovementioned reasons, all the preheated samples contained
continuous cracks. Welding at 1 Hz created no continuous
surface hot crack even under preheating at 300 °C. The sam-
ples exhibited smooth surface and there was no sign of high
turbulence in the weld pool.

The microstructures of the welds are shown in Fig. 6.
The inter-dendritic arm spacing of the non-preheated
samples, i.e., samples no. 3, no. 6, and no. 9 were

0.77 μm, 0.94 μm, and 0.73 μm, respectively.
Increasing the duration time caused increasing the
inter-dendritic arm spacing and reducing both pulse fre-
quency and welding speed together with each other
caused decreasing inter-dendritic arm spacing. The spac-
ing of the dendritic arms under preheating at 100 °C
and 300 °C (samples no. 11 and no. 13) was 1.18 μm
and 1.26 μm, respectively, which are higher than those
in the samples without preheating. Increasing the
preheating temperature led to increasing the inter-
dendritic arm spacing. The dendrite arm spacing of sam-
ple no. 14 welded at the duration time of 10 ms, the
pulse frequency of 1 Hz, and the preheating temperature
of 300 °C was lower than that of sample no. 13.
Decreasing the pulse frequency and the welding speed
in the preheated sample caused a decrease in the den-
drite arm spacing.

In Fig. 7, the linear EDS is shown. Due to the small size of
dendrites, it is impossible to measure the elements in the den-
drite boundaries. Therefore, the measurement was carried out
in a linear form and changing the elements along the line was
considered. The amounts of silicon and magnesium elements
in the dendritic boundaries were higher than those in the
matrix.

In the sections of the preheated samples, indications of
hydrogen porosity were observed (Fig. 8).

Fig. 4 The effect of welding speed and pulse frequency on the creation of hot cracks in samples no. 7 (a), no. 8 (b), no. 9 (c), and no. 10 (d). Only
decreasing the welding speed and the pulse frequency simultaneously led to decreasing the hot crack
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Figure 9 shows the tensile test results. As it is seen, samples
no. 6 and no. 11 fractured from the weld metal. The strength of
sample no. 6 is very low compared with that of samples no. 9
and no. 14. Figure 10 shows the SEM images of the fracture
surfaces of the tensile test specimens.

4 Discussion

The heat input and therefore hot cracks will increase due to a
lower welding speed and constant pulse frequency.
Decreasing the pulse frequency at a constant welding speed
caused lower pulse overlap, and therefore, crack healing by
the next pulse cannot be carried out. To inhibit hot cracking,
minimum overlapping is required.

The equation which approximately shows the strain rate is
as follows [21]:

ε̇ ¼ −βTṪSL ¼ βT GSLRSLj j ð4Þ
where βT is the coefficient of contraction, comprising solidi-

fication shrinkage and thermal expansion, ṪSL is the cooling
rate at the solid/melt interface. In addition, decreasing G×R
causes coarsening of the dendritic structure, and as a result,
eases melt feeding and decreases the hot cracking susceptibil-
ity [21]. In general, the decrease in G and R causes coarsening

of the inter-dendritic spacing and increases the amount of
feeding, while on the other hand, strain rate decreases accord-
ing to Eq. (4). The temperature gradient in solidification (GSL)
is the temperature gradient relative to the location between the
solidification interface and the center of the weld pool. In
some literatures, the temperature gradient from the base metal
is incorrectly taken into account [35]. Therefore, since the
temperature of the solidification interface is the same as the
melting point of the base metal, it can be concluded that ev-
erything that increases the temperature of the weld pool at a
particular time will increase the temperature gradient. In some
studies, V × cos(θ) (V is the welding speed and θ the angle
between the solidification location and the welding line) is
considered the solidification rate (RSL) [35]. Nonetheless, it
should be taken into account that in low frequency pulsed
welding, each pulse is melted and solidified separately.
Therefore, the welding speed cannot determine the solidifica-
tion rate in pulsed welding. In Table 2, APP, APPD, and heat
input for different samples are calculated. Except samples no.
7 and no. 8, all the other samples have been fabricated under
the same heat input. Increasing the duration time decreases
APP and APPD. Through the following formulas, the approx-
imate effect of the duration time and preheating temperature
on solidification rate and temperature gradient can be shown.

Suppose a heat element is attached to a metal surface
that transfers Q energy to the surface with an arear of A

Fig. 5 The effect of preheating on the creation of hot crack. There is no longitudinal crack in sample no. 14 welded at 1 Hz
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during the duration time of t (Fig. 11). This heat creates a
temperature gradient dT/dx at the depth of the workpiece.
According to Fourier’s law of thermal conduction, it can
be written:

Q
t � A

¼ −k
dT

dx
ð5Þ

where Q is heat, t is time, A is the surface at which
heat is transferred, k is the heat transfer coefficient, and
dT/dx is the temperature gradient. After the radiation
reaches and heats the material surface, it can be as-
sumed as a heat element that transfers heat to the metal.
This heat element transfers an amount of heat equal to
the laser pulse energy from a surface with an area equal

to the beam spot size to the workpiece at a period equal
to the duration time. As a result:

Q
t � A

¼ APPD

� �
⇒−

APPD

k
¼ dT

dx

dT

dx
¼ G and k ¼ const:

� �
⇒GSL∝APPD

ð6Þ

Figure 12 shows the effect of APPD on the temperature
gradient of the weld pool and the base metal schematically.
The peak power shows the amount of energy that is applied to
the material at a constant duration time or constant energy in
the desired pulse duration time. If a constant amount of energy
is applied at a lower time, the material cannot disperse the heat
immediately and the temperature of the irradiated region will

Fig. 6 The cross section of samples no. 3 (a), no. 6 (b), no. 9 (c), no. 13 (d), and no. 14 (e). Columnar dendrites and grains can be seen
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increase. Because of very low duration time, laser pulse can
melt the material with a very low amount of energy.
Sometimes, at high duration times, laser pulse loses melting
ability. With increasing the duration time, peak power de-
creases and this decrease, in turn, results in decreasing the
maximum temperature that the weldment can reach (ΔT↓),
and therefore, temperature gradient decreases. On the other
hand, due to time consuming of heat transfer, at a high
APPD, lower heat goes into the base metal at the same time

in a lower APPD, and therefore, the temperature gradient of
the base metal will increase. Solidification rate is directly pro-
portional to the heat that dissipates from the interface per unit
time. High-rate heat transfer causes high-rate solidification.
The heat transfer depends on the temperature gradient of the
base metal. In addition, in previous researches, it has been
shown that increasing the duration time results in decreasing
both G and R [36, 37].

Gsolid ¼ T interface−Tbase

Δx
T interface ¼ melting temperature and Tbase ¼ Preheat temperatureð Þ⇒Gsolid∝

1

Preheat temperature

According Fig:7 Δx∝
1

APPD
⇒Gsolid∝APPD

Solidification Rate ¼ R∝The Heat transfer ¼ Q
t � A

¼ −k
dT

dx
k ¼ const:ð Þ⇒R∝Gsolid∝APPD&1=Preheat temperature

ð7Þ

From the abovementioned statements, it can be deduced
that increasing the duration time resulted in decreased G and
R and consequently decreased strain rate. Of course, decrease

can be also understood from the coarsening of dendritic arms
which, in turn, facilitates the melt feeding and decreases hot
cracking.

Fig. 7 The precipitation of Si and Mg alloying elements in the inter-dendritic spacing
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Fig. 9 a Sample no. 5 (4 Hz, no
preheating). b Sample no. 6
(1 Hz, no preheating). b Sample
no. 11 (1 Hz, preheating at
300 °C). d The tensile test result.
It should be noted that since the
weldment does not have full
penetration, these results cannot
be considered for the weld metal.
In this study, these results are
presented only for a qualitative
comparison

Fig. 8 Cross section of the preheated samples, i.e., samples no. 11, no. 12, and no. 13. Porosities can be seen on hot cracks
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In sample no. 9 welded at the pulse frequency of 1 Hz, the
small size of the dendritic arms represented a large cooling
rate (G × R), and as a result, the values of R and G increased.

The appearance of the specimens welded at 1 Hz also
shows that the temperature gradient in the weld pool was
higher than that in all other specimens. Increasing the weld
pool temperature gradient will increase the force required to
stir the molten weld pool, including the Marangoni and
Buoyancy forces, resulting in a greater turbulence in the weld
pool [28].

However, hot cracks have completely disappeared. At
4 Hz, four pulses in each second and at 1 Hz, one pulse in
each second is irradiated to the surface of the material. The
time interval between two consecutive pulses at 4 Hz is
250 ms. At 1 Hz, there is enough time to cool the previous
pulse and to dissipate heat from the pulse position, so that
when the next pulse is irradiated, there is no previous accu-
mulated heat in the welding position. The small amount of
heat accumulation can also be understood from the small heat
affected zone (HAZ) (Fig. 6). The liquated zone area in the
HAZ is smaller than the samples welded at the pulse frequen-
cy of 4 Hz and/or preheated. This will reduce the welding
tensile stress that causes decreased hot cracking. The maxi-
mum Von-Mises stress simulated for samples no. 6 (4 Hz) and
no. 9 (1 Hz) in the weld center was 157 MPa and 79 MPa,
respectively. These two samples had equal heat inputs. In fact,
solidification shrinkage and thermal shrinkage cause stresses
on the weld pool. Solidification shrinkage totally depends on
the alloy nature while thermal shrinkage depends on the peak
temperature, temperature gradient, and the volumes of the
weld metal and base metal which are subjected to the welding
heat.

Decreasing R and Gsolid and thus decreasing the cooling
rate and coarsening of the structure in the preheated samples
did not only reduce hot cracks, but also increase them.

Fig. 11 The schematic illustration of heat transfer under a thermal
element
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�Fig. 10 The fracture surfaces of the tensile test samples. a Sample no. 6.
b Sample no. 9. c Sample no. 14. The major part of the fracture surface in
sample no. 6 can be related to the initial hot crack in the weldment. In
sample no. 14, hot cracks are observed



The smooth appearance of the welds, as previously de-
scribed, shows a calm pool and consequently a lower temper-
ature gradient.

In a previous research, it has been also mentioned that the
segregation of silicon and magnesium in the weld grain
boundaries of AA6061 occurred. In this research, high segre-
gation of silicon, low segregation of magnesium, and no seg-
regation of copper have been reported [38]. The same results
about the segregation of silicon and magnesium in the inter-
dendritic arm spacing can be seen here. Magnesium and sili-
con form low-temperature eutectic compounds [39]. These
eutectic compounds facilitate hot cracking. It is well known
that high-rate solidification inhibits pushing back of the
alloying elements. Decreasing the solidification and cooling
rate at preheated samples cause the higher segregation [40–42]
of these elements and higher hot cracks. It is another reason
for removing cracks in sample no. 9. A high cooling rate in
this sample caused decreased segregation of silicon and mag-
nesium. It should be noted that the ratio of hydrogen solubility
in melt to solid was 20:1. Decreasing the solidification rate
causes hydrogen to escape from the melt and to create some
bubbles [21, 43]. These bubbles act as the initiation sites for
hot cracking and thus facilitate crack nucleation. The bubbles
also decrease the material strength and facilitate the growth of
hot cracks.

Since the weakest region fractures in the tensile test
specimen, tensile test was performed to ensure that there
was no crack in the weld line. It should be noted that
since the weldment does not have full penetration, these
results cannot be considered for the weld metal. In this
study, these results are presented only for a qualitative
comparison. Because the weld line exhibited a solidifi-
cation microstructure with lower hardness and strength
than those of the base metal, the samples underwent the
age-hardening heat treatment before the tensile test.
Therefore, the only reason for the decreased strength
of the tensile test specimens was the presence of cracks
in the microstructure. The specimen, in which the base
metal fractured, showed small dimples indicating ductile
fracture. The fracture surface of the specimen that
contained cracks underwent no noticeable deformation.

Several tiny ties are observed on the crack which indi-
cates weak bonding between the two surfaces of the
crack. The sample that has been welded at 1 Hz and a
preheating temperature of 300 °C (sample no.14) had
some brittle areas and cracks. The SEM images are in
good agreement with the tensile test results. The sample
with the fracture surface containing dimples exhibited
the highest strength and elongation. The presence of
cracks in the sample preheated and welded at 1 Hz
reduced the strength and the elongation.

5 Conclusions

In this research, the influences of the pulsed Nd:YAG
laser parameters and preheating on the formation of hot
cracks were investigated and it was deduced that the
removal of hot cracking was possible by rectangular
pulses. Etching the dendrites in this research resulted
in obtaining good guides about the relationship between
microstructure and hot cracking. The main conclusions
of this study are as follows:

1. Increasing the duration time to 10 ms resulted in
decreasing hot cracking. Reducing the pulse fre-
quency to 1 Hz led to the complete removal of
the cracks. Increasing the preheating temperature re-
sulted in increased hot cracking.

2. Contrary to the existing micro- and meso-scale models,
dendrite size, solidification rate, thermal gradient, and
grain size are not the only parameters that affect the cre-
ation of hot cracks. In this regard, the precipitation of low-
temperature eutectic compounds, the thermal stresses
caused by the temperature distribution in the welding po-
sition, and the formation of hydrogen porosities caused by
the welding parameters and increasing the preheating
temperature should be taken into consideration.
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Fig. 12 The effect of APPD on
the temperature gradient of the
base metal
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