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Abstract
The objective of this this study is to investigate the distribution of crack initiation sites in the unsteady solidification condi-
tions of pulsed laser welding for an AA2024 aluminum alloy, using both analytical and experimental methods. The employed 
analytical model considers the competition between volume change rate and liquid flow rate during the final stages of solidi-
fication. The former has a direct relationship with solidification rate (r), the latter has an inverse relationship with the length 
of the crack-vulnerable zone (l), and the risk of cracking decreases with lower values of r × l. According to this model, the 
distribution of crack initiation sites is more strongly influenced by the solidification rate profile, specifically the solidifica-
tion rate at the fusion line (rFL) and at the weld center (rWC). The crack initiation site will move toward the weld center as 
(rWC-rFL)/rFL increases. The model states that in square-wave pulse welded samples, a decrease in rFL caused by preheating 
causes crack initiation sites to move from the FL toward the WC and crack severity to decrease. Moreover, it was shown that 
ramp down pulse shaping was more effective at reducing cracks, as both r and l can be controlled and, in turn, r × l can be 
reduced enough to prevent crack initiation. The model’s reliability was assessed using experimental pulsed laser welding 
tests that considered the influence of base metal preheating and temporal ramp down pulse shaping.

Keywords Aluminum welding · Laser welding · Solidification cracking · Hot tearing · Crack initiation · Crack distribution

1 Introduction

Heat treatable aluminum alloys are widely used in several 
industries due to their high strength to weigh ratio, particu-
larly after relatively simple heat treatments, but the applica-
tion of these alloys has been limited in some applications 
due to challenges encountered in fusion welding processes. 
Most of heat treatable aluminum alloys, especially the 
AA2xxx series aluminum alloys, are known to be suscep-
tible to hot cracking during fusion welding, which leads to 
a significant decrease in the mechanical properties of the 
welded joint [1–5]. This problem has been attributed to wide 
solidification temperature range, relatively high thermal 

expansion coefficient, and large solidification shrinkage of 
these alloys [5–8]. One of the most common approaches 
to eliminate solidification cracking during welding of heat 
treatable aluminum alloys is through the use of a 4xxx or 
5xxx filler metal, which results in a fusion zone composi-
tion that is resistant to solidification cracking. However, this 
solution may decrease the feasibility of some applications, 
such as laser spot welding. Laser spot welding is a non-
contact welding technology that has promising potential as 
a fusion welding process due to the high accuracy in process 
control, precise heat input, narrow heat affected zone, and 
minimal thermal distortion [8–11].

It has been reported that the susceptibility to solidification 
cracking can be significantly decreased when ramp down con-
trol is used in pulsed laser welding (compared to a square-
wave pulse) [11]. However, the crack mechanisms, variation 
of solidification characteristic such as the thermal gradient (G) 
and solidification rate (r) and, consequently, the variation of 
crack initiation sites, are less well understood for non-steady 
welding processes. A robust and comprehensive model should 
be able to accurately forecast the distribution of cracking initia-
tion sites throughout the entire weld pool. This work aims to 
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find an explanation for why altering welding parameters and, 
consequently, the solidification characteristics, leads to a vari-
able distribution of crack initiation sites in weld pool.

Several models and criteria with differing capabilities are 
presently used to predict solidification crack susceptibility. The 
first type of criteria qualitatively ranks the relative susceptibil-
ity of an alloy to solidification cracking (i.e., a susceptibility 
index). These types of models do not prescribe a critical value 
for when cracking will occur. The criteria proposed by Kou 
[12] and Easton et al. [13] fall into this category. The second 
type of criteria aims at predicting the critical condition for 
crack formation, and includes the Rappaz-Drezet-Gremaud 
(RDG) [14], Braccini [15], and Suyitno-Katgerman-Kool 
(SKK) models [16]. In these models, a critical value for one 
parameter is proposed (e.g., strain rate) which, if exceeded, 
will lead to crack formation.

Recently, Sheikhi et al. [17] developed a simple model 
that proposed a new critical condition for cracking and, 
therefore, falls in the second type of criteria. This model is 
able to predict the actual cracking by taking both material 
properties and the process conditions in to account. The 
objective of the current study is to modify this model 
to account for non-equilibrium conditions at the solid/
liquid interface during rapid solidification and to evaluate 
the capability of this approach to accurately predict the 
location of crack initiation sites in the non-equilibrium 
and non-steady state conditions of pulsed laser welding of 
aluminum alloy AA2024. The proposed model accounts 
for the competition between volume change rate and liquid 
flow rate in the mushy state and rapid solidification effects. 
Laser spot welds experiments in which the substrate pre-heat 
and temporal pulse shaping were used to validate the model 
predictions.

2  Methods

2.1  Experiments

AA2024 sheet in the fully annealed condition (O temper) 
with dimension of 60 × 50 × 2  mm3 was used as base metal 
in this investigation. The measured chemical composition 
of this alloy is presented in the Table 1. Bead-on-plate 
single spot laser welding was employed in this investiga-
tion. An IQL-10 pulsed Nd:YAG laser machine with an 
optical lens ( 75 × 10−3 m focal length) and square-wave 
pulse was used for welding. This laser source is able to 

produce combinations of pulse durations and frequencies 
from 2 × 10−4 to 2 × 10−2 s and 1 to 1000 Hz respectively, 
but it is limited to an average power of 400 W. A 5000W-
LP model power meter was used for measuring the laser 
power during welding. Argon shielding gas was used for 
all experiments at a flow rate of 10 l per minute.

The effect of base metal pre-heat temperature on solidi-
fication cracking in the laser melt pool was studied by per-
forming welds on sheets at room temperature and 300 °C. 
Preheating was performed by electric heater placed bottom 
of the samples, and the base metal temperature was set at 
300 ± 5 °C using temperature controller thermocouple. To 
reduce the effect of weld pool geometry on cracking, the 
laser pulse energies were selected according to the base 
metal initial temperature and prior experimental results 
[17], such that similar weld pool profiles were obtained 
for both room temperature and 300 °C. The resultant laser 
welding parameters for each base metal temperature neces-
sary to maintain constant weld pool geometry are given in 
Table 2. The pulse frequency and pulse duration were kept 
constant for all experiments and were equal to 12 Hz and 
5 ms, respectively. The laser beam diameter at the focal 
point was 500 μm.

After welding, the top surface and cross sections of the 
weld samples were polished and then etched with Keller’s 
solution. The number of crack initiation sites was counted 
using optical microscopy at five equal intervals between the 
fusion line (FL) and the weld pool’s center at 200 × magni-
fication. The number of cracks was counted on both the top 
surface and cross section of ten spot welds for both base 
metal temperatures. A solidification cracking index 
( SCI(x2−x1) ) in the interval (x2-x1) of the weld pool was 
defined as the proportion of crack initiation sites found 
within the given interval relative to the total number of 
cracks in spot section, i.e., 

SCI(x2−x1 )
=

Number of crack at distance of (x2−x1 )

Total crack numbers in the spot
× 100 . 

Table 1  Chemical composition 
of AA2024 (in wt%, bal. Al)

Aluminum 
alloy

Si Fe Cu Mn Mg Cr Zn Ti

AA2024-O 0.16 0.30 4.30 0.61 1.45 0.05 0.08 0.05

Table 2  Pulsed laser welding parameters used for each base metal 
temperature studied to reach weld pool with similar size based on 
prior experimental results

Parameters Room temperature Preheated 
at 300 °C

Pulse energy, J 7.9 6
Peak power, kW 1.58 1.2
Power density, kW/mm2 8 6.1
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It should be mentioned that in order to calculate SCI, crack 
counts were made relative to their initiation sites regardless 
of their length and propagation characteristics.

2.2  Simulation

Finite element modeling of heat transfer during laser weld-
ing was used to provide data some of the required model 
inputs such as cooling rate (dT/dt), solidification rate (r), 
and the temperature profile (T(x)). For the simulation, a 
two-dimensional axisymmetric model was developed for the 
solution domain as depicted in Fig. 1a. The solution domain 
was meshed with linear rectangular elements and mesh size 
independency. The elements close to the surface subjected 
to the heat source were more finely meshed (as illustrated in 
Fig. 1b), as this zone experiences steeper thermal gradients. 
Thermal modeling of the welding process was performed 
using the commercially available finite-element package 
ABAQUS.

Temperature-independent isotropic thermo physical 
properties for AA2024 were assumed in the simulations. 
The laser power distribution was assumed to be a uniform 
heat flux with a laser beam diameter at the focal point of 
500 μm. Moreover, radiations and free convections were 
applied at all surfaces. The values of the simulation input 
parameters are given in Table 3. It should be mentioned 
that due to the effect of shielding gas flow rate, the heat 
transfer coefficient at the top surface of the sheet was con-
sidered to be higher than at other surfaces [18]. Regarding 
applying the effect of laser pulse ramp down on solidifica-
tion cracking behavior of 2024 alloy, the data reported by 
Michaud et al. was utilized [4]. It is reported that when a 

specified temporal ramp-down shape is used instead of a 
conventional square-wave pulse, the solidification cracks 
were eliminated. In this condition, after radiation of the 
laser for 5 ms with a peak power of 1.6 kW, the laser 
power gradually decreased with a ramp down time of 
10 ms until it reached zero after 15 ms from pulse irradia-
tion, instead of sudden termination of the laser radiation 
in square-wave pulse. It should be remember that laser 
pulse shaping was not performed in this study and the 
capabilities and predictive power of the model were dem-
onstrated using reported experimental data by Michud on 
pulse shaping. The governing equation of heat transfer is 
as follows:

in which T is the temperature, r’ is the radial distance from 
the center of the melt pool, y is the depth into the sheet from 
the top surface, t is time, k is thermal conductivity, and cp is 
specific heat capacity. The boundary condition used in the 
simulations was:

in which �′ is Stefan–Boltzmann constant, h is heat transfer 
coefficient, �′ is emissivity, and T0 is ambient temperature, 
and n is vector normal to the surface. In this equation, q and 
� are the surface heat flux and absorption coefficient, respec-
tively. It should be noted that when simulation of welding 
with pulse shaping, the variable q was time-dependent, and 
for any time, step corresponding the heat flux was calculated 
regarding the ramp down slope. The absorption coefficient 
of aluminum at different base metal temperatures was previ-
ously reported [17]. The initial condition was then:

in which Ti is the initial temperature of the base metal.

(1)
�2T

�2r
�
+

�2T

�2y
=

�cp

k

�T

�t

(2)k
�T

�n
− �.q + h(T − T0) + �

�

�
�

(T4 − T4
0
) = 0

(3)T
(
r
�

, z, 0
)
= Ti

Fig. 1  a The solution domain and corresponding boundary condi-
tions, b The meshing strategy details

Table 3  Thermo physical properties of AA2024 [18, 19]

Parameters Value

Thermal conductivity (W.m−1.K−1) 164
Stefan-Boltzmann constant (W.m−2.K−4) 5.67 ×  10−8

Emissivity 0.03
Specific heat capacity of solid (J.kg−1.K−1) 481
Specific heat capacity of liquid (J.kg−1.K−1) 1273
Density of solid  (kg−1.m−3) 2780
Density of liquid  (kg−1.m−3) 2375
Thermal expansion coefficient (×  10−6) 14
Heat transfer coefficient (W.m−2.K−1) Top surface: 20

Other surfaces: 5
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3  Results and discussion

3.1  Experimental results

The top view of four laser spot welds for both base metal 
initial temperatures studied are presented in Fig. 2. The weld 
pool is divided into two main regions, as seen in the micro-
structure of the weld metal in Fig. 2. One is the equiaxed 
zone, which forms in the inner part of the pool, and the 
other is the columnar zone, which is in the outer part of the 
weld pool. Because of the slower cooling rate in preheated 
samples, the equiaxed grain size is coarser. The cross sec-
tions of two spot welds from both welding conditions are 
also illustrated in Fig. 3.

Solidification cracks within the weld are indicated by black 
arrows in each image. By inspection of these images, the level 
of cracking is reduced when the base metal is pre-heated to 
300 °C. The average number of crack observed in top and cross 
sections of each weld spot is given in Table 4.

Preheating reduces the crack numbers in both top and 
cross sections. Furthermore, regardless of the base metal’s 
initial temperature, the cross sections of created samples 
using square-wave pulse, has less cracks than their top 
sections. Moreover, it was observed that in welds made 
on room temperature base metal, the majority of cracks 
start from a location near the FL where the microstruc-
ture is columnar structure, whereas the crack starts from 
a location closer to the weld center in preheated samples, 
where the dominant microstructure of initiation sites is 
equiaxed structure.

Figure 4 shows an SEM micrograph of a typical crack sur-
face. The cellular morphology of the crack surface indicates 
that these are indeed solidification cracks that formed in the 
last stages of solidification.

3.2  Simulation results

Verification of the finite element simulation results was con-
ducted by comparing the predicted weld pool profile with 
those obtained in the experiments; a comparison of the 
weld cross section from both simulation and experiment is 
illustrated in Fig. 5a. The Hunt model was also employed 
to validate the thermal results of the simulation, in which 
the primary dendrite spacing (λ1) was related to G and r as 
follows [4]:

in which C = 2.0573 ×  10−2  K−0.75cm0.5  s−0.25 [4]. The value 
of λ1 for both base metal temperatures as predicted using 
the Hunt model (Eq. 4), with the predicted values of G and 
Ṫ  from the FE simulation as model inputs, and the results 

(4)�1 = C × G−0.5 × r−0.25

are reported in Table 5. Based on SEM images as shown in 
Fig. 5b, the primary dendrite arm spacing was measured 
in some grains near FL for the samples welded with and 
without base metal preheating, and the average value of λ1 
for each condition is presented in Table 5. From the table, 
it can be seen that there is reasonable agreement between 
the predicted and measured values, which confirms that the 
reasonable accuracy of the FE simulations. Moreover, there 
is good agreement between the simulation results obtained 
in this study (e.g., cooling rate) and those reported in the 
literature [4, 16, 17].

4  Discussion

4.1  Cracking model

To predict the distribution of solidification crack initia-
tion locations along the weld pool radius, a new approach 
will be developed in this section. This approach is adapted 
from the cracking model proposed by Sheikhi et al. [17], 
which accounts for the competition between the volume 
change rate and liquid feeding rate during the terminal 
stages of solidification.

As temperature decreases during solidification, the crack 
susceptibility begins to increase when solid grains begin to 
impinge on one another at a point referred to as the coherency 
temperature (Tcoh). As the temperature continues to decrease 
and solid phase fraction (fs) increases, the permeability 
decreases and distances from coherency point (l) increases. 
Both of these factors reduce the liquid flow rate toward the 
roots of solid cells in accordance with Darcy’s law [14]. 
Moreover, thermally induced strains increase as temperature 
decreases, due to differences in the levels of shrinkage and 
thermal contraction throughout the melt pool and base metal. 
Subsequently, the crack susceptibility continues to increase 
up to a point referred to as the bridging temperature (Tbrid), 
below which the number of bridge between grains begins 
to rise and network of solid grains is sufficiently connected 
such that is can sustain mechanical deformation and the crack 
susceptibility decreases again. Thus, for any location in the 
solidifying weld pool, the most susceptible temperature 
to cracking is just temperature of bridging. According to 
Sheikhi’s criterion [17], solidification cracks will form when 
the rate of liquid backfilling becomes less than the rate of 
volume shrinkage between coherency and bridging points, 
herein referred to as the vulnerable zone.

It is deduced from the model proposed by Sheikhi et al. [17] 
that for a given vulnerable zone length (physical distance in the 
melt pool between coherency and bridging points), and solidi-
fication rate which are denoted as l and r, respectively, the 
boundary condition for crack initiation can be determined by:
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Fig. 2  Top view of four individual laser spot weld samples created using square-wave pulse shape and an initial base metal temperature of a room 
temperature, b 300 °C. The black arrows indicate the crack initiation sites in the weld pool
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where

in which fl is the liquid volume fraction in the vulnerable 
zone, λ1 is the primary dendrite arm spacing, k is the equi-
librium solute distribution coefficient, ml is the slope of the 
liquidus, η is the liquid phase viscosity, and βth is the coef-
ficient of thermal expansion. Also βsh represent the shrinkage 
factor and 𝛽Sh =

𝜌s

𝜌l
− 1

(
𝛽Sh > 0

)
 where ρs and ρs are solid 

and liquid densities, respectively. ∆T is the vulnerable tem-
perature range, and ∆P is the pressure difference between 
bridging and coherency points. It was indicated in previous 
studies [20, 21] that based on the rheological behavior of 
semisolids, it is reasonable to assume that ∆P is equal to the 
stress obtained from following equation:

(5)r × l = �

(6)

� =
f 2
l
�1

2ΔP

(180��ΔT)
(
1 − fl

)2( �Sh

1+�Sh(1−fl)
.

1

(1−k)(mlC0)

(
fl
)2−k

+ �th

)

(7)𝜎 = 𝜎0 exp
(
𝛼fs

)
. exp

(
mQ

ℜT

)
(�̇�)m

Fig. 3  The cross-section micro-
structures of two laser spot 
welds created using a square-
wave pulse shape and an initial 
base metal temperature of a and 
b room temperature, c and d 
300 °C. The black arrows indi-
cate the crack initiation location 
in the weld pool

ca b

dc

Table 4  The average crack number observed in top and cross sections 
of weld spots

Base metal initial temperature Cross section Top section

Without preheating (room temperature) 4 ± 2 6 ± 2
Preheated at 300 °C 2 ± 1 3 ± 1

Fig. 4  An SEM micrograph of cellular crack surface in a weld pool 
created without preheating
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where T is the bridging temperature in Kelvin, fs is solid 
fraction, Q is the activation energy, �̇� and m are strain rate 
and strain rate sensitivity coefficient, respectively, α and 
σ0 are material constants, and ℜ is the gas constant. These 
parameters were reported for an Al-Cu alloy as σ0 = 4.5 Pa, 
m = 0.26, α = 10.2, and Q = 160 kJ.mol−1 [11, 20].

M’hamdi et al. [18] estimated the maximum linear strain 
rate experienced by the vulnerable zone at the line of sym-
metry in the weld pool using the following equation:

where ψ(fs) is a solid-fraction dependent function which 
describe the effect of solid fraction on strain rate and it 
changes between 0 to 1, i.e., from 1 for fs,brid and zero for 
solid fraction over fs,coh.

∆T in Eq. (6) corresponds to the vulnerable temperature 
range, i.e., the temperature range that cracking may occur, 
and it can be obtained as follows:

(8)�̇� =
1

3
𝜓
(
fs
)
𝛽th.

(
dT

dt

)

where TE and fE are eutectic temperature and eutectic frac-
tion, respectively, and fs,brid and fs,coh are solid fractions 
corresponding to bridging and coherency temperatures, 
respectively. To determine the upper and lower boundaries 
of vulnerable zone, i.e., fs,brid and fs,coh, and their correspond-
ing temperatures, the following approach was proposed by 
Sheikhi et al. [17]. Based on this model, a solidification 
cracking susceptibility (SCS) can be related to the vulner-
able temperature range (∆T) by [17]:

However, Eq. (10) only indicates the probability of crack-
ing and was proposed as an index for ranking the alloys with 
regards to their relative sensitivity under similar solidifica-
tion regimes, i.e., similar r and G. In other words, SCS is a 
comparative quantity and can be assessed by crack density 
only if the welding or casting conditions are fixed. There-
fore, the coherency and bridging temperatures can be calcu-
lated in such a way that the best agreement between ∆T2 and 
experimentally determined composition-dependent cracking 
susceptibility curves is obtained. The accuracy of Eq. (10) 
in the prediction of the Λ-shaped cracking susceptibility 
curve for Al-Cu and Al–Mg binary aluminum alloys were 
investigated in previous investigations and showed good 
agreement between the calculated cracking susceptibility 
with experimental measurements [16, 17]. For prediction 

(9)
{

ΔT = Tcoh − Tbrid fl,brid > fE
ΔT = Tcoh − TE fl,brid ≤ fE

(10)SCS = ΔT2

Fig. 5  a Comparison of experi-
mental and FE simulated melt 
pool shape for a sample welded 
without base metal preheating. 
b λ1 near FL in a weld pool 
created without base metal pre-
heating, c λ1 near FL in a weld 
pool created with base metal 
preheating

a b

c

Table 5  Comparison of the measured predicted and measured pri-
mary dendrite arm spacing near the FL

Base metal 
initial tem-
perature

G – finite 
element (K/
cm)

r – finite ele-
ment (cm/s)

λ1 – Hunt 
equation 
(μm)

λ1 – 
measured 
(μm)

Room tem-
perature

3850 29 1.43 1.9 ± 0.5

300 °C 2270 12 2.32 2.5 ± 0.5
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of actual solidification crack formation, another parameter 
(SCI) was proposed by Sheikhi et al. [17] which can be 
obtained as follows:

According to this index, a crack will occur only if SCI > 0 
(i.e., r × l ≥ � ), and crack severity has a direct and inverse 
relationships with r × l and� , respectively.

The vulnerable temperature range (∆T in Eq.  (9)) is 
mainly affected by the solute distribution coefficient at the 
solid/liquid interface (k) [16]. Due to the high r in pulsed 
laser welding, k deviates from the equilibrium value. To 
consider this effect, the resultant undercooling as a result 
of rapid solidification ( ΔT � ), the r-dependent partition coef-
ficient (kr) at the solid/liquid interface should be applied to 
the Scheil model.

The total under cooling (∆Tt) is equal to the summation 
of constitutional under cooling (∆Tc), thermal undercooling 
(∆Tth), curvature undercooling (∆Tg), and kinetic undercool-
ing (∆Tk). However, as reported by J-Aziz et al. [19] and 
Katayama et al. [22], the amount of ∆Tg, ∆Tk and ∆Tth are 
very small and so can be ignored in rapid solidification of Al 
alloys. Katayama et al. [22] also demonstrated that, in rapid 
solidification, constitutional undercooling has a major role 
in the total undercooling. So:

where C0 is the initial liquid composition, C∗
L
 is the composi-

tion of liquid at the dendrite/cell tip, m0 is the equilibrium 
liquidus slope, and mr is the r dependent liquidus slope. 
More explanation about C∗

L
 and mr are given in Appendix A.

Scheil’s equation was established based on the assump-
tion of local equilibrium element partitioning at the solid/
liquid interface, and must be modified for non-equilibrium 
condition at the solid/liquid interface induced by rapid solid-
ification rates. Rapid solidification is typically defined as 
solidification that occurs faster than 0.01 m/s. Based upon 
Scheil’s equation, the solidification path (fs-T curve) can then 
be calculated as follows:

So, for rapid solidification T should be replaced by T′ as 
follows:

Considering the effect of r at the dendrite/cell tip, the 
curve of fs versus temperature is shifted to lower temperature 
for the same solid fraction, i.e., from T in Scheil’s equa-
tion to T′. Furthermore, when r increases, not only does the 

(11)SCI =
r × l − �

�

(12)ΔTt ≈ ΔTc =
(
mrC

∗
L

)
−
(
m0C0

)

(13)T = Tm − m0C0

(
1 − fs

)k0−1

(14)T
�

= T − ΔTt ≈ T −
(
mvC

∗
l
− m0C0

)

solidification temperature (T) decrease to T′, but the equilib-
rium eutectic temperature, TE, also decreases to T ′

E
.

where ∆TE can be computed using TMK model, proposed 
by Trivedi et al. [23], see Appendix B. The TMK model 
showed that the parameters of ∆TE at high solidification 
rates are dependent on r. With regards to these temperature 
reductions, it is concluded that the fs-T curve shifts to lower 
temperatures as a result of rapid solidification. The physical 
properties of Al-Cu alloys and the parameters required to 
calculate T′ and T ′

E
 are given in Table 5 in Appendix C [24].

Hence, the vulnerable temperature range ( ΔT � ) in line 
with Eq. (9) can be rewritten as a function of new eutec-
tic fraction under rapid solidification condition ( f ′

E
 ) as 

follows:

Regarding the above discussions, the factors affecting 
crack initiation and, in turn SCI, can be summarized as 
is depicted in Fig. 6.

It should be noted that SCS only accounts for mate-
rial properties, and therefore can only provide a qualita-
tive/relative assessment and a numbers of alloys can be 
ranked by this index from a cracking chance viewpoint 
when they experience similar solidification conditions, 
whereas SCI accounts for both material properties and 
the process conditions and, therefore, predicts the actual 
cracking susceptibility.

4.2  The effect of rapid solidification on T vs. fs curve 
and vulnerable temperature range

The effect of r on the solidification path is shown in Fig. 7a 
for a binary Al-4.5wt.%Cu alloy. This figure shows that as the 
solidification rate increases, the fs-T curve shifts to lower tem-
peratures and the eutectic fraction decreases. It was previously 
demonstrated that in pulsed laser welding of Al-Cu alloys, 
fs,coh and fs,brid do not change as a result of rapid solidification 
(for r lower than 1 m/s) and that fs,coh = 0.9 and fs,brid = 0.98 
[17]. Figure 7a shows that for Al-4.5% Cu alloy, the vulner-
able temperature range dramatically increases when equilib-
rium at solid/liquid interface in Scheil condition was changed 
to non-equilibrium condition of 0.5 m/s. Similar computations 
were performed for different solidification rates and the results 
are depicted by red data points in Fig. 7b.

The solid black curve in Fig. 7b is the best exponen-
tial fit to the data points to find a relation between ΔT � and 

(15)T
�

E
= TE − ΔTE

(16)ΔT � =

⎧
⎪⎨⎪⎩

T �
coh

− T �
𝑏𝑟𝑖𝑑

fl,brid > f �
E

T �
coh

− T �
E

fl,brid ≤ f �
E
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solidification rate. This curve was plotted by the following 
equation. The corresponding equation is:

where r is in m/s. It should be note that this equation is cred-
ible only for solidification rate ranges between 0 and 1 m/s.

4.3  The effect of process condition on solidification 
characteristic

In this section, the effect of base metal pre-heating and pulse 
shaping on the solidification characteristics most relevant 
to solidification cracking and SCI will be investigated. For 
steady state processes, the conditions at the bridging point 
(i.e., corresponding r and l) are fixed during the process. But 
for unsteady-state processes, including pulsed laser weld-
ing process, the bridging point at different locations in weld 
pool experiences different r and l during solidification. As 
solidification progresses, the bridging point moves toward 

(17)ΔT � = exp
(
−7.6r6 + 38.4r5 − 76.2r4 + 75.2r3 − 38.5r2 + 9.7r + 4.4

)

the surface of the weld pool and the corresponding solidifi-
cation conditions (i.e., r, l, and φ) experience some changes. 
The above-mentioned parameters for each specific point in 
the fusion zone must be calculated at the time when that 
location is at its peak level of cracking susceptibility (i.e., 
T = Tbrid). In this regard, the values of r and l at Tbrid were 
computed for different points along the weld pool radius.

For all of the welding conditions in this study, the varia-
tions of l, r and Ṫ

(
dT∕ dt ) were calculated using FE method 

simulation along the symmetric lines of the weld pool in the 
top section (Fig. 8a) and transverse cross section (Fig. 8b).

The results of FE analysis show that for the studied weld-
ing conditions (square-wave and ramp down pulse shape), 
the variations of l, r, and Ṫ   as a function normalized weld 
pool dimension in the transverse cross and top sections fol-
low the same pattern as depicted in Fig. 8c for l, r as exam-
ple. Considering this similarity, the following discussions 
include the analysis obtained from the transverse cross sec-
tion only (along symmetric line). The variations of r, ΔT � , 

Fig. 6  Diagram showing the 
relation between factors gov-
erning solidification cracking 
based on the model studied in 
the present investigation. SCS 
can be used as an index for 
ranking the alloys with regard 
to their susceptibly to solidi-
fication cracking based purely 
on the material properties, but 
SCI predicts the occurrence of 
cracking by accounting for both 
material properties and process 
conditions

Fig. 7  The effect of the solidi-
fication rate on a the solidifica-
tion path (fs vs. T curve) for 
r = 0.5 m/s and b the vulnerable 
temperature range ( ΔT � ) as a 
function of solidification rate 
for a Al-4.5% Cu alloy

a b
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l, and Ṫ  along the weld pool radius are shown in Fig. 9. In 
these figures, “0” and “1” represent FL and weld pool center, 
respectively. The variations of l along the weld pool radius 
are shown in Fig. 9a. This figure shows that l versus radius 
is linear when the laser pulse shape was square-wave, but l 
is always greater when the substrate is preheated. The use 
of pulse shaping is predicted to results in a deviation from 
the linear trend; a nearly constant l value is observed up to 
approximately radius = 0.5, after which is follows the same 
trend and magnitude as the square-wave pulse. Moreover, it 
is seen that reasonably the longest l occurs in the preheated 
sample, since G decreases as a result of preheating process.

With moving the solidus isotherm away from fusion 
boundary toward weld pool center, the solidification rate (r) 
and, in turn, ΔT � were found to continuously increase in all 
conditions. It should be mentioned that ΔT � in Fig. 9c was 

calculated based on Eq. (17) and given solidification rate in 
Fig. 9b. The significant decrease in both of solidification rate 
and ΔT � as a result of pulse shaping compared to a square-
wave pulse is obvious in Fig. 9b and c.

The cooling rates that correspond to the bridging point as 
it moves along the weld pool radius for different conditions 
are shown in Fig. 9d. It can be seen that the cooling rate is 
predicted to increase as the bridging point approaches the 
top of the weld pool for all cases. It is interesting to note 
that cooling rate in the first half of weld pool as a result of 
pulse shaping was close to preheated sample. Furthermore, 
it can be seen that cooling rate of preheated weld is lower 
than for other welding conditions in most portion of weld 
pool radius, and that the cooling rate in the pulse shaping 
condition approaches the cooling rate of the non-preheated 
condition towards the weld pool center.
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Fig. 8  Factors influencing cracking along weld pool depth and weld 
pool radius. Schematic illustrations of governing factors in a solidify-
ing single laser spot weld pool from a top section view and b trans-

verse cross section view. c Comparison of the variations of r and l 
at bridging temperature along depth and radius of weld pool created 
without base metal preheating
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4.4  Interpretation

Figure 10 shows the variations of φ and r × l along weld pool 
radius. It should be mentioned that to consider the effect of 
rapid solidification on φ, the parameters of ∆T′, kr, and mr 
were used instead ∆T, k and ml in Eq. (6), respectively. To 
calculate the variations of φ within the weld pool created 
under different welding conditions (i.e., base metal pre-heat-
ing and pulse shaping), the variations of l, ∆T′, and ∆P along 
weld pool were considered. ∆P was related to the calculated 
cooling rate in Fig. 9d by Eqs. (7) and (8). Moreover, the 
primary dendrite arm spacing was calculated using Eq. (4). 
Figure 10 shows that for most of the weld pool created by 
square-wave pulse r × l is larger than φ and ramp down pulse 
shaping increases φ and the largest φ belongs to this condi-
tion. In the cases that a square-wave pulse was employed for 
welding, pre-heating the base metal results in an increase in 
φ (Fig. 9a and b). It should be mentioned that ∆T′, mr, and kr, 
all increase with moving from the FL to the weld pool center, 
and all of these parameters act to decrease φ.

Moreover, for weld pools created with square-wave 
pulses, it can be seen that the maximum r × l occurs at the 
FL for no preheating, but between 0.4 and 0.6 for welds cre-
ated with a pre-heat. Conversely, for the welds made with 
pulse shaping (Fig. 10c), it can be seen that r × l increases 
by moving from FL to weld pool surface, since in the first 
half of weld pool l is constant and r increases (Fig. 9a and 
b), but after reaching a maximum value at around half way 
to the weld surface r × l begins to decrease due to a reduc-
tion in l (Fig. 9b).

The calculated SCI for different welding conditions are 
illustrated in Fig. 11. Based upon Eq. (11), cracking occurs 
when r × l > φ (i.e., SCI > 0). Therefore, among all weld-
ing conditions studied here, the required condition for crack 
prevention throughout the entire weld pool is only provided 
for welds performed using pulse shaping condition because 
along the entire weld pool radius r × l < φ as illustrated in 
Fig. 10c, and therefore, there is no curve representing the 
pulse shaping condition in Fig. 11.

Figure 10 shows that in the cases when a square-wave 
pulse is employed, the r × l curve is greater than φ through-
out most of the weld pool radius, and then falls below φ 
toward the top of the weld pool. Consequently, Fig. 11 
indicates that for welds created with a square-wave pulse, 
SCI > 0 throughout most of the weld pool for both base metal 
initial temperatures, indicating that cracks are expected to be 
initiated. It can also be seen that unlike the non-preheated 
sample, in which SCI continuously decreases with increas-
ing height through the melt pool, SCI has a non-monotonic 
behavior with respect to weld pool radius in the sample with 
base plate pre-heating, with the maximum SCI predicted to 
be between a normalized radius of 0.4 to 0.6. It is important 
to note that while new crack initiation is unlikely to occur 
close to the weld pool center (SCI < 0), early crack initiation 
in the area where SCI > 0 can propagate to the center.

The percent of cracks initiated between x1 and x2 through 
the weld pool radius can be obtained by dividing the area 
under the SCI curve at corresponding distance by the total 
area under the SCI curve between the FL (0) and the weld 
pool center (1) as follows:

Fig. 9  Variation of parameters 
affecting SCI versus normalized 
melt zone radius. a Vulnerable 
zone length, b solidification 
rate, c vulnerable temperature 
range, d cooling rate
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In Fig. 12, the percentage of cracks as a function of 
corresponding initiation sites measured from both top and 
cross section are compared with results calculated from 
Fig. 11 and Eq. (20). From the figure, it can be seen that 
that more than 54% of solidification cracks were next to the 
FL in the samples without base plate pre-heating, but that 
decreased to about 5% with preheating. Instead, the highest 
proportion of crack initiation sites shifted towards the center 
of the weld pool when pre-heating was used. It can also be 
seen that although the quantitative value of cracking was 
not predicted very well in some cases, but it is interesting 
to note that, the model is excellent at predicting the trend 
change in crack initiation sites across the entire weld pool. 
In no preheated samples, it accurately predicts a monotonic 

(18)

The percent of intiated cracks atdistance of x1 − x2 =

x2

∫
x1

SCI.dx

1

∫
0

SCI.dx

× 100
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decrease and in preheated sample, it correctly predicts a non-
linear variation, i.e., increasing and then decreasing cracking 
index. The discrepancy in the specific value for crack 
initiation sites could be due to a wide number of factors 
(e.g., accuracy of thermo physical material properties).

For welded samples created using a square-wave pulse with 
and without preheating conditions, although r and l followed 
the same trends (Fig. 9a and b), r × l behaved differently 
(Fig. 10a and b). Finding the reason for this difference is 
critical and can help to better understand the solidification 
cracking phenomenon observed in Figs. 2 and 3. For this 
purpose, the following general equations were written for r and 
l as a function of normalized weld pool radius (x), assuming 
they are linear.

where a and b are the slope of l vs. x and r vs. x curves, respec-
tively (0 < x < 1 is the normalized radius through the weld 
pool). b × b0 is the bridging point solidification rate at the FL 
(i.e., x = 0). Representative curves of r, l, and r × l as well as 
corresponding parameters are shown in Fig. 13a. As r × l is 
significant in determining the crack initiation site distribution 
in the weld pool, the parameter of xmax, is defined that it is the 
radius at which r × l is maximum (i.e.,d(l×r)

dx

|||x=xmax

= 0 ).  

Therefore:

It is interesting to note that based on this result, xmax only 
depends on solidification rate distribution in the weld pool. 
Other parameters such as l do not change xmax, but its effect on 
(r × l)max is obvious as depicted in Fig. 13a. As b0 decreases,  
xmax increases, meaning that a larger fraction of cracks begin 
from locations closer to weld pool center. In other words, the 
most susceptible location to crack initiation depends only on 
r, but the distribution and severity of crack initiation (SCI) 
depends on both r and l.

According to the Fig. 13a, it can be seen that by decreas-
ing b0, the solidification rate decreases in all parts of the weld 

(19)
l × r = − a(x − 1)

⏟⏟⏟
l

× b
(
x + b0

)
⏟⏞⏞⏟⏞⏞⏟

r

(20)xmax =

(
1 − b0

)
2

pool correspondingly. Based on the above assumption, i.e., a 
linear variation of solidification rate throughout the weld pool, 
b0 can be related to the solidification rate at fusion line (rFL), 
and solidification rate at weld pool center (rWC) by:

Combining of Eq. (20) with Eq. (19) yields:

Therefore, xmax moves towards the weld center if rFL 
decreases or the slope of solidification rate curve increases. 
This slope is equal to the difference between rWC and rFL 
if the solidification rate curve is linear. In Fig. 13b, a map 
was plotted for xmax as a function of rFL andrWC − rFL . 
Since the solidification rate increases as time proceeds 
after termination of laser irradiation in pulsed laser 
welding, Fig. 13b was plotted only for y ≥ 0 axis, which 
in this regionrWC ≥ rFL . In the yellow shaded region, 
mathematically xmax  ≤ 0, and it is shifted outside of the melt 
pool, which physically means that r × l is maximum at the FL 
(xmax  = 0). This figure shows that as rFL decreases, the extent 
of the shaded zone decreases, therefore for a greater value 
of rWC , xmax moves away from the FL. In Fig. 13c,  xmax was 
determined as a function of the relative solidification rate 
enhancement from FL toward weld center line. It is seen 
that as rWC increases in relation to rFL, xmax is seen to migrate 
toward the weld center. The position of the three studied 
welding conditions is also specified in this figure according 
to the corresponding rWC and rFL of each condition. In line 
with Fig. 10, it can be seen that preheating and pulse shaping 
increase xmax (i.e., shift crack initiation sites away from the 
FL). Some of the differences between predicted xmax in 
Figs. 10 and 13b and c are due to the fact that in Fig. 13, xmax 
is calculated based on the assumption of a linear distribution 
of the solidification rate in the weld pool, while as seen in 
Fig. 10, there is a slight deviation from the linear state.

The effects of r on r × l, φ, and SCI are shown in the 
Fig. 14a. In this figure, it was assumed that b was the same for 
both r1 and r2 and r1 = 3 r2. Also, l was kept constant for both 

(21)b0 =
rFL

b
=

rFL

rWC − rFL

(22)xmax =
1

2

(
1 −

rFL

rWC − rFL

)

Fig. 12  Comparison of meas-
ured and predicted distribu-
tion of crack initiation sites 
throughout the weld pool (“0” 
and “1” indicate FL and weld 
pool center, respectively). a 
Nonpreheated sample and b 
300 °C preheated sample
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cases. It can be seen that the r × l curve shifts downward and 
to the right, as explained in Fig. 13a. It should be noted that φ 
increased as a result of a reduction in r, due to increasing mr, 
kr, and decreasing λ1. Consequently, as shown in Fig. 14a, a 
decrease in r leads to a decrease between r × l and φ curves. 
Therefore SCI will decreases as a first result of r reduction. 
Moreover crack initiation site moves away FL, and a crack free 
zone will be formed near the FL (where φ > r × l and SCI > 0) 
as a second result. Both of these results are shown schemati-
cally in Fig. 14b. It should be mentioned that SCI describes 
crack initiation, so no cracks will be present for x <  ~ 0.2 for 
r2, and no cracks will initiate past x ~ 0.8, but existing cracks 
between 0.2 and 0.8 could propagate into the center.

It is important to note that the above conclusion is also con-
sistent with the experimental results that have been frequently 
reported in independent studies where non-optimized down-
ramp pulse shaping was used for welding [25–27]. In such 
condition, where the cracks are reduced but not removed, it 
was found that most of the cracks start from places close to the 
center of the weld pool as the slope of ramp down decreases.

5  Conclusions

In this study, a material- and process-dependent model 
was used to accurately predict the distribution of cracks in 
a pulsed laser weld pool of aluminum alloy AA2024. The 
model was able to account for different process conditions 
(base metal pre-heating and laser pulse shaping) and non-
equilibrium solidification conditions. Based on this model, 
the variation of two main factors throughout the weld pool 
were investigated to predict the distribution of crack ini-
tiation site: r × l (process dependent factor) and φ (mate-
rial dependent factor), where cracking occurs if φ > r × l. 
The ability of the model to predict the preheating and laser 
pulse shaping effects on crack distribution in weld pool were 
investigated and following results were obtained:

1- The solidification rate (r) distribution in the molten weld 
pool plays critical role in determination of the crack initia-
tion site distribution. As the ratio of (rWC-rFL)/rFL increases, 
the crack initiation sites will move toward the weld center.

2- In samples welded with a square-wave pulse, base metal 
preheating caused the majority of the solidification crack 
initiation sites to move from the FL to a location closer to 
the center of the weld pool. The results of the simulation 
show that, in comparison to welds made without pre-
heating, (rWC-rFL)/rFL increased because of the reduction 
in rFL. The number of cracks also decreases along with 
the shifting of the crack initiation site as a result of r × l 
reduction due to decrease in r (despite an increase in l).

3- It was shown that ramp down pulse shaping was more 
effective compared to preheating at reducing cracks, as 
both r and l can be controlled and, in turn, r × l can be 
reduced enough to prevent crack initiation throughout the 
weld pool (i.e., SCI < 0 throughout the entire weld pool).

4- In comparison with the experimental findings on square-
wave pulses, the proposed approach was able to pre-
dict and justify the trend change in crack initiation sites 
across the entire weld pool from monotonic decrease to 
nonlinear (increase and then decrease) distribution as a 
result of base metal preheating.

Appendix A

Gill et al. [28] reported that the solidification rate dependent 
liquidus slope (mr) in Eq. (12) can be related to solidification 
rate dependent distribution coefficient (kr) as follows:

And similarly Sobolev [29] reported that C∗
L
 can also be 

stated as a function of kr by:

Iv (PC) is Ivantsov function and PC is the Peclet number 
of the solute diffusion at dendrite/cell tip. Peclet number was 
related to tip radius (rt), the solute element diffusion coeffi-
cient in the liquid ( DL ), and solidification rate (v) as follows:

It was proposed a local non-equilibrium diffusional model 
(LNDM) developed for the binary alloys rapid solidification 
conditions [29–31]. Based on this model, kr can be calculated 
as a function of solidification rate (r), the solute element dif-
fusive speed in the liquid (vDb), and diffusive speed of the sol-
ute element across the interface (vDi) by following equation.

Reasonably based on this model when solidification rate 
reach to the speed of diffusive solute element in the liq-
uid (r = vDb) then kr = 1, i.e., solute trapping at the interface 
occurs completely.

(23)mr = m0

⎡⎢⎢⎢⎣
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Appendix B

ΔTE Can be computed using a model called TMK model 
[23]. TMK model showed that the parameters of ΔTE at high 
solidification rates are dependent on r, as follows:

(27)ΔT
E
=

m� + m�

2

��
Z + �

�
�Z
�
��

��
×

2C
0
v

f (1 − f )DL

×

�
a
L

�

fm�

+
a
L

�

(1 − f )m�

�� 1
�
2
⎛⎜⎜⎜⎝
1 +

Z

P + �
�
�Z
�
��

�
⎞⎟⎟⎟⎠

Here, m� and m� are the slopes of liquidus for θ and α 
phases. aL

�
 and aL

�
 are the capillarity constants. C0 is the eutec-

tic tie-line length, f is the α phase volume fraction, and � is 
the distance between the eutectic layer. P and P + �

(
�P
/
��

)
 

are two series that can be related to the distribution coefficient 
at α/liquid interface (kα), the Peclet number at the eutectic 
temperature (p), and f as follows:

and

(28)Z =

∞∑
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(
1

n�

)3

sin2 (n�f ) ×
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n
− 1 + 2k�
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n

where

p can be stated as a function of the distance between 
eutectic layers (λ) [24] and the solute element diffusion coef-
ficient in the liquid (DL) by:

(30)pn =
2n�

p

(31)p = r�
/
2DL

Appendix C

The physical properties and constants for Al-Cu alloys 
that were used in this investigation are given in Table 6.

Table 6  Physical properties 
of Al (α)-Al2Cu (θ) system 
required for calculations [24]

Parameter Symbol Value Unit

Equilibrium distribution coefficient of α phase kα 0.17 -
Equilibrium distribution coefficient of θ phase kθ 0.05 -
Melting temperatures of pure aluminum Tm 933.6, K
Eutectic temperatures in Al-Cu alloys TE 821 K
Speed of solute diffusion across the S/ L interface for the phase α vDi 6.7 m/s
Speed of solute diffusion in the liquid bulk vDb 10.1 m/s
Composition of eutectic in Al-Cu alloy CE 32.7 wt.%
Volume fraction of the α-phase f 0.54 -
Eutectic tie-line length c0 46.9 wt.%
Liquidus slope of α phase mα  − 3.4 K/wt%
Liquidus slope of θ phase mθ 2 K/wt%
Pre exponential constant D0 1.1 ×  10−7 m2/s
Diffusion activation energy Q 23.8 kJ/mol
Gibbs-Thompson constant for α phase Γ� 2.4 ×  10−7 K.m

Gibbs-Thompson constant for θ phase Γ� 5.5 ×  10−8 K.m

Capillarity constant for α phase a
L

�
2.2 ×  10−7 K.m

Capillarity constant for θ phase a
L

�
4.5 ×  10−8 K.m

Thermal gradient G 5 ×  106 K/m
Thermal conductivity in liquid k

l
105 W/mK

Thermal conductivity in solid k
s

210 W/mK
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