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Welding techniques such as gas tungsten arc welding (GTAW) can induce solidification cracking owing 
to the wide solidification temperature range. Riveting or mechanical fastening are plausible alternatives, 
but can create problems like material loss, overall weight increase, corrosion, and introduction of high 
stress concentration areas. This study proposes a new welding method to improve and minimize center-
line solidification cracking in GTAW called “tandem side-by-side GTAW welds”. AA2024 is fusion wel-
ded using GTAW, and its solidification cracking behavior is investigated and compared for two weld pool 
motions (straight and weaving) and the proposed method. The fishbone test was used to assess centerline 
solidification cracking susceptibility. The results of welding AA2024 autogenously proved that the tan-
dem weld pool motion is superior to the other two GTAW methods. As a result, the proposed method 
showed lower stress concentration areas by forming less concave weld shapes, lower heat input, forma-
tion of preferable grain size and orientation thus shorter centerline solidification crack lengths with a 
tortuous crack path motion obtained in comparison with the straight and weave. 
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 Introduction 

Fusion welding processes join materials by melting 
and solidifying them through application of a high-
temperature heat source to the desired joint location 
for a specific time. Such processes work locally to melt 
the material, allowing the various elements to mix with 
one another for alloy formation after solidification. 
During solidification process complicated interactions 
between the interface dynamics and the heat/mass 
transfer process take place, which lead to formation of 
complex solid/liquid interface morphology. Thus, dy-
namic solidification behavior and related issues have 
to be understood for optimization of the welding pro-
cess and improvement of microstructure. The solidifi-
cation morphology starts from the fusion line of the 
weld pool with changing of the grain structure from 
planar to cellular, columnar dendritic and mostly ends 
by equiaxed dendritic in the weld centerline, as is seen 
in Fig. 1 [1, 2]. Hot cracks like solidification cracking 
can form and propagate during the solidification pro-
cess at the trailing end of the moving weld pool in a 
mushy zone, where liquid is still present around the 
growing dendrites following the heat source [3, 4]. The 
mushy zone forms the area behind the weld pool du-
ring the fusion process and fills between the liquid 
weld metal and the solidified weld metal, which is 

known as a semisolid and mechanically weak zone [5]. 
Thus, solidification cracking phenomena is a result of 
the interaction among the coherent solid dendrite 
bridges, liquid flow, and both mechanical and thermal 
stresses in the mushy zone [5, 6]. 

One of the most significant problems affecting 
fusion welding processes during solidification process 
is centerline solidification cracking, a type of hot crac-
king encountered in welding [7, 8]. Thus, designers 
and engineers must avoid using fusion welding to join 
materials susceptible to this type of cracking. As 
shown in Fig. 2, centerline solidification cracking usu-
ally occurs along the solidified grain boundaries at the 
center of the welded metal (fusion zone) in the mushy 
zone specifically, when the tensile stress accumulated 
around the adjacent solidified grains exceeds the stren-
gth of the inter grain boundaries during the appea-
rance of thin liquid films [2, 9]. When tension is in-
duced by solidification shrinkage and thermal con-
traction during fusion welding process, a solidification 
cracking forms [6, 9]. Lippold [8] stated that solidifi-
cation cracking can usually be minimized or eliminated 
by reducing the level of thermal and/or mechanical 
restraint in the presence of a crack-susceptible 
microstructure. Therefore, solidification cracking de-
pends on the competition between the material’s re-
sistivity to this behavior and the mechanical driving 
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forces resulting from the thermal cycle around the 
weld pool [8, 10]. If the mechanical driving forces ex-
ceed the material’s resistivity during the terminal stage 
of solidification, a crack is formed in the mushy zone 
[11, 12]. Consequently, solidification cracking can be a 
major restriction to fusion welding of aluminum alloys 
(AAs) having a low-melting-point Al-Cu-Mg eutectic, 
which are thus known an unweldable alloys [13] and 
hard to be weld by fusion welding processes [14] be-
cause it is susceptible to solidification cracking [15]. 
One of these alloys is AA2024, which is widely used 
in the aerospace industry because of its high strength-
to-weight ratio [16]. Regrettably, AA2024 has high so-
lidification crack susceptibility because of its Cu and 
Mg content and high thermal expansion [17], and as 
stated by Çam and İpekoğlu [18] arc welding is di-
fficult with AA2024 and is therefore known as super 
duralumin. 

 

Fig. 1 (a) The solidification morphology and grain structure 
during a fusion welding [1, 2], (b) image of solidified weld pool 

in AA2024 
 
Several factors contribute to centerline solidifica-

tion crack susceptibility in a welded material. For 
example, Pumphrey and Jennings [19] and Alizadeh et 
al. [11] indicated that a wider solidification tempera-
ture range corresponds to weaker material resistivity 
against centerline solidification cracking, because this 
wide range contributes to the formation of a low-mel-
ting-point eutectic on the grain boundaries. Moreover, 
Kou [20] found that higher thermal expansion of the 
material induces the mechanical driving forces to ex-
ceed the material’s centerline solidification crack re-
sistivity, causing cracks to form behind the weld pool 
(mushy zone) on the weld zone centerline because of 
the resultant highly localized strain as is evident in Fig. 
2. Cross [21] also stated that if the solidification tem-
perature range of a material is extended, the liquid 
films will be exposed to more strain, and there will be 
a higher likelihood for hot cracking to occur due to 

critical strain influence. Coniglio and Cross [22], and 
Pumphrey and Jennings [19] pointed out that alloys 
with more brittle behavior and resistance to strain in 
the mushy zone can result in hot cracking, where large 
number of secondary dendritic arms are trying to 
bond with each other under surrounding strains du-
ring the final stage of solidification process. 

The mushy zone is the trailing area behind the weld 
pool and is a mechanically weak region, where interfe-
rence exists between the solid and liquid phases due to 
competing material ductility and the strain rate of the 
solidification process [5, 6, 23, 24]. Therefore, the 
mushy zone size is significant and is an effective factor 
in mitigating or surging material susceptibility to cen-
terline solidification cracking. Agarwal et al. [6] obser-
ved that applying the same heat input when welding 
two different steel materials separately produced two 
different mushy zone sizes, wherein the longer one 
exerted high solidification cracking susceptibility due 
to longer solidification time and lower critical strain 
rate on the grain boundaries. Wang et al. [24] suppor-
ted that by studying the effect of dual side-by-side la-
ser beam welding on aluminum alloys and found that 
a maximum mushy zone width could be obtained with 
higher inter beam spacing, and that it produced a 
higher risk of cracking due to longer time spent under 
transverse strains during the solidification process. 

 

Fig. 2 Schematic of a weld pool and localized strain on the 
trailing edge in the mushy zone 

 
Coarser grain size formation in the weld zone also 

subsidizes to centerline solidification crack initiation 
and propagation, whereas a finer grain size increases 
material crack rezistivity [25, 26]. A finer grain size 
corresponds to a significantly greater boundary area, 
with high back filling liquid flow and more effective 
healing of incipient cracks during solidification [27, 
28]. In contrast, a coarser grain size produces greater 
segregation of low melting points on the grain boun-
daries, allowing the localized strain to easily reach the 
critical point to initiate a crack [29, 30].  

The heat input and cooling rates also play signifi-
cant role in centerline solidification crack resistivity 
during a fusion weld process. Therefore, heat input 
and cooling rate may increase or decrease the risk of 
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initiation and/or propagation of a crack depending on 
the rate of resultant accumulated strains around the 
semi-solidified grain boundaries [18, 31-34]. For 
example, Kou and Le [26] showed that longer center-
line solidification cracks occur by applying higher heat 
input and lower cooling rate due to the higher resul-
tant thermal stress. Ragavendran and Vasudevan [35] 
also stated that higher heat input produces coarser gra-
ins, smaller grain boundaries, and larger heat affected 
zone, while finer grain structure, larger grain bounda-
ries, and excellent mechanical properties could be 
achieved by rapid cooling rate. Shangren et al. [34] also 
added that weld defects, such as porosity, distortion 
and hot cracking, easily occurred when arc welding 
with a high heat input and a low welding speed were 
used. Moreover, a slightly convex weld profile surface 
with lower heat input prevents surface shrinkage crac-
king, which tends to occur in weld zones with higher 
heat input and concave profile surfaces, because the 
former surface is subject to lower tensile forces [20]. 

Weld pool motion has been demonstrated to have 
a significant effect on centerline solidification crack re-
sistivity [25, 26, 36, 37]. Kou and Le [37] proved that 
a straight weld pool motion generally yields longer 
centerline solidification cracks, whereas a weaving 
weld pool motion with tortuous path yields shorter 
cracks and improved material centerline solidification 
crack resistivity. This behavior is attributed to the al-
ternating grain orientation formed in the centerline of 
the weld zone by the weaving technique, which forces 
the crack to deflect during its propagation along the 
grain boundaries. Thus, crack energy is consumed, li-
miting the propagation, and shortening the crack len-
gth. Moreover, Kim et al. [36] proved that with the 
transverse weaving weld profile, a curved liquid film 
would be formed and it served to suppress the forma-
tion of solidification cracks to a significant extent. 
Biradar and Raman [10] showed that using transverse 
mechanical arc oscillation changed weld bead 
morphology and resulted in uniform residual tensile 
strains around the weld pool, thereby helping to re-
duce hot cracking tendency. 

Weld speed has been studied and shown to have a 
significant impact on solidification cracking [38-40]. 
Amaya et al. [38] studied the effect of travel speed on 
welding low and medium carbon steel and found that 
solidification cracking susceptibility increased by 
increasing the weld travel speed, due to the formation 
of Fe-MnS-FeS eutectic with decreasing solidification 
temperature. Another study by Ohshita et al. [39] to 
evaluate solidification cracking when welding low car-
bon steel with varying weld speed concluded that by 
using SMAW, solidification cracking never occurred 
when weld speed is less than the critical level. Albannai 
et al. [25] proved that welding AA 2024 with high tra-
vel speed produced longer centerline solidification 
cracking due to the formation of sharp centerline on 

the weld zone. A V-notch surface resulted from tear 
drop weld pool shape, supporting the initiation and 
propagation of centerline solidification cracking. Kota 
et al. [41] stated that the critical strain for solidification 
cracking decreased with increasing weld speed, which 
contributed to cracking susceptibility in solidification.   

In order to assess the hot cracking resistivity of a 
material, several tests have been developed and they 
can be classified into two categories, externally loaded 
and self-restraint tests as Agrawal [42] presented them 
and as can be seen in Fig. 3. In externally loaded tests, 
the load is created externally during the welding pro-
cess to put the welded material under tensile or ben-
ding loads in order to assess and study the material’s 
susceptibility to hot cracking. These tests are good for 
determining local conditions that lead to cracking, e.g.  
strain or strain rate. Unfortunately, they are expensive 
and need special care when setting up. On the other 
hand, self-restraint or intrinsic tests are designed to be 
easy in use and are inexpensive, but the strains and 
stresses generated internally during welding contribute 
significantly to the initiation and propagation of soli-
dification cracks. Thus, the resultant total crack length 
is the key to determine material solidification crack 
susceptibility [42]. 

 

Fig. 3 Classifications of hot cracking tests [42] 
 
As a summary of all previously mentioned litera-

ture, several factors induce centerline solidification 
cracking in a weld metal, e.g. material’s susceptible to 
high solidification temperature range (liquid to solid) 
[11, 19], high thermal and mechanical stresses [20, 21], 
coarse solidified grain size [30, 31, 43], straight weld 
pool motion [10, 36, 37], high heat input (high thermal 
stress) [26, 32, 34, 35], high weld travel speed [25, 38, 
39], weak weld bead shape [20, 44], and large and/or 
long mushy zone [6, 23, 24]. Therefore, it is crucial to 
overcome the limitations imposed by these factors in 
order to improve the material’s centerline solidifica-
tion crack resistivity in any fusion weld process. Fig. 4 
summarizes the main factors in assisting initiation 
and/or propagation centerline solidification cracking 
in fusion welding processes. 
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In this study, three different weld pool motions 
were investigated using gas tungsten arc welding 
(GTAW): straight, weaving, and tandem. The goal of 
the study was to investigate the corresponding center-
line solidification crack resistivity for autogenous wel-
ding of AA2024. Straight and weaving weld pool mo-
tions normally depend on a single electrode motion. 
Tandem motion depends on double electrodes, usua-
lly working simultaneously, with one leading the other 
at a specific distance. Double electrodes have been 
studied by Schwedersky et al. [45] and show improved 
productivity when high speed welding on thick joints 
is needed to form high weld bead quality without dis-
continuity or humping defects. The novelty of this 
study lies in the application of a new technique called 
“tandem GTAW with alternating side-by-side spot-
like welds,” which forms a straight weld line with a 
weave-like appearance. The principle of the proposed 
tandem process is different from that of other tandem 
processes, because the electrodes are located beside 
each other at an angle and at a specific distance as they 
function alternatingly (one at a time semi-stationary) 
to form high weld bead quality and a weave-like weld 
profile with lower heat input. All three weld pool mo-
tions were subjected to the fishbone test to assess cen-
terline solidification cracking formation and to inves-
tigate the above-mentioned crack factors. The aim of 
this study is to build up better understanding of loca-
lized strain around a moving weld pool when compa-
ring three different weld pool motions by studying the 
total centerline solidification crack lengths and paths, 
fracture surfaces, thermal stress, and average grain si-
zes. While, the microstructure behavior and grain 

structure formation in the weld zone has been studied 
earlier and proved that tandem technique can be good 
competitor with promising results to other weld pool 
motions used in GTAW [25]. 

 

Fig. 4 A diagram summarizing the most important factors 
affecting solidification crack resistivity as proposed in the men-

tioned literatures 

 Experimental setup 

2.1 Material preparation 

The heat-treatable AA2024 (also known as Al–Cu 
alloy), widely used in aerospace and structural applica-
tions, was investigated. The chemical composition as 
received commercially of AA2024 alloy and relevant 
material properties are listed in Table 1 & Table 2, re-
spectively. AA2024 alloy is highly susceptible to solid-
ification cracking and is not recommended for fusion 
welding [17]. Improving AA2024 resistivity to center-
line solidification cracking would enhance its suitabil-
ity for fusion welding in more industrial applications. 

Tab. 1 Chemical composition of AA2024 
Element Si Fe Cu Mn Mg Cr Zn Ti V Zr Other 
Wt [%] 0.07 0.18 4.4 0.54 1.3 0.01 0.15 0.02 0.01 0.00 0.03 

Tab. 2 Material properties of AA2024 
Material Properties Value 
Density 2.78 (g/cc) 
Vickers Hardness 137 
Specific Heat Capacity 0.875 (J /(°! g)) 
Thermal Conductivity 121 (W/(K m)) 
Solidus Temperature 505 (°!) 
Liquidus Temperature 638 (°!) 
Thermal Expansion 23.2 (μm/(m °C)) 

 
In this study, three different weld pool motions 

(straight, weaving, and tandem) were employed auto-
genously in the GTAW process. Two test specimens 
for each weld pool motion (six specimens in total) 
were prepared. Each specimen was sized with a length, 
width, and thickness of 254 mm, 84 mm, and 1.6 mm, 
respectively. The specimens were prepared using 

electric discharge machining with a ± 0.1 mm tole-
rance. These dimensions were chosen following Kou 
and Le [26, 37], in order to ensure suitability for the 
fishbone test (Houldcroft test), as shown in Fig. 5. 
This test is one of the self-restraint tests mentioned 
earlier and helps to initiate centerline solidification 
cracking during welding. The total crack length can be 
easily measured visually, and it is suitable for autoge-
nous welding. Crack initiation was performed using a 
horizontal slot of 25.4 mm length and 1 mm width. 
Ten vertical slots of 1 mm width were positioned on 
each side of the weld line. They were machined to gra-
dually reduce both the strain and tensile stresses du-
ring welding and thus, supposedly reduce the total 
crack length. 

The welded samples were cut, ground, polished, 
and etched with a Keller reagent consisting of 2 mL of 
hydrofluoric acid, 3 mL of hydrochloric acid, 5 mL of 
nitric acid, and 190 mL of distilled water. Optical 
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microscope and scanning electron microscopy (SEM) 
images were obtained and analyzed to understand the 
material behavior of the solidification process. ImageJ 

software was used on the uploaded images from the 
optical microscope to measure the average grain size 
of the weld zone using the “intercept method”. 

 
Fig. 5 Schematic of fishbone test specimen used in the experiment (a) schematic of the test sample and dimensions (b) actual pre-

pared test sample of AA 2024 (ALL DIM IN MM, W = width and L = length)

2.2 Welding parameters 

For all investigated weld pool motions, direct-
current straight polarity, and a voltage of 11 V were 

used with a �2.4 mm (2% thoriated) tungsten (W) 

electrode at a 50° tip angle. The shielding gas was pure 
argon (Ar, 99.9%) with a flow rate of 10 L/min. The 
longitudinal welding speed for all weld pool motions 
was 3.6 mm/s. For the tandem weld pool motion, an 
average current of 65 A was used, as shown in Fig. 6, 
while a fixed 60 A current was used for the other two 
weld pool motions. The weaving weld pool motion 
was performed by mechanical arc oscillation using a 
robotic arm to form the weaving weld pool motion 
with an amplitude of 1.9 mm and frequency of 1 Hz. 
Note that the current used in the tandem weld pool 
motion was averaged because each of the two electro-
des had a sharp and high start frequency when the arc 
was struck. The cooling rate and power settings for all 
weld pool motions are listed in Table 3. 

A type-C thermocouple was attached to the back 

of the welded material and was welded at the center 
under the weld line by drilling a 0.5 mm hole, as shown 
in Fig. 7. The purpose of the thermocouple was to me-
asure the cooling rate from liquidus to solidus tempe-
rature (in the mushy zone). 

 
Fig. 6 Average amperage for one electrode in the tandem tech-
nique. The horizontal dotted line denotes an average current of 

65 A 
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Tab. 3 Welding parameters and crack results 

No. Weld Pool Motion Crack Length (mm) Crack Path Cooling Rate (° /!) Heat Input (J/s) 

1 Straight 137 Straight 83.5 462 
2 Weaving 68 Tortuous 127 462 
3 Tandem 56 Tortuous 175 508 

 
Fig. 7 Thermocouple location 

2.3 The proposed method 

To achieve the tandem weld pool motion for the 
proposed tandem GTAW with alternating side-by-
side spot-like welds (semi-stationary welds), two 

electrodes were aligned side-by-side at a 30° angle in a 
torch fixture, and an external argon gas cylinder was 
connected to the fixture to allow continuous gas flow 
inside the torch fixture to surround the electrodes du-
ring the welding process. The distance between the 
two electrode tips was 3.8 mm, which implied an am-
plitude of 1.9 mm for each electrode (Fig. 8). Each 
electrode was connected to an independent GTAW 
power source. A microelectronic Arduino board was 
used to control the welding time for each electrode, to 
ensure accurate and symmetric spot-like welds that 
overlapped without arc interference. Each electrode 
operated for 1 second and was then deactivated, all-
owing the other electrode to work for the next second. 
This process was repeated until the entire weld line 
had been deposited longitudinally, as shown in Fig. 9 
for the schematic tandem process and Fig. 10 for 
actual resultant weld bead deposited on the plate with 
the tandem process. 

 
Fig. 8 Actual custom-made torch fixture on the left, and sche-
matic electrode angle and distance in custom-made torch on the 

right 

 

Fig. 9 Schematic of weld pools produced using the proposed 
tandem GTAW with alternating side-by-side spot-like welds 

 

Fig. 10 Images of weld line produced using the proposed tan-
dem GTAW with alternating side-by-side spot-like welds a) 

lower magnification b) higher magnification 

 Results and discussion 

3.1 Total centerline solidification crack lengths 

The average centerline crack length results (for two 
samples) and path for each weld pool motion are listed 
in Table 3. Note that the longest average total crack 
length was 137 mm, obtained with the straight weld 
pool motion. The shortest average total crack length 
was 56 mm, obtained with the proposed tandem weld 
pool motion. Thus, a reduction of approximately 60% 
was achieved by the tandem technique over the 
straight weld pool motion. Similarly, the weaving weld 
pool motion exhibited good reduction in the total 
average crack length, with 50% compared to the 
straight-line case. The following discussion and results 
will clarify the reasons for the best improvement in 
total crack length achieved by tandem technique 
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among all three presented techniques. 
Although the weaving weld pool motion exhibited 

good reduction in total crack length, in agreement with 
the findings of Biradar and Raman [10] and Kou and 
Le [26, 37], the tandem motion exhibited superior per-
formance, with an approximate 17% reduction com-
pared to the crack produced by the weaving weld pool 
motion (Table 3). Moreover, the crack yielded by the 
proposed tandem weld pool motion had a tortuous 
path similar to that produced by the weaving weld 
pool motion, as shown in Fig. 11. This result indicates 
that the proposed method changed the behavior and 

orientation of the solidified grains and acted almost 
like weaving weld pool. Hence, the crack changed 
course in an attempt to follow the columnar dendritic 
grain boundaries, inducing crack energy consumption 
and yielding a shorter longitudinal centerline crack len-
gth compared to that with the straight crack. This ap-
proach was also in good agreement with Ragavendran 
and Vasudevan [35], who stated that with finer grain 
structure the higher amount of grain boundaries result 
in higher toughness and strength due to more inter-
faces where dislocations pile up and make a tortuous 
path for cracks to propagate. 

 

Fig. 11 Optical macroscopic images (top view) of tortuous centerline cracks yielded by the (a) weaving and (b) proposed tandem wel-
ding techniques

3.2 Heat input and cooling rate 

The heat input and cooling rate have a direct im-
pact on the grain size, thermal stress, fracture surface, 
and total centerline solidification crack length. Gene-
rally, the cracking response is promoted by increasing 
the heat input when welding aluminum alloys [18, 34]. 
Moreover, changing the weld pool shape and stress 
distribution at the trailing edge (mushy zone) of the 
weld pool affects the material response to the crack 
[21, 46]. 

Table 3 lists the cooling rates for all three different 
weld pool motions. The highest and lowest cooling ra-
tes of 175°C/s and 83.5°C/s were obtained for the 
tandem and straight weld pool motions, respectively 
(thermocouple readings). The heat input was calcula-
ted using Equation (1), which was employed by Min 
et al. [47] to study the effect of heat input during the 
GTAW process on the microstructure and mechanical 
properties of AZ61 Mg alloy. 

 Heat Input = 
A V

S

h´ ´
  (1) 

Where: 
A…Welding current produced by the welding ma-
chine [Ampere], 

V…Voltage depending on the gap between the 
electrode tip and welded material surface [Volt],  

Ƞ…Arc efficiency [70%] following Norman et al. 
study [48], 
S…Welding speed [mm/sec]. 

 
The most interesting aspect of Table 3 is that, alt-

hough the tandem method in conjunction with the 
welding power input should have lowered the cooling 
rate, it did not. This unusual behavior may have arisen 
because of the arc deactivation and operation of ano-
ther arc at a different location at some distance. 
Hence, the weld covered a larger area and the power 
density was reduced, which distributed the heat and 
lowered the total heat input. Therefore, the proposed 
tandem weld pool motion has lower heat input and, 
thus, lower residual stresses should result as menti-
oned earlier [26]. Although the calculated power input 
for the tandem weld pool motion was the highest 
among the three considered motions, the cooling rate 
was fast (i.e. from the thermocouple measurement). In 
regular welding (continuous arc), a high-power input 
should yield a slow cooling rate and higher heat input 
[18]. However, this relationship did not manifest in 
tandem case because of the distance between the spots 
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during the alternation of both arcs as the entire weld 
was deposited. As mentioned above, the mismatch 
between the power input and cooling rate resulted 
from alternate activation and deactivation of both arcs 
on different spots. The rapid cooling rate obtained by 
tandem technique is believed to be mandatory for pro-
ducing finer grain structure and agreed with Ragaven-
dran and Vasudevan [35]. It should be noted that the 
tandem technique is taking the advantages of spot like 
welds (semi-stationary welds) and the overlap distance 
at the same time, with each weld pool depending on 
the following one. This action ensures lower heat 
input and less tensile strain at the same time, which 
normally in a single spot weld would result in high ten-
sile strain due to the rapid shrinkage around the weld 
pool caused by rapid solidification of dendrite tips. 
Although, the single spot weld encountered high ten-
sile strain, a single weld pool can also generates large 
tensile residual stresses behind the weld pool [40]. In 
tandem weld pool motion, however, the two weld po-
ols reduce the localized tensile stress, because one 
weld pool affects the other and converts some of the 
tensile stress to compression stress as shown in Fig. 
12. This result exhibits good agreement with Ploshi-
khin et al. [49], when they proved that additional laser 
beam moving parallel to the main laser beam decreases 
the accumulated strain and the displacement in a crack 
critical region. 

 

Fig. 12 Schematic of localized strain points in the mushy 
zone of (a) single weld pool and (b) tandem process 

 
So, in the tandem technique when one weld pool 

is trying to solidify rapidly after shutting off the first 
electrode, the second electrode starts the arc directly 
with overlap distance and manipulating the strains 
around the previous weld pool with braking or re-mel-
ting the columnar dendrite and splitting the localized 
strain as shown in Fig. 12. While in single weld pool 
motion Fig. 12(a), the magnitudes of tensile strains 1 
and 2 will reach higher maximum stress concentration 
on one localized point, in the tandem process Fig. 
12(b) shows that tensile strains 2 and 3 almost cancel 

each other due to overlapping weld pools beside each 
other and the resulting maximum stress concentration 
would be lower in comparison with that in a single 
weld pool. Moreover, the tandem process showed two 
different stress concentration points and they are not 
in the centerline of the generally produced weld zone. 
Thus, this approach is believed to be a factor in as-
sisting a tortuous crack path that results in better re-
sistance to centerline solidification cracking. 

Further evidence that the proposed tandem weld 
pool motion produces lower heat input and is superior 
to the other two alternatives is shown by the weld pro-
file. However, there are some limitations to the pro-
posed technique such as process setup, weld parame-
ters optimization and two weld machines are needed. 
Fig. 13 shows transverse view of the weld profiles ob-
tained for all three weld pool motions used in this 
study. Note that the proposed technique allowed al-
most no concavity (0.1 mm) with almost flat weld pro-
file and small angle of incline, as shown in Fig. 13(e) 
and (f). Concave shapes (vertical distance from the 
shoulder of the base metal to the centerline of the 
weld) of 0.5 and 0.6 mm with a medium angle incline 
and steeper incline were observed when welding was 
performed using the straight and weaving weld pool 
motions, as shown in Fig. 13(a)-(d) respectively. As 
mentioned above, concave profiles usually have a ne-
gative impact on centerline solidification cracking un-
der high heat input and high stress concentration [20]. 
Thus, the weld profiles indicate that the thermal stress 
around the weld centerline is much lower for tandem 
weld pool motion compared with the other two weld 
pool motions. 

Furthermore, the thermal stress and heat input du-
ring the weld process influence the fracture surface 
[49]. Fig. 14 shows SEM images of the centerline soli-
dification cracking fracture surfaces obtained for the 
three weld pool motions. For the straight weld pool 
motion, the fracture surface exhibits axial dendritic 
grains (Fig. 14(a)). Thus, the high heat input with the 
weld pool motion was sufficient for formation of this 
structure type, allowing the crack to initiate and pro-
pagate easily through the grain boundaries at the weld 
centerline where the dendritic grains formed straight 
lines creating a plane of weakness in agreement with 
both [48, 50]. Fig. 14(b) and (c) for the weaving and 
tandem weld pool motions, respectively, show no evi-
dence of axial dendritic grains because of different 
weld pool motions, while grain size and orientation 
show lower heat inputs when compared to the straight 
motion. The fracture surfaces for both the tandem and 
weaving weld pool motions indicate comparable heat 
input and thermal stress. The fracture surface for the 
weaving weld pool motion is smoother and indicates 
higher thermal stress, which caused the crack to ap-
pear in the early stages of the solidification process 
with the appearance of higher fraction eutectic at 
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higher temperature and earlier solidification stage. For 
the tandem technique, the crack occurred at a later 

stage showing rougher fracture surface, with finer gra-
ins at lower fraction eutectic and temperature. This 
finding is in good agreement with Zhang et al. [51].

 

Fig. 13 Optical macroscope and microscope images of the transverse view: (a and b) straight, (c) and (d) weaving, and (e and f) tan-
dem weld pool motion profiles showing concavities of approximately 0.6, 0.5, and 0.1 mm, respectively 

(a) 

(c) 

(e) 

(b) 

(d) 

(f) 

Concavity 

Concavity 

almost no concavity 

Steeper angle incline

medium angle incline 

Smaller angle incline  
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Fig. 14 SEM images showing fracture surfaces of centerline solidification cracking for (a) straight, (b) weaving, and (c) tandem weld 
pool motions 

 
The average grain size of the weld zone was mea-

sured, and the results are shown in Fig. 15 A clear 
comparison exists between the average grain size and 
total centerline crack length for the three weld pool 
motions studied in this work. Hence, it is apparent that 
shorter total centerline solidification cracking is achie-
ved with finer average grain size, which is in agreement 
with Kou [20] and Ragavendran and Vasudevan [35]. 
Additionally, Fig. 15 shows that the tandem weld pool 
motion reduced the grain size by 52% and produced 
fine grains of 10 µm, while the straight weld pool 
which produced an average grain size of 21 µm. The 
weaving weld pool motion yielded an average grain 
size of 15 µm, with only 28% improvement over the 
straight case. In addition, the fracture surface for the 
tandem weld pool motion (Fig. 14(c)) exhibited mostly 
finer grain size compared with that for the weaving 

motion (Fig. 14(b)), indicating that the tandem weld 
pool motion has lower heat input and a higher cooling 
rate. We believe that the melt flow process in tandem 
technique affected the columnar grains in the mushy 
zone, causing a large number of columnar grains to 
break or re-melt, which repressed the growth of the 
columnar grains and offered a large amount of grain 
nucleus and finer grain formation, in agreement with 
Shangren et al. [34]. 

Overall, the results for the weaving weld pool mo-
tion indicated lower heat input, lower thermal stress, 
and shorter total centerline solidification cracking than 
those for the straight weld pool motion, which has 
also been proven by Hu et al. [52]. However, the tan-
dem weld pool motion yielded better results, with im-
provements heat input, thermal stress, average grain 
size, and total centerline crack length. 

(a) (b) 

(c) 
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Fig. 15 Centerline solidification crack length vs. average grain 
size for the three investigated weld pool motions 

 Conclusions  

The proposed technique is superior to the straight 
and weave weld pool motions however, there are 
some limitations such as process setup, weld parame-
ters optimization and two weld machines are needed. 
The results of current investigation can be summari-
zed as follows: 

· A total crack length reduction of approxima-

tely 60% was achieved for the tandem weld 

pool motion over the straight case. The wea-

ving weld pool motion exhibited a 50% re-

duction in total crack length compared with 

the straight technique.  

· The tandem weld pool motion yielded a tor-

tuous path, which proves that the proposed 

method changed the orientation of the solidi-

fied grains and caused crack deflection that at-

tempted to follow the columnar grain boun-

daries.  

· Even though the same welding parameters 

were used for all the techniques, lower heat 

input and higher cooling rate were obtained 

because of the arc deactivation and operation 

of another arc at a different location at some 

distance for the tandem weld pool motion.  

· The localized centerline thermal stresses for 

both the straight and weaving weld pool mo-

tions were greater than that for the tandem 

technique due to severely concave weld pro-

file shapes, which assisted the initiation and 

propagation of the centerline solidification 

cracking.  

· The fracture surface obtained for the tandem 

weld pool motion confirmed improvements 

in grain refinement, thermal stress, and total 

centerline solidification crack length as a re-

sult of the lower heat input. 

Future studies will focus on assessing the effects of 
the angles and distance between the electrodes on the 
outcome to find the optimum electrode locations. 
Moreover, numerical heat transfer modeling should be 
implemented to investigate the fluid and heat flows in 
the weld pool.  
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