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Tungsten Argon Arc Welding Crack Analysis and Numerical Simulation  
for Residual Stress of Co-Based Superalloy

The influence of welding current decay time on the repair of Co-based superalloy by tungsten argon arc welding spot welding 
are investigated by means of simulation and experiments. The results show that: the maximum tensile stress of residual stress after 
welding is distributed in the center area, gradually decreases towards the edge area, and mainly exists in the form of compressive 
stress in the edge area. On the same welding current, with the increase of attenuation time, the overall trend of temperature and 
stress distribution, and the stress value increases. The larger the fusion zone (FZ) crack area and the smaller intergranular cracks 
in the heat affected zone (HAZ) decrease. Currently, there is limited research on the influence of welding current decay time on 
the repair of Co-based superalloys via tungsten argon arc spot welding. 
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1. Introduction

With the rapid development of the aerospace industry, 
numerous researchers have been devoted to the development of 
alloys that exhibit improved performance and are more suited 
to this field [1-2]. Due to the exceptional high-temperature 
properties of superalloy, the research and development of novel 
superalloy is closely associated with the advancements in the 
aerospace sector [3]. Co-based superalloys are widely used in 
turbine blades of engines but, these components can suffer from 
different degrees of damage such as wear and corrosion, lead-
ing to a decline in performance [4-6]. Instead of replacing these 
costly parts, repairing the damaged or degraded areas is a more 
economical option. Welding is a commonly used method for 
repairing cracks in Co-based superalloys, as it is cost-effective 
and can provide comparable quality and integrity for the com-
ponents [7]. Tungsten argon arc welding (TIG) is a primary 
technique utilized for the welding repair of superalloys [8-9]. 
One of the main challenges in the welding repair process is the 
occurrence of welding cracks. These cracks can directly or indi-
rectly affect the performance of the components, and even tiny 
cracks that cannot be detected may become a potential cause of 
safety accidents [10-12]. 

The main reason for welding cracks is the presence of re-
sidual stress that cannot be eliminated during welding [13-14]. 
Understanding the distribution of residual stress after welding 
is vital for comprehending the mechanical properties of the 
welded parts. However, the traditional experimental approach for 
studying residual stress is time-consuming, expensive, and may 
yield less accurate data [15]. Finite element technology, along 
with various simulation software, has been constantly evolving 
[16-17], offering an alternative approach to study residual stress 
distribution after welding. By combining simulation techniques 
with experimental data, the research and development process 
can be expedited, while reducing costs [18-24].

It is important to note that the welding processes can have 
great effects on the repaired materials. Inappropriate selection of 
welding parameters can potentially compromise the components 
and lead to irreversible consequences. In this study, the influ-
ence of current attenuation time in the TIG welding process on 
welding cracks in the alloy is investigated using a combination 
of simulation and experiment. The temperature field and distribu-
tion of residual stress during the welding process are evaluated 
using ANSYS software.
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2. Experiment method

2.1. Experiment parameter

The welding experiments in this study utilized cylindri-
cal Co-based superalloy flakes with a diameter of 16 mm and 
a thickness of 2 mm. Tungsten argon arc spot welding was the 
chosen welding method, with a duration of 3 seconds, an arc 
length of 1 mm, and a welding current of 25 A. Two different 
conditions were tested, with controlled current decay times of 0 s  
and 4 s.

2.2. Finite element method

ANSYS software was used for numerical simulation of 
welding residual stress. In order to ensure the accuracy results, 
the model ratio was one to one according to the shape (thin 
cylindrical) and size (ϕ16×2 mm) in welding part. For mesh 
division, the mapping mesh partition method was utilized, which 
proved to be more suitable in terms of shape and quality com-
pared to other methods. The ANSYS simulation employed the 
mapping mesh division method to generate polyhedral mesh on  
the body.

In practical welding processes, the heat input and tempera-
ture distribution in the welding parts are non-uniform. The heat 
is higher concentrated in welding heat source, so the temperature 
of the welding center area and its vicinity is higher. As the dis-
tance from the heat source increases, the heat and temperature 
rapidly decrease. The grid of the weld and nearby area should 

be divided into a fine and neat point to ensure the relative ac-
curacy of calculation. 

The finite element model is established according to the 
entity of weldment. The mesh division is based on the actual 
situation of non-uniform mesh division. In the fusion zone and 
heat affected zone of the molten pool, a close regular quadri-
lateral grid is adopted, and a sparse and irregular grid is used 
in the far region. The final result of finite element meshing is 
shown in Fig. 1. The total number of meshing cells is 3696, and 
the number of nodes is 3063. 

The welding method in the paper is GTAW spot welding. 
According to the actual welding situation, the welding heat 
source model selected is Gaussian heat source model. The ef-
fective arc radius of Gaussian heat source model is 0.006. The 
specific heat flow at any point on the heating center is shown 
in Formula 1.
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Where QR represents the surface heat flow at r; Q0 represents the 
maximum heat flow density at the heating center; r0 represents 
effective arc heating radius (m); r stands for distance to arc 
heating center (m).

Considering the complexity and computation of welding 
process, some initial conditions are simplified. The ambient 
temperature is room temperature (25℃), and the thermophysical 
properties of the materials were assumed to vary with tempera-
ture. The thermophysical properties of the materials used in the 
model are shown in TABLE 1.

Fig. 1. ANSYS (a) finite model (b) front view of finite model

Table 1

Thermophysical performance parameters

Temperature, 
°C

Density,  
kg/m3

Specific heat,  
J/kg·°C

Thermal conductivity, 
W/m·°C

Poisson’s  
ratio

Elastic moduli, 
GPa

Thermal expansivity, 
I/°C

Yield strength, 
MPa

25 8190 425.5 11.4 0.3 271 1.25 e-5 460
400 8043 525 17.5 0.3 221 1.4 e-5 449 
600 7964.6 580 20.5 0.3 209 1.45 e-5 438 
800 7886.2 630 23.4 0.3 151 1.5 e-5 427 

1200 7729.4 721 30.5 0.3 111 1.65 e-5 99.8 
1500 7255.7 810 35.1 0.3 100 1.75 e-5 5 
3000 5935.7 1080 57.2 0.3 100 1.75 e-5 5 
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3. Results and discussion

The molten pool formed during Tungsten Inert Gas (TIG) 
welding consists of three distinct regions: the base material, 
fusion zone, and heat-affected zone. The fusion line marks the 
boundary between the fusion zone and the heat-affected zone. 
The morphology after GTAW spot welding is shown in Fig. 2(a), 
and the morphology of the molten pool is marked. Fig. 2(b) 
is a schematic diagram of the post-weld pool, which includes 
base metal zone (BM), fusion zone (FZ), heat affected zone 
(HAZ) and fusion line.

3.1. Effect of current decay time on molten pool 
morphology

Fig. 3 shows the contrast morphology of welding molten 
pool under the condition of spot welding time 3 s, welding cur-
rent 25 A, different dacay time 0 s and 4 s. For the characteristics 

of fusion zone morphology, as shown in Fig. 3(a) and (b), it can 
be observed that the cracks extending in the transverse and lon-
gitudinal directions are more pronounced at the intersection with 
a decay time of 4 s compared to 0 s. It is similar to the intersection 
of cracks in three large directions. The crack length increases 
significantly as shown in Fig. 4. As the decay time increases, 
so does the heat input to the weldment. It can also be seen from 
Fig. 5 that when the welding current decay time is 4 s, the molten 
pool area also increases significantly. The error bars in Figs. 4 
and 5 were determined based on two sets of experiments con-
ducted for each parameter. This approach was adopted to enhance 
the scientific rigor and accuracy of the experimental results. The 
influence of welding decay time of 0 s on the morphology of 
the heat-affected zone is shown in Fig. 3(c), and obvious fine 
cracks along the grain can be observed. Fig. 3(d) express that 
the fine cracks in the intergranular cracking of the heat affected 
zone are not as obvious as those in the case of 0 s. These fine 
intergranular cracks tend to decrease with the increase of welding  
decay time.

Fig. 2. (a) Morphology of molten pool (b) Regional distribution of BM, HAZ and FZ in numerical simulat

Fig. 3. Morphology of molten pool after welding, welding current with 25 A and decay times with 0 s and 4 s, (a) 0 s, FZ (b) 4 s, FZ (c) 0 s, HAZ 
(d) 4 s, HAZ
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3.2. Numerical simulation of temperature field

The distribution cloud diagram of temperature field of weld-
ment at different time points in the welding process is shown in 

Fig. 6. Fig. 6(a)-(b) is the cloud diagram of the heating stage of 
welding process, and Fig. 6(c)-(f) is the welding cooling pro-
cess. The heating and cooling process of welding, the dynamic 
change of the whole temperature field could be clearly observed. 

Fig. 4. Distribution of welding crack length and width under different 
decay time, (a) 0 s, (b) 4 s

Fig. 5. Distribution of weld pool area after welding with different decay 
time, (a) 0 s, (b) 4 s

Fig. 6. Cloud map of temperature field distribution of weldment at different time points, (a) 0.5 s, (b) 3.12 s, (c) 3.54 s, (d) 45 s, (e) 500 s, (f) 2189 s
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At different time points, the temperature of welding parts at dif-
ferent time points changes. During the heating stage, as shown 
in Fig. 6(a)-(b), the temperature of the welding parts increases 
rapidly, resulting in an uneven distribution of the temperature 
field with a significant temperature gradient. The isotherms ap-
pear dense at the front end of the weld pool. Moving on to the 
cooling process, as shown in Fig. 6(c)-(f), a relatively stable 
temperature field is formed on the welded parts over time.

The distribution cloud diagram at 0.5 seconds is shown in 
Fig. 6(a). In the diagram, we observed that the distribution trend 
was very uneven and there was a large temperature difference. 
The central region exhibits a high temperature with a small area, 
reaching 783.94℃ at the center of the molten pool. The cloud 
image of temperature field distribution at 3.12 seconds is shown 
in Fig. 6(b), the distribution of temperature field is wider than 
0.5 seconds and the temperature gradient is very large, with the 
temperature in the center of the molten pool reaches 1170.21℃. 
The cloud diagram of temperature field distribution at 3.54 sec-
onds is shown in Fig. 6(c), the distribution of temperature field 
is larger than 3.12 seconds and the temperature gradient is very 
large. The temperature in the center of the molten pool reaches 
945.93℃. The cloud diagram of temperature field distribution at 
45 seconds is shown in Fig. 6(d), the distribution of temperature 
field is further expanded than 3.54 seconds, the temperature gra-
dient is relatively uniform. The temperature in the center of the 
molten pool reaches 189.82℃. The temperature field distribution 
cloud at 500 seconds is shown in Fig. 6(e), the temperature field 
near the molten pool becomes consistent, with a temperature 
of 89.75℃. The distributed cloud diagram at 2189 seconds 
is shown in Fig. 6(f), the temperature in and around the molten 
pool becomes uniform, measuring 29.98℃.

Throughout the entire welding process, the welding parts 
undergo heating and cooling processes, and the temperature in-
creases rapidly with the increase of time in the heating process. 
The temperature is high in the center of the molten pool, and 
then decreases continuously toward the edge area, resulting in 
a significant temperature gradient. During the cooling process, 
the temperature gradually decreases with the increase of time, 
the temperature gradient is roughly the same after a certain time. 
The temperature near the molten pool becomes consistent with 
the remote area. In this paper, only one of the welding param-
eters, the temperature field distribution cloud diagram when the 
welding current is 25 A and the decay time is 0 s, is shown in 
Fig. 6. The temperature field cloud diagram with decay time of 
4 s is not shown, but the law of calculation results and analysis 
results is consistent.

The temperature at different time points in the temperature 
field of 0 s and 4 s of welding current 25 A is shown in Fig. 7. 
It can be seen that the calculation results of the finite elem-
cess, there is a noteworthy consistency among the temperature 
curves of individual points located along the center line of the 
weldment, the prominent occurrence of maximum temperature 
at the central region of the weld pool. With the progression of 
time, a quasi-steady state field emerges at a specific moment, 
aligning with the numerical simulation outcomes, which further 

indicates that the setting of heat source grid and grid division in 
the model is reasonable, and is consistent with the actual welding  
situation.

Fig. 7. Temperature time history diagram

3.3. Numerical simulation of stress field

Upon the application of an external force, the material 
undergoes a certain degree of deformation, which subsequently 
reverts back to its original state upon the removal of the external 
force. The deformation induced by the external force is referred 
to as elastic strain. Plastic strain is also known as permanent de-
formation, which denotes the irreversible deformation that occurs 
under the influence of stress. Upon the removal of stress, there 
remains a residual strain that cannot be completely eliminated 
within the material. Fig. 8 express the curves of elastic strain and 
plastic strain when welding current is 25 A and decay time is 0 s 
and 4 s. It is observed that for a decay time of 0 s, the elastic 
strain curve exhibits a compressive stress in the time range of 0 s 
to 3.12 s, transitioning into a tensile stress thereafter at 3.12 s. 
The tensile stress reaches its peak at 3.54 s. The plastic strain 
curve reaches its lowest value at 3 s. When the decay time is 4 s, 

Fig. 8. Elastoplastic strain distribution diagram at welding current of 
25 A
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the elastic strain curve is compressive stress at 0 s-5.27 s and 
becomes tensile stress at 5.27 s. The tensile stress reaches its peak 
at 7.04 s. The plastic strain curve reaches its lowest value at 3.71 s.

The stress along the weld is usually referred to as the lon-
gitudinal stress, denoted by σx. The stress perpendicular to the 
direction of the weld, called the transverse stress, is expressed 
by σy. The cooling rates on the surface and inside of the weld-
ment are different. If the thickness of the weldment is large, there 
is also stress in the thickness direction of the weldment, which 
is expressed by σz. In the fabrication of welded structures, the 
dimensions of the material employed, in terms of length and 
width, are typically larger than the thickness. In the case of thin 
plates with a thickness less than 20 mm, the resulting welding 
stress in the direction perpendicular to the plate thickness is 
considered to be negligible, thus exhibiting plane stress condi-
tions. Significant residual stress only arises in the direction of 

thickness for large or very large welded structures. The weldment 
thickness in this paper is merely 2 mm, making the primary focus 
of this study center around the analysis and comparison of plane 
stress conditions.

After the calculation of the stress field, the typical stress 
field distribution in the welding process can be observed. 
As shown in Fig. 9, The distribution cloud diagram of the lon-
gitudinal stress field at the welding current 25 A decay time of 
0 s is shown in Fig. 9(b). It can be observed that the residual 
stress σx is 812 MPa. The distribution cloud diagram of trans-
verse stress σy stress field at the welding current 25 A decay 
time of 0S is shown in Fig. 9(c). It can be observed that σy 
residual stress is 812 MPa. The distribution of longitudinal 
stress σx and transverse stress σy at the decay time of welding 
current 25 A for 0s is shown in Fig. 9(d)(e). As can be seen from 
Fig. 9(d), longitudinal shrinkage occurs after welding, resulting 

Fig. 9. Cracks produced when current is 25 A and decay time is 0 s, (a) Morphology of molten pool after welding, (b) and (c) Contour diagram 
of welding residual stress distribution, (d) and (e) Welding residual stress distribution curve
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in longitudinal residual stress. The longitudinal residual stress 
within the weldment exhibits a tensile stress distribution in the 
central region, gradually transitioning to compressive stress 
and subsequently reverting to tensile stress as the distance from 
the center increases. The intermediate residual stress value can 
reach up to 812 MPa. The longitudinal residual stress in the 
middle tends to be stable within a certain range, and the stress 
in the edge tends to zero. By observing the following Fig. 9(e), 
it can be seen that near the center, the transverse residual stress 
within the weldment exhibits an approximate stress magnitude 
of 800 MPa, predominantly in the form of tensile stress. It sub-
sequently transitions to compressive stress and then reverts to 
tensile stress, with the stress value approaching zero in the edge 
region. The morphology of the weld pool after welding when 
the welding current is 25 A and the decay time is 0 s is shown 
in Fig. 9(a). It can be observed that the data simulated by finite 

element is consistent with the test results. The simulated stress 
distribution reveals a gradual decrease in the maximum tensile 
stress of the fusion zone (FZ) as it extends towards the heat-
affected zone (HAZ). Eventually, the stress value approaches 
zero at the base metal (BM). Based on the observations depicted 
in Fig. 9(a), prominent transverse and longitudinal cracking 
cracks are evident within the fusion zone (FZ), while the heat-
affected zone (HAZ) exhibits localized intergranular cracking 
cracks of a finer nature. Minimal cracks are observed within 
the base metal (BM), thereby providing additional evidence to 
support the reasonableness and consistency of our simulation 
results when compared to experimental findings.

The vertical stress distribution cloud diagram σx of the 
welding current at 25 A decay time of 4 s is shown in Fig. 10(b). 
It can be observed that σx residual stress is 818 MPa. The trans-
verse stress distribution cloud diagram σy when the welding 

Fig. 10. Cracks produced when current is 25 A and decay time is 4 s, (a) Morphology of molten pool after welding, (b) and (c) Contour diagram 
of welding residual stress distribution, (d) and (e) Welding residual stress distribution curve
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current is 25 A and the decay time is 4 s is shown in Fig. 10(c). 
It can be observed that σy residual stress is 818 MPa. The 
distribution of longitudinal stress σx and transverse stress σy 
at decay time 0 s and 4 s of welding current 25 A is shown in 
Fig. 10(d)-(e). As can be seen from the observation of Fig. 10(d), 
longitudinal shrinkage occurs after welding, resulting in longi-
tudinal residual stress. Longitudinal residual stress σx presents 
tensile stress in the middle region, which gradually decreases 
to compressive stress as the distance from the center increases. 
The intermediate residual stress value can reach up to 818 MPa. 
The longitudinal residual stress within the central region tends 
to stabilize within a specific range and tends towards zero in 
the edge region. By observing Fig. 10(e) below, it can be seen 
that the transverse residual stress σy is near 800 MPa near the 
center. Primarily characterized by tensile stress, the longitudi-
nal residual stress undergoes a transition to compressive stress 
and subsequently returns to tensile stress. Ultimately, the stress 
value tends towards zero in the edge region. The morphology of 
the weld pool after welding when the welding current is 25 A 
and the decay time is 4 s can be observed in Fig. 10(a), the fu-
sion zone (FZ) exhibits prominent transverse and longitudinal 
cracking, whereas the heat-affected zone (HAZ) undergoes fine 
intergranular cracking. In contrast, the base metal (BM) shows 
minimal crack formation. The simulation results demonstrate 
a gradual decrease in the maximum tensile stress within the 
fusion zone (FZ) towards the direction of the heat-affected 
zone (HAZ). In the base metal (BM), the stress value decreases 
to zero, therefore confirming the conclusion that the current 
decay time is 0 s. Nevertheless, when the decay time is 4 s, 
a comparison of the stress distribution reveals that the residual 
stress value at 4 s is greater than that at 0 s. This observation 
further supports the notion that the length and width of cracks 
within the fusion zone (FZ) are larger at 4 s compared to those 
at 0 s. In addition, at a decay time of 4 s, the temperature is 
higher, indicating a larger heat input, and consequently, a lesser 
occurrence of fine intergranular cracks within the heat-affected  
zone (HAZ).

In their study of tungsten electrode argon arc welding of 
a novel cobalt-based high-temperature alloy, Abedi et al. [23] 
discovered that the grain boundary segregation of element B 
governs the crack sensitivity during the welding process. Ad-
ditionally, a reduction in grain size contributes to improved 
resistance against heat-affected zone (HAZ) cracking in the alloy. 
Consequently, a novel pre-welding heat treatment was developed 
to mitigate HAZ cracking in cobalt-based high-temperature al-
loys. They further observed [24] that with an increase in welding 
rate, the central region of the fusion zone (FZ) transitions from 
a mixture of columnar and equiaxed grains to predominantly 
equiaxed grains, resulting in reduced cracking tendencies during 
the welding process.

Currently, research on repairing cobalt-based high-tempera-
ture alloys using tungsten electrode argon arc welding primarily 
focuses on specific regions within the welding process. In this 
study, the authors investigated the FZ, HAZ, and base metal 
(BM) regions, and examined changes in temperature and stress 

fields during the welding process with consideration to the often 
neglected parameter of welding current decay time. By studying 
these variations, the crack sensitivity and morphology under 
different conditions were determined.

The decay time of welding current in tungsten argon arc 
spot welding is a crucial aspect in the repair process of cobalt-
based high-temperature alloy components. However, due to its 
tendency to be overlooked, studying the influence of welding 
current decay time during tungsten argon arc spot welding repair 
is imperative. A thorough understanding of the mechanisms un-
derlying temperature and stress variations after tungsten argon 
arc spot welding can provide valuable guidelines for developing 
new repair strategies. Furthermore, effective control of crack 
formation can significantly enhance the quality of the repair.

4. Conclusions

(1)	 The morphology shows that with the increase of decay time, 
the heat input increases, the crack length and width in the 
fusion zone increase, and the fine cracks along the crystal in 
the heat affected zone decrease. There is no obvious crack 
in the base metal zone.

(2)	 Through the simulation analysis, it is concluded that the 
central area of the weldment is mainly tensile stress. As the 
distance from the center increases, the tensile stress slowly 
changes to the compressive stress, and the compressive 
stress is concentrated in the marginal region. The maximum 
tensile stress occurs in the fusion zone. The residual stress 
far away from the center is small, and the temperature 
distribution and stress value increase with the increase of 
current decay time.

(3)	 By comparing the morphology with the simulation results, 
it is found that they are consistent, which further proves the 
feasibility of the simulation experiment.
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