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ABSTRACT

Welding dissimilar metals often results in complex thermo-mechanical behavior due to differences in
material properties, which can lead to distortion and residual stress. This study evaluates the thermo-
mechanical response of SUS304-SA213-T11 dissimilar pipe welds using a coupled numerical-experimental
methodology. Gas Tungsten Arc Welding (GTAW) was performed with varying heat inputs, and a
sequentially coupled finite element model was developed to predict temperature distribution, distortion,
and residual stress. A dial gauge and the magnetic-based Stress Vision technique were used to take
experimental measurements of deformation and residual stress. The findings indicate that with increasing
welding current, the peak temperature and Heat Affected Zone (HAZ) area increase. Both deformation
and residual stress decrease with increased current due to less heat accumulation caused by high travel
speed. The highest deformation and residual stress occurred at 70 A, and the lowest at 90 A. The results
stand as evidence that heat accumulation is the driving factor for the thermo-mechanical behavior of
dissimilar pipe welds instead of current, thus elaborating a valuable insight to enhance welding parameters
in industries.
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I INTRODUCTION piping systems, particularly in power

generation and

Dissimilar Metal Welding (DMW) is commonly used in
engineering systems where components with different
properties must be joined, particularly in piping systems in the
energy and process industries. A common combination is
austenitic stainless steel (SUS304) and low-alloy steel (SA213-
T11), which provides good mechanical strength and economic
advantages [1-3]. These materials are widely used in industrial

petrochemical applications, where components must withstand
high temperatures, pressures, and corrosive environments,
improving performance and durability under arduous service
conditions. However, DMW results in new thermo-mechanical
behavior due to the dissimilar thermal and mechanical
properties of the bonded materials. The thermal conductivity
and coefficients of thermal expansion differ, resulting in non-
uniform heating and cooling that leads to residual stresses and
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distortion due to welding [4, 5]. These effects are more
apparent in pipe structures because they must maintain
dimensional stability and structural integrity under pressure and
cyclic loading conditions [6, 7]. The temperature distribution,
residual stress evolution, and deformation during welding have
been predicted using Finite Element Analysis (FEA) [8, 9].
Authors in [5, 7, 10] conducted experimental investigations in
order to evaluate distortion and confirm numerical predictions.
Authors in [11, 12] focused on plate geometries or separated
direct numerical analysis on the interaction between thermal
loads, residual stress, and pipe deformation in circumferential
welds. Furthermore, some methods of measuring residual stress
are destructive or semi-destructive, which restricts their usage
on actual structures. Authors in [13, 14] proposed magnetic-
based non-destructive methods as an alternative to represent
stress situations in ferromagnetic materials and characterize
stress concentration rapidly and non-invasively. Authors in [15-
18] demonstrated that welding parameters, particularly heat
input and welding sequence, significantly impact residual stress
and distortion in pipe welding. DMW presents challenges,
including brittle intermetallic formation, carbon migration, and

steep thermal gradients, all of which generate residual stress.
These factors reduce joint integrity and long-term reliability,
especially under high-temperature and  high-pressure
conditions. Differences in physical and metallurgical properties
further complicate weld behavior, increasing distortion and
cracking. Therefore, controlling heat input and welding
parameters is significant because these factors strongly
influence weld performance and require an integrated thermo-
mechanical analysis [19-21]. This study investigates the
thermo-mechanical ~ behavior of  SUS304-SA213-T11
dissimilar pipe joints using a combined numerical-experimental
approach that integrates FEA, distortion measurement, and
magnetic-based residual stress mapping.

II. MATERIALS AND METHODS

A. Materials and Welding Procedure

Table I presents the chemical compositions of the base
materials and filler metal, while Table II summarizes their
mechanical properties.

TABLE L CHEMICAL COMPOSITION OF MATERIALS AND FILLER METAL (WT.%)
Materials C Mn Si Cr Ni Mo S P Cu
SUS304 0.08 2.00 1.00 18-20 [8-10.5 - 0.03 0.045 -
SA213-T11]{0.05-0.15/0.3-0.6/0.5-1.00] 1-1.5 - 0.44 —0.65[0.025 max|0.025 max -
ER308 0.03 1-25103-0.65{19.5-22| 9—11 | 0.75 max | 0.03 max | 0.03 max |0.75 max
TABLE II MECHANICAL PROPERTIES OF MATERIALS ultrasonic testing confirmed the absence of surface defects. The
AND FILLER METAL agreement between the experimental and numerical results
S— . - _ indicates the reliability and integrity of the welded joints.
Material Min. yield Min. tensile | Elastic modulus | Hardness
strength (MPa) | strength (MPa) (GPa) rockwell 700
2&523124 290 579 200 B8O cusaoe sorsrt |
B 4
T11 205 415 215 B85 R EGREEITEEELE : ETCTEELTEE CEEREL s
ER308 400 580 200 B89

The DMW configuration is shown in Figure 1. Butt-joint
pipe specimens with a diameter of 44.5 mm, a length of 100
mm, and a thickness of 4 mm were welded using GTAW with
ER308 filler metal. A single V-groove with a 70° angle, a 3-
mm root gap, and a 1.5-mm root face was used, as depicted in
Figure 1 (a). Welding was performed in the 5G position with
DCEN polarity and a constant voltage of 18 V, as portrayed in
Figure 1 (b). To vary heat input, welding currents of 70 A, 80
A, and 90 A were applied with travel speeds of 2 mm/s, 3
mm/s, and 4 mm/s. The interphase temperature was kept at
300°C with internal argon purging to prevent oxidation and
ensure weld quality [22]. The groove geometry, filler metal,
and welding parameters were selected based on industrial
standards and prior research to ensure weld quality and
consistency. ER308 filler was chosen because of its
compatibility with austenitic stainless steel and to reduce the
risk of cracking. Preliminary trials were performed to
determine the welding parameters (70-90 A, 18 V, and 24
mm/s), which were chosen to maintain a controlled heat input
and a stable arc. Variations in current and travel speed were
applied to evaluate the effect of heat accumulation on thermo-
mechanical behavior. High-purity argon shielding and
internal purging were used to maintain weld quality and
prevent oxidation. Visual inspection and non-destructive

(a)

44,5

(b)

338/

Fig. 1. Welding set-up: (a) butt-joint design, (b) welding process.

B. Deformation and Residual Stress Measurement

Deformation due to welding and residual stress was
assessed using an experimental approach, as illustrated in
Figure 2. Radial deformation was measured with a dial gauge,
whereas  distortion was measured at predetermined
circumferential positions. Pipe diameters were compared
before and after welding to quantify out-of-roundness [6, 21].
Residual stress distribution was evaluated using a Stress Vision
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system based on the Indicator of Mechanical Stress (IMS)
principle. This nondestructive method uses the magnetoelastic
effect to identify zones of stress concentration and principal
stress gradients. Although it is qualitative, this method
effectively maps residual stress distribution in welded
components [13, 14].

(a) (b)

Fig. 2. Experiment set-up for: (a) deformation measurement, (b) residual
stress measurement.

C. Finite Element Analysis

A sequentially coupled thermo-mechanical analysis was
performed, using ANSYS Workbench, starting with a transient
thermal analysis, and then a structural analysis to predict
deformation and residual stress [22, 23]. ANSYS ACT was
used to implement a moving heat source along the
circumferential welding path around the pipe. The heat source
was modeled using a Gaussian surface heat flux distribution:

90 = qoexp (—2%) ()

where q is the peak heat flux and R is the effective heat source
radius. Heat input was defined as:

Q=n=> @

The heat input was calculated using the following values:
n=0.7-0.8, V=18 V, I =70-90 A, and v = 2-4 mm/s. A heat
flux of 12-16 W/mm? with a radius of 5 mm was calibrated to
produce a realistic temperature distribution and weld pool
behavior. The model was validated through the strong
correlation between the simulation and experimental results,
particularly regarding the trends in deformation and residual
stress. Convective heat loss (25 W/m2K) and room-
temperature initial conditions were considered. The structural
model employed thermoelastic-plastic ~ behavior  with
temperature-dependent von Mises plasticity. A refined mesh
with partial constraints was applied in the weld and Heat
Affected Zone (HAZ), as exhibited in Figure 3. The mesh was
refined in the weld and HAZ to capture steep thermal gradients
and stress concentrations. While a full mesh sensitivity analysis
was not conducted, the mesh was sufficient, as confirmed by
result convergence and good agreement with experimental
observations. The thermal results were mapped into the

structural analysis, and the model was validated based on
experimental measurements.

Fig. 3. FEA model and mesh generation.

III. RESULTS AND DISCUSSION

Thermal Behavior and Temperature Distribution

Figure 4 shows the temperature distribution.

(a)

(d)

(©

Fig. 4.
() 90 A.

B: Transient Thermal
Temperature

Type: Temperature
Unit: °C

Time: 70's
19/03/2026 08:15

1559.4 Max
13893
12191

1049

878,81
708,65
53849
368,34
198,18
28,019 Min

B: Transient Thermal
Temperature
Type: Temperature
Unit: *C

Time: 46,7 s
19/03/2026 08:17

1582,5 Max
14095
12365
10634
890,42
7,39
544,36
37,33
1983

25,27 Min

B: Transient Thermal
Temperature
Type: Temperature
Unit: *C

Time: 35 s
19/03/2026 08:19

1612,2 Max
14358
1259,5
1083,1
906,76
73042
554,07
377,72
201,37
25,027 Min

Temperature distribution during welding at: (a) 70 A, (b) 80 A, and

www.etasr.com Hamdani et al.: An Experimental and Numerical Investigation of Distortion and Residual Stress in ...



Engineering, Technology & Applied Science Research

Vol. 16, No. 3, 2026, 36559-36566 36562

The peak temperature is concentrated along the
circumferential weld path, which indicates effective
localization of the heat source. As the welding current increases
from 70 A to 90 A, both the maximum temperature and the size
of the HAZ increase. At 70 A, the thermal field is relatively
confined, resulting in a narrow HAZ. Conversely, a wider
spread of heat is observed for higher currents (80 A and 90 A)
due to the high input power. This behavior reflects the direct
relationship between heat input and arc energy in the welding
process. Thus, larger heat input increases the peak temperature
and strengthens thermal accumulation.

B. Welding-Induced Deformation

Figure 5 presents the deformation modes from the
simulated process.

C: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 200 s
19/03/2026 12:29

0,14204 Max
012625
011047
0,00469

(a) 0,078908
0,063127
0,047345
0,031563
0,015782
0 Min

C: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 160 s

19/03/2026 14:30

0,11927 Max
0,10602
0,092763
0,079511

(b) 0,06626
0,053008
0,039756
0,026504
0,013252
0 Min

C: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 1405
19/03/2026 14:13

0,10598 Max
0,094209
0,082433
0,070657
(©) 0,05888

0,047104
0,035328
0,023552
0,011776

0 Min

Fig. 5. The deformation pattern for: (a) 70 A, (b) 80 A, and (c) 90 A.

Deformation is localized within the weld region and
propagates along the pipe's axis, suggesting non-uniform

thermal expansion and contraction. The maximum deformation
was less at higher welding currents. Maximum deformation
occurs at 70 A (approximately 0.142 mm), followed by 80 A
(approximately 0.119 mm), whereas minimum deformation
occurs at 90 A (approximately 0.106 mm). At a travel speed of
70 A, the material is exposed to heat for a longer time, resulting
in more thermal accumulation and distortion [24]. This
indicates that heat input and thermal cycle duration govern
deformation behavior. Lower currents and speeds increase heat
accumulation and distortion, whereas higher currents and faster
travel speeds reduce it. Additionally, thermal property
mismatch intensifies localized deformation at the weld
interface. Figure 6 demonstrates that the highest deformation
decreases as the welding electric current rises. Although higher
current generates more heat per unit of time, higher travel
speeds mean that the amount of accumulated heat per unit
length decreases. This results in less dramatic thermal
contraction, contributing to less distortion at higher current
levels.

0,145 - -
—&— Max. Deformation

0,140

0,135

Max. Deformation (mm)
=] =} =) (=}
2 RN »
o o (4] o
1 1 1 1

0,110

0,105

70 75 80 85 90
Current (A)

Fig. 6. Relationship between welding current and maximum deformation.

C. Deformation Validation

The validation of the deformation is presented in Figure 7.
The numerical models show the observed distortion pattern at
both ends of the pipe. The ~0.1% discrepancy may be
attributed to experimental uncertainty and the assumptions
made during numerical modeling. Nevertheless, the model
correctly predicts the overall deformation trend.

D. Residual Stress Distribution and Validation

Figure 8 displays the residual stress distribution. At higher
currents, the maximum stress decreases from approximately
432 MPa at 70 A to approximately 322 MPa at 80 A and 263
MPa at 90 A. This is because shorter thermal cycles allow for
less heat accumulation and, consequently, lower stresses. In
every case, the localized weld and the dissimilar interface are
associated with stress. Figure 8 provides a comparison of the
simulation results (left) and Stress Vision measurements
(right). Both approaches show a strong concentration of
stresses in the weld region. Thus, this agreement indicates that
the model accurately captures the distribution of residual stress.
Authors in [25, 26] showed that thermal gradients and heat
accumulation were identified as the dominant factors
influencing stress distribution in welded structures.
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23 —=— Origin
—e— Deformation

23 —=— Origin
—e— Deformation

19

18

A

23 —=— Origin
—e— Deformation

21

20

()

©)

C: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 2005

19/03/2026 10:59

0,14204 Max
0,12625
0,11047
0,09469
0,078908
0,063127
0,047345
0,031563
0,015782

0 Min

0,00 30,00 (mm)

ﬂ

15,00

C: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 160 s

19/03/2026 12:18

0,11927 Max
0,10602
0,092763
0,079511
0,06626
0,053008
0,039756
0,026504
0,013252

0 Min

0,00 30,00 (mm)

ﬂ

C: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 140 s

19/03/2026 14:15

0,10598 Max
0,034209
0,082433
0,070657
0,05888
0,047104
0,035328
0,023552
0,011776

0 Min

0,00 30,00 (mm)
15,00

H

Fig. 7. Validation of deformation behavior for: (a) 70 A, (b) 80 A, and (c) 90 A.

E. Effect of Heat Input on Thermo-Mechanical Response

The heat input significantly influences the overall thermo-
mechanical behavior of the welded joint. A higher welding
current results in a higher temperature, a broader HAZ, a more
extensive residual stress distribution, and greater deformation.
Of the tested conditions, 80 A produces a balanced response

with moderate deformation and a fairly even stress distribution.
Conversely, 70 A produces inadequate thermal penetration. At
a higher current of 90 A, increased travel speed reduces heat
accumulation per unit length despite the higher instantaneous
heat input, resulting in lower overall distortion. These results
demonstrate the necessity of controlling heat input to ensure
weld quality and establish a balance between providing
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adequate mechanical strength and transporting pipes. An
increase in the interpass temperature to 300°C influences the
thermal cycle and residual stress evolution. Maintaining an
elevated interpass temperature minimizes thermal gradients
between successive weld passes and the surrounding material,
reducing abrupt cooling and stress concentration. These
conditions create a more uniform temperature distribution and
reduce residual stress intensity. Although Stress Vision

C: Static Structural
Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 2005
19/03/2026 11:42

431,99 Max
384

336,01

288,01

240,02

192,02
144,03
96,034

4804
0,04606 Min

C: Static Structural
Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 160 s
19/03/2026 12:21

321,61 Max
265,88

250,15

21441

178,68

142,95

107,22

71,487

35,756
0,023735 Min

C: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 140 s

19/03/2026 14:17

263,23 Max
234

204,77
175,54
146,31
117,08
87,852
58,622
29391

0,161 Min

Fig. 8.

The observed relationship between welding current and
thermo-mechanical response is not solely governed by current
magnitude, but also by its interaction with travel speed. The
latter directly influences heat accumulation per unit length.
While higher current increases instantaneous heat input, the
corresponding increase in travel speed reduces heat exposure

measurements show good agreement with numerical results
regarding stress distribution patterns, this technique provides
qualitative rather than quantitative values. Therefore, the focus
of the comparison is on the consistency of stress localization
and distribution trends rather than exact magnitudes. Some
uncertainty arises from the method itself and from assumptions
in the numerical model.

Validation of residual stress for: (a) 70 A, (b) 80 A, and (c) 90 A.

duration, limiting thermal diffusion and accumulation. This
combined effect results in lower residual stress and
deformation at higher current levels. Therefore, the present
study emphasizes that heat accumulation, rather than welding
current alone, dominates the thermo-mechanical behavior of
dissimilar pipe welds. This finding underscores the crucial role
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of heat accumulation per unit length in governing the thermo-
mechanical response of dissimilar pipe welds, optimizing
welding parameters.

IV. CONCLUSIONS

The present study used a combined numerical-experimental
approach to investigate the thermo-mechanical behavior of
dissimilar pipe welds based on SUS304-SA213-T11. The
results show that heat input plays an important role in
temperature distribution, residual stress, and deformation. As
the welding current increases, the peak temperature and the
heat-affected zone both increase. However, deformation and
residual stress decrease with increasing current due to less heat
accumulation resulting from a higher travel speed. Maximum
deformation and residual stress were the highest at 70 A and
the lowest at 90 A, suggesting that heat accumulation rather
than current controls the thermo-mechanical response. Residual
stress is primarily found in the weld region and the dissimilar
interface, demonstrating the effect of material mismatch on
residual stress. The numerical outcomes were compared with
the experimental results, indicating close agreement for both
deformation and residual stress distribution, which suggests
that the developed model is reliable. This study emphasizes the
importance of optimizing heat input for planarity and
controlling final residual stress. The combined approach used
in this study provides a practical framework for selecting
welding parameters in dissimilar pipe welding applications.
This study contributes novel findings by combining numerical
simulations, experimental deformation measurements, and
magnetic-based residual stress evaluations to investigate
circumferential dissimilar pipe welds. The results provide
practical guidance for optimizing welding parameters in
industrial piping systems, particularly for joints made of
dissimilar materials that operate under high-temperature and
high-pressure  conditions. The study identifies heat
accumulation, rather than welding current alone, as the primary
parameter influencing thermo-mechanical behavior, offering a
more reliable basis for parameter optimization in such
applications.
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