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INTRODUCTION

Stainless Steel is widely used as a superheater 
steam pipe in the petrochemical industry and 
power generation due to its corrosion resistance, 
strength, and resistance to high temperatures 
and extreme environments [1–6]. Low-carbon 
austenitic grades are chosen for welding that 

will be used in corrosive environments because 
they limit the occurrence of carbide precipitation. 
Type 304, which has a maximum carbon content 
of 0.08%, is commonly used [7]. For reasons of 
efficiency, in its application, SUS304 is welded 
with other materials that are suitable for working 
conditions such as low alloy steel, for example, 
SA213T11, which has good mechanical properties, 
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ABSTRACT
Dissimilar welding between austenitic stainless steel SUS304 and low alloy ferritic steel SA213T11 is widely 
used in the petrochemical and power generation industries because this combination is suitable for use in cor-
rosive and high-temperature environments. This study presents a preliminary investigation of dissimilar metal 
welding between austenitic stainless steel SUS304 and low-alloy steel SA213T11 using gas tungsten arc welding 
(GTAW) with ER308 filler metal. The mechanical and metallurgical properties of the welded joints were evalu-
ated through hardness testing, tensile testing, bend testing, and microstructural analysis. The results show that the 
welds produced are of acceptable quality, with sound bead appearance and no visible surface defects. Hardness 
values vary across different weld regions, with the weld zone exhibiting higher hardness due to the presence of 
δ-ferrite. Tensile tests indicate that the weld strength is comparable to or greater than the weaker base metal, 
and failure occurs outside the weld region. Microstructural observations reveal significant changes in the heat-
affected zones and weld metal, influenced by the thermal cycle and filler composition. These findings provide 
insight into the performance of ER308 in joining dissimilar metals, which is relevant for applications in power 
and petrochemical industries.
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high corrosion and oxidation resistance, and is 
ideal for high temperatures [8]. 

The joining of two different materials by 
welding is a dissimilar welding process [9]. This 
dissimilar combination is often required in criti-
cal components such as heat exchangers, super-
heaters, and piping systems in power plants and 
petrochemical industries, where there is a need 
to transition between corrosion-resistant and 
high-temperature-resistant materials. The ability 
to reliably join these two materials is essential 
for improving system performance and reducing 
maintenance costs.

During the welding cycle, local heating causes 
the temperature distribution in the component 
to be non-uniform and changes as the welding 
progresses. Differences in mechanical properties, 
chemical composition, and metallurgical structure 
can produce different material characteristics 
between the weld metal (WM), heat affected 
zone (HAZ), and base metal (BM) [10–12]. Gas 
tungsten arc welding (GTAW) is widely used for 
dissimilar welding because of its accuracy and 
ability to produce high-quality welds. Almost 
every type of metal can be welded with GTAW, 
and the heat input can be easily controlled [13-15]

Choosing the right filler metal for dissimilar 
welding is challenging because it must closely 
match the base metal’s alloy [16]. In welding 
between austenitic stainless steel type 304 and 
low alloy ferritic steel type SA213T11, the 
use of austenitic-based filler metal is certainly 
suitable for stainless steel because it has the 
same thermal properties [17]. Austenitic base 
filler metal ER308 is ideal for welding stainless 
steel type 304 because of its suitable thermal 
expansion coefficient, but its compatibility with 
SA213T11 low alloy ferritic steel needs to be 
considered. Selection of appropriate filler metal 
to ensure sufficient alloying in dilution low alloy 
steel [18–20]. When welding austenitic stainless 
steel to low alloy ferritic steel, the dilution effect 
of the base metal on the weld metal is crucial. 
Therefore, careful selection of filler metal and 
planning of the welding procedure are essential to 
maintain a small but vital amount of delta ferrite 
[21–24]. Delta ferrite is needed to prevent hot 
cracking [25, 26].

Previous studies on dissimilar welding 
between austenitic stainless steel and low alloy 
ferritic steel using certain filler metals have been 
conducted. Among them are weldings between 
SA312 type 304LN austenitic stainless steel with 

SA508 Gr.3 Cl.I ferritic steel, using filler metal 
IN 82 [27], SUS304 austenitic stainless steel with 
ASTM A335 P92 ferritic steel, using nickel-based 
Alloy 82 filler metal (AWSA5.14ERNiCr-3) [28], 
stainless steel grade SS 304 with medium carbon 
steel EN 8, using filler metal ER 309 L [29], AISI 
304L austenitic stainless steel with AISI 1005 low 
carbon ferritic steel, using filler metal ER309L 
[30], austenitic stainless steel TP347H with low 
alloy ferritic steel G102, using nickel-based filler 
metal [31], AISI304L with API5LX65, using filler 
metal metal composites ER309L, ERNiCr3, and 
ER308L [32], SUS 304 with SUS316, using C-Mn 
filler metal [33], Friction rotary welding (FRW), 
electron beam welding (EBW), and GTAW are 
used to create AISI 304 and AISI 4140 dissimilar 
joints [34], low alloy steel API X70 with UNS 
S31803, using ER2209 filler metal [35].

Various welding methods have been tested 
for joining different metals. Friction stir welding 
(FSW) is known for making strong and clean joints, 
especially when joining aluminium to copper or 
steel. It also reduces the area affected by heat and 
makes the joint stronger [36]. MAG welding is 
commonly used in industries to join various types 
of steel. The combined plasma and MAG welding 
method can also be used for joining metals [37]. 
Researchers study different metal pairs, like stainless 
steel with carbon steel, Inconel with low alloy steels, 
and aluminium with copper, to solve problems 
like metal incompatibility and brittle compounds. 
These studies show that welding different metals is 
complicated and choosing the right welding method 
is important to get the best joint quality.

ER308 is commonly used for joining austen-
itic stainless steels and offers good weldability 
and corrosion resistance. However, ER309L con-
taining higher chromium and nickel offers im-
proved compatibility with ferritic steels and bet-
ter resistance to hot cracking. In more demanding 
applications, Ni-based fillers such as Inconel 82 
provide excellent metallurgical compatibility and 
superior corrosion resistance, especially at high 
temperatures [18, 38].

There are no previous studies using ER308 
between SUS304 and SA213T11. This research 
aims to characterize the results of dissimilar 
welding with metallurgical testing and mechanical 
testing, such as tensile testing, bending testing, 
and hardness testing. Comparison with the 
base metal is the main focus in relation to the 
mechanical properties of the weld. The goal is to 
ensure that the weld structure is not the weakest 
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part. These findings will provide baseline data 
for further optimization of welding parameters 
and contribute to a better understanding of the 
performance of these joints in service.

MATERIALS AND METHODS

Materials

Austenitic stainless steel grade SUS304 and 
low alloy ferritic steel SA213T11 with a pipe out-
er diameter of 44.5 mm and thickness of 4 mm. 
Filler metal ER308 with a diameter of 2.4 mm 
was used in this study. The chemical composition 
and mechanical properties of the base metal and 
filler metal are shown in Table 1 and Table 2

Welding using austenitic filler metal gen-
erally produces a weld metal composition of 
4–12% delta ferrite [16, 39]. The Schaeffler dia-
gram is used to estimate the phase, composition, 
and microstructure of the weld deposit [40, 41]. 
In GTAW welding, the weld metal composition 
consists of a dilution of the base metal of 20-50% 
[9, 42–44]. Assuming the dilution of the GTAW 
welding process, each base metal is 30%, where 
each base metal is diluted with the same com-
position and the ER308 filler metal is 70%, ac-
cording to the chemical composition of the base 
metal and filler metal in Table 1, the Schaeffler 
diagram for dissimilar welding between SUS304 
and SA213T11 is shown in Figure 1. 

Methods

GTAW welding with DCEN current was used 
to make dissimilar welds. V-groove butt joint 
and multi-pass welding with 70o bevel angle 

and 1 mm root (Figure 2a). Welding groove was 
machined by lathe (Figure 2b). Purging gas was 
inserted into the pipe to protect the root of the 
weld (Figure 2c). Purging gas (99.99% argon) is 
required in high-quality stainless steel welding 
to avoid oxidation in the weld area [45–47]. The 
welding parameters used, as shown in Table 3, 
were based on past studies and refined through 
preliminary tests to ensure strong, defect-free 
welds with a consistent bead shape. A current of 
70–75 A and 18 V maintained a stable arc without 
damaging the thin SA213T11 pipe. The interpass 
temperature was kept at 200 °C to control the heat 
cycle and prevent the formation of hard phases 
in the affected area, especially on the SA213T11 
side [48]. A welding speed of 3.0 mm/s provid-
ed a good balance between penetration and heat 
input [49]. Welding was performed in the fixed 
horizontal 5G position to simulate real conditions 
in power and petrochemical industries. Before 
dissimilar welding, the base metal SUS304 and 
SA213T11 were first tested for chemical compo-
sition by Optical Emission Spectrometry, refer-
ring to ASTM-E1086-22 standards for austenitic 
stainless steel and ASTM E415-21 for carbon 
and low alloy steel. The microstructure was ob-
served by metallurgical microscope. The base 
metal is also tested for hardness using the micro 
Vickers hardness tester, in accordance with the 
JIS Z 2244-2020 standard, tensile testing using 
a universal testing machine, in accordance with 
the ASTM E8 standard. The results of welding 
dissimilar metal joints are tested for hardness us-
ing the micro Vickers method, microstructure ob-
servation, tensile testing according to the ASME 
Section IX standard, and U root bending testing 
according to the ISO 5173 standard. 

Table 1. Chemical composition of base metal and filler metal as per ASTM standard [1, 8, 16]
Weight 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 -

SA213T11 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 1–2.5 0.3–0.65 19.5–22 9–11 0.75 max 0.03 max 0.03 max 0.75 max

Table 2. Mechanical properties of base metal and filler metal as per ASTM standard [1, 8, 16]

Mechanical properties Min. yield strength
(MPa)

Min. tensile strength
(MPa)

Elastic modulus
(GPa)

Hardness
rockwell

SUS304 290 579 200 B80

SA213T11 205 415 215 B85

ER308 400 580 200 B89
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RESULTS AND DISCUSSION

Chemical composition and		
microstructure of base metal

The proposed base metal underwent a series 
of tests to ensure the performance and reliabil-
ity of the welded joints. These tests help evalu-
ate the metallurgical and mechanical properties 
of the base metal, providing information on its 
strength, durability, and potential failure mecha-
nisms. The results of the chemical composition 
and microstructure tests of the base metal are 
shown in Table 4 and Figure 3. The results of the 
chemical composition tests indicate that the base 
metal has a suitable elemental composition and 
does not contain any undesirable elements that 
can affect the weld quality.

The results of the microstructure tests show 
an austenitic structure with a typical equal-ax-
ial grain pattern and no delta ferrite phase or 
carbide precipitates, indicating a stable primary 
structure under normal conditions. The micro-
structure is suitable for SUS304 material which 
is rich in chromium and nickel (Figure 3a). The 
microstructure of the SA213T11 material has a 
typical ferritic-pearlitic microstructure, which 
can be seen as ferrite grains with clear grain 
boundaries and pearlite scattered in it (Figure 
3b).

Mechanical properties of base metal

Hardness testing was performed to identify 
potential hardness mismatches that could lead to 
stress concentration and cracking. The results of 
hardness testing at multiple points showed an av-
erage hardness of the base metal of 145 HV for 
SUS304 and 130 HV for SA213T11. Tensile test-
ing provides important data on the overall strength 
and ductility of the weld, ensuring that the joint 
can withstand the applied load without premature 
failure. The base metal complies with the ASTM 
E8 standard tensile test sample (Figure 4a) and the 
base metal after tensile testing (Figure 4b). From 
the figure, it can be seen that SUS304 has a large 
strain before fracture compared to SA213T11, re-
flecting its highly ductile nature. 

The curve of SUS304 has a longer elastic zone 
than SA213T11, followed by a wider plastic de-
formation before failure. The average maximum 
tensile strength is 579 MPa for SUS304 (Figure 
5a). The curve shows that SA213T11 is more brit-
tle than SUS304. The average maximum tensile 
strength is 569 MPa for SA213T11 (Figure 5b), 
which means it is more susceptible to failure due 
to high stress or thermal shock. Both figures show 
elastic and plastic zones before failure, although 
with different characteristics. Both base metal 
materials meet the tensile strength requirements 
of ASTM as Table 2.

Figure 1. Schaeffler diagram for dissimilar welding (A) chromium and nickel composition coordinates for 
SA213T11, (B) chromium and nickel composition coordinates for SUS304, (C) midpoint between point A

and point B (D) chromium and nickel composition coordinates for ER308, and (E) midpoint
between point C and point D 30% base metal dilution
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Dissimilar welding results

Figure 6 shows the dissimilar GTAW weld-
ing of SUS304 and SA213T11 using ER308 
filler metal. With currents of 70 A for root passes 
and 75 A for filling passes, the weld joint is of 
good quality, with a uniform surface and no vis-
ible defects.

Weld microstructure

The microstructure around the weld metal is 
very important to understand the metallurgical 

bond between dissimilar materials, which can af-
fect the properties of the joint. The macrostruc-
ture of a weld joint is shown in Figure 7a. In this 
image, the color and texture differences between 
the base metal and the weld metal are clearly vis-
ible, reflecting the characteristics of each material 
after the welding process. Figure 7b is a SEM im-
age of a dissimilar weld joint showing the weld 
metal area in more detail.

The microstructure in Figure 8a shows the 
overall weld metal (WM), fusion zone (FZ), and 
boundary between SA213T11 base metal and 
ER308 weld metal. The microstructural differ-
ences between the two materials are clearly vis-
ible, reflecting the characteristics of each material 
and the influence of the melting and cooling pro-
cesses during welding. Figure 8b is an enlarge-
ment of the area near the fusion line. The HAZ 
area of ​​SA213T11 is visible, indicating micro-
structural changes due to thermal cycling during 
welding. The fusion line separating the HAZ and 
weld metal is characterized by changes in grain 
morphology. In addition, the presence of δ-ferrite 
in the ER308 weld metal is clearly visible, which 
plays a role in increasing resistance to hot crack-
ing during solidification. Various zones formed by 
the welding process, including the fusion bound-
ary, HAZ, and austenite grains are visible in Fig-
ure 8c. The ER308 weld metal shows a typical 
solidification structure, which generally contains 

Figure 2. Dissimilar welding design (a) weld joint design, (b) weld groove, (c) purging gas filling

Table 3. Welding parameters used in the experiment
Parameter Unit Value

Power source - DCEN

Current A 70–75

Voltage V 18

Interpass temperature °C 200

No. of welding passes - 3

Welding speed mm/sec 3.0

Electrode diameter mm 2.4

Filler rod diameter mm 2.4

Shielding gas - Argon

Purging gas - 99.99% Argon

Gas flow rate L/min 14

Welding position - 5G horizontal fixed
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Table 4. OES analysis results of base metal chemical composition

Sample
Chemical composition (weight %)

Material
C Si S P Mn Ni Cr Mo V Cu Sn Al Fe

No. 1 0.0320 0.7209 0.0028 0.0366 1.4934 8.2533 17.2930 0.1044 0.0533 0.2867 0.0111 0.0158 71.6967 Stainless 
steel

No. 2 0.0754 0.6538 0.0018 0.0043 0.4576 0.0098 0.9538 0.4847 0.0094 0.0141 0.0003 0.0119 97.3195 Low alloy 
steel

Figure 3. Base metal microstructure, (a) SUS304, etched with 10% Nital for 24 h,
(b) SA213T11, etched with 3% Nital for 10 s

Figure 4. Base metal tensile test samples, (a) ASTM E8 standard tensile test samples,
(b) base metal candidates after tensile testing

Figure 5. Stress-strain diagram of base metal, (a) stress-strain diagram of SUS304,
(b) stress-strain diagram of SA213T11
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a mixture of austenite phases with δ-ferrite to im-
prove resistance to hot cracking. On the right side, 
SUS304 shows more defined austenite grains 
with different sizes and orientations. The fusion 
boundary is marked by a dashed line indicating 
the transition between ER308 and SUS304. Right 
next to this boundary, the HAZ region experi-
ences microstructural changes due to the welding 
thermal cycle.

In Figure 8d the typical austenitic structure is 
clearly visible, with a grain pattern sandwiched 
by grain boundaries and the presence of inter-
dendritic structures. Figure d. has a microstruc-
ture dominated by the austenite phase with high 
ductility and good corrosion resistance. The so-
lidification structure consisting of austenite grains 
with a dark interdendritic network is seen in Fig-
ure 8(e). The distribution of δ-ferrite is net-like or 
branched among the austenite grains originating 
from the weld metal [50]. Delta ferrite forms dur-
ing the solidification of austenitic stainless steels 
due to the chemical composition and solidifica-
tion mode. Small amount (~5–10%) can improves 
resistance to solidification cracking and enhances 
corrosion resistance, which are critical for weld 
quality and durability.

The microstructure dominated by ferrite 
phase with pearlite distribution spread throughout 
the matrix is ​​shown in Figure 8(f). Pearlite, which 

consists of layers of ferrite and cementite (Fe₃C), 
plays a role in increasing the strength and wear 
resistance of the material.

Microhardness of welds

Figure 9 shows the distribution of hardness 
values ​​along the weld zone, starting from the 
BM, HAZ, to the WZ on three specimens. The 
average hardness on the BM of SUS304 is 133 
HV, on the HAZ side of SUS304 is 137 HV. 
In contrast, the HAZ on the SA213T11 side 
shows a relatively small change in hardness, 
where the average hardness is 129 HV, which 
is slightly different from the average hardness 
of the SA213T11 base metal of 127 HV. This 
increase is due to microstructural changes due to 
the welding thermal cycle, such as the formation 
of partial martensite or the solidification of 
ferrite and pearlite phases. It can be seen that the 
average hardness value in the WZ zone has the 
highest value compared to other areas, which is 
153 HV. This can be attributed to the presence of a 
δ-ferrite structure in the ER308 weld metal which 
increases the hardness due to rapid cooling after 
welding. Different hardness values ​​in dissimilar 
welded joints indicate that other mechanical 
properties also have different characteristics, and 
if the difference is significant, it can cause the 

Figure 6. Dissimilar welding results between SUS304 and SA213T11

Figure 7. Macrostructure of dissimilar welded joints (a) and (b) SEM images
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dissimilar weld joint to be more susceptible to 
fatigue or dynamic loads [51–53]. 

In practical applications, such as in pressure 
vessels, heat exchangers, or piping systems, 
these variations in hardness across different 
weld zones can significantly affect service per-
formance. Higher hardness improves wear resis-
tance, but mismatches can create stress points, 
raising fatigue failure under cyclic loading. 
Additionally, minor process issues, such as arc 
fluctuation and manual welding inconsistencies, 
can lead to localized hardness variations and mi-
crostructural shifts, particularly in HAZ. These 
challenges are common in manual GTAW and 

are well-documented in studies on dissimilar 
metal welding. 

Tensile strength of weld

Figure 10 shows the tensile test results on dis-
similar welded joints. In Figure 10a, three tensile 
test specimens are shown after testing, showing 
the location and pattern of fracture that occurred. 
It can be seen that the fracture occurred at the same 
location, namely in the SA213T11 base metal, 
which showed lower mechanical characteristics 
of the material than the SUS304 base metal and 
ER308 weld metal. It can be seen that none of 

Figure 8. Microstructure of welded joints, etched with HCL + HNO3 for 10 seconds
(a) area between WM and SA213T11 (b) enlargement of image a (c) area between WM and SUS304

(d) BM SUS304 (e) WM ER308, (f) BM SA213T11

Figure 9. Hardness distribution in dissimilar welded joints
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the samples broke in the weld area, indicating that 
the welding design and parameters used have met 
the required strength criteria. The same specimen 
but in an inverted position is shown in Figure 
10(b). The inside of the SA213T11 material looks 
darker in color compared to SUS304. This is due 
to the production process involving high heating, 
such as normalizing or annealing heat treatment. 
This process can cause the formation of an oxide 
layer on the inner surface of the pipe, especially 
if pickling or chemical cleaning is not carried out 
after production.

Figure 11 shows that the weld-1 specimen 
(yellow) has a lower tensile strength than the 
weld-2 specimen (red) but higher than the weld-
3 specimen (blue), also has a fairly high strain, 
but lower than the weld-2 specimen. The highest 
maximum stress in the weld-2 specimen is 520 
MPa, this specimen also has the highest strain 
before fracture, indicating a more ductile nature. 
The weld-3 specimen has the lowest maximum 
stress of 412 MPa, indicating that this weld joint 
is weaker than the other two specimens and also 

has the smallest strain, indicating that this speci-
men is more brittle than the other two. The shape 
of the curve shows that the average maximum 
stress is 461 MPa. All specimens experience plas-
tic deformation before fracture, but the degree of 
deformation varies.

Bending strength of welds

There are three welding specimens labeled 
RB-1, RB-2, and RB-3 (Figure 12a). All speci-
mens show welding results with a clear fusion 
zone in the center of the joint. In Figure 8b, speci-
mens RB-2 and RB-3 appear to have indications 
of cracking in the root weld area. RB-1 shows 
more uniform results with no indication of large 
cracks, but still has a lighter area, possibly due 
to incomplete penetration. RB-2 and RB-3 show 
cracking due to the influence of force during test-
ing, indicating possible weaknesses in the joint or 
suboptimal mechanical properties of the weld.

Figure 13 shows that Bend-1 has the high-
est maximum stress at 2433 MPa, meaning it can 

Figure 10. Tensile testing of dissimilar welds (a) sample after breaking
(b) sample after breaking in reverse position

Figure 11. Dissimilar welded joint stress and strain graph
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handle more bending stress before failing. Bend-2 
has the lowest at 1520 MPa, making it more prone 
to failure. Bend-3, with 1805 MPa, falls between 
Bend-1 and Bend-2 in strength.

CONCLUSIONS

The average hardness of the base metal is 145 
HV for SUS304 and 130 HV for SA213T11, while 
the average maximum tensile strength is 559 
MPa for SUS304 and 569 MPa for SA213T11. 
The highest hardness is found in the weld zone 
(153 HV) due to the presence of δ-ferrite, while 
the hardness in BM SUS304, HAZ SUS304, 
BM SA213T11, and HAZ SA213T11 ranges 
from 127–136 HV. This variation in hardness 
reflects the difference in mechanical properties 
in dissimilar welded joints due to microstructural 
changes during welding. 

The tensile test shows that the base metal 
SA213T11 fractures, meaning it is weaker than 
SUS304 and weld metal ER308. Since there are 
no fractures in the weld area, the welding meets 
strength standards, with a maximum stress of 
461 MPa.

The base metal has an appropriate elemental 
composition. SUS304 has an austenitic structure 
with uniform grains, while SA213T11 has a fer-
ritic-pearlitic structure with scattered ferrite and 
pearlite grains. The FZ and HAZ change due to 
welding heat. Filler metal ER308 forms austenite 
and δ-ferrite, improving resistance to hot crack-
ing and corrosion. SUS304’s austenite grains 
vary, while SA213T11’s ferritic-pearlitic struc-
ture enhances strength and wear resistance.

This research has a significant impact on 
the industrial world, especially in the fields of 
manufacturing, energy, and construction. The 
studies suggest that ER308 can be safely used in 

Figure 12. Root U-bend tests of dissimilar joints (a) U-bend test specimens (b) test results

Figure 13. Stress and strain graph of U root bending test of dissimilar welded joints
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high-temperature applications with SA213T11. 
For future research, several areas can be explored 
to be further improved and not limited to the 
application of welding current variations to 
observe their effects on the mechanical and 
metallurgical properties of different welded joints. 
Using more sophisticated techniques in phase 
analysis, such as SEM or EDS. Using residual 
stress measurement using X-ray diffraction 
(XRD) to be able to evaluate its effect on weld 
performance. Application of computational and 
simulation approaches using Finite Element 
Analysis which includes thermal cycle models, 
stress distribution, and distortion to optimize 
welding parameters.
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