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In piping systems, typically in oil and gas applications, welding between similar and
dissimilar steel is often required. In this study, 5 mm thick API 5L carbon steel (CS) and
AISI 316L stainless steel (SS) pipes were joined using Tungsten Inert Gas (TIG) welding
with ER309L filler metal. Three joint configurations were prepared: carbon steel—carbon
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steel (CS—CS), stainless steel-stainless steel (SS—SS), and dissimilar carbon steel—
stainless steel (CS—SS). Microstructural examination was carried out for all welded
joints, while tensile testing was performed only for the SS—SS and CS—SS configurations
to evaluate the influence of material mismatch on mechanical performance. The CS—-CS
joint was intentionally excluded from tensile testing and was used as a baseline reference
for microstructural comparison. The differences in material properties and the
microstructural gradients along the weld line were found to be responsible for the
reduction in elongation in the CS—SS joint compared to the SS—SS joint, which had the
greatest tensile strength and elongation. The results indicate the correlation between the
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weld's structure and the mechanical behavior of similar and dissimilar pipe joints.

1. INTRODUCTION

Because of the Arc stability, controlled heat input and
ability to produce clean and high-quality welds, Tungsten Inert
Gas (TIG) welding is one of the most widely incorporated
techniques in pipe fabrication. Dissimilar metal welding
(DMW) between API 5L carbon steel (CS) and AISI 316L
stainless steel (SS) is often demanded in corrosive
environments in oil and gas pipelines. These transition joints
must have mechanical integrity to provide reliable service in
demanding operating conditions.

Since there are thermal expansion differences, carbon
migration and microstructural changes at the fusion boundary,
the dissimilar welding of CSs to SSs has been extensively
investigated. Particularly, Oktadinata and Putra [1] have
reported important hardness variation in the heat-affected zone
(HAZ) of the SS—CS joints, especially on the CS side. Sabzi et
al. [2] found that the most frequently occurring failure mode
of dissimilar gas tungsten arc welding (GTAW) joints is due
to mechanical incompatibility on the CS side of the joint.
Rogalski et al. [3] also showed that the fusion boundary is a
key factor in the localization of strain and initiation of fracture.
Huang et al. [4] investigated S355JR/316L dissimilar joints
produced by GTAW and reported significant microstructural
and mechanical differences across the joint.

Another critical consideration is the choice of filler metal
and its impact on the weld structure and properties. Khan et al.
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[5] confirmed that ER309L filler promotes formation of an
austenitic weld structure with improved crack resistance, and
Soleimani and Mostafaei [6] demonstrated the effect of filler
composition on delta ferrite distribution and hardness
development. Tayeb et al. [7] correlated the microstructural
refinement of dissimilar SS joints with their mechanical
performance, and found the strength of such dissimilar joints
to be controlled by the weakest HAZ rather than the weld
metal (WM). ER309L has also been used successfully for TIG
joining of 316L stainless steel and P355GH carbon steel, with
microstructural and mechanical characterization of the
resulting joint [8].

The structural performance of welded joints has been the
subject of several studies as well. Mechanical heterogeneity
among base metal (BM), HAZ, and WM regions of pipeline
girth welds was the focus of Zhang et al. [9] in studying
fracture performance. Similarly, Krishnan et al. [10] studied
fracture resistance on dissimilar steel welds and showed the
effect of strength mismatch and stress concentration. Recent
GTAW studies on 316L and mild steel have likewise linked
the weld microstructure with tensile performance and fracture
location [11]. However, the investigations were mostly done
on a plate specimen or fracture mechanics sample and not a
thin-walled pipe joint.

Besides the experimental studies, the optimization of
welding processes, inspection techniques, numerical
simulations and computational approaches have also helped in
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a better understanding of the performance of welded joints.
Touileb et al. [11, 12], as well as Sharma and Dwivedi [13],
found that the welding parameters have a significant influence
on the penetration, microstructure, and mechanical
performance of TIG and A-TIG welds. Aulia et al. [14] did a
comparison of the tensile properties of steel pipes welded by
shielded metal arc welding (SMAW) and metal inert gas
(MIG) processes in pipe applications.

Moreover, Hasein et al. [15] proved that numerical
modeling is beneficial in studying the mechanical behavior,
fatigue performance, and heat transfer of welded joints. Data-
driven and computational approaches have also demonstrated
their ability to analyze stress distribution, deformation
behavior, and the mechanical performance of engineering
joints under various loading conditions, which is
complementary to the present study. While these
investigations are conducted with different materials, joints,
and engineering applications, they all show the general use of
experimental, numerical, and computational tools for
assessing the structural integrity and mechanical performance
of engineering joints.

Previous works have been carried out on fracture behavior
and mechanical performance of similar and dissimilar steel
welded joints. However, systematic comparison of thin-wall
pipe welded joints made by similar (CS—CS and SS-SS) and
dissimilar (CS—SS) welds under the same conventional TIG
welding conditions is limited. Furthermore, the combined
influence of the ferrite—pearlite CS microstructure, the fully
austenitic SS microstructure, and the ER309L WM on tensile
behavior has not been extensively clarified for practical pipe
applications.

Therefore, this study aims to experimentally evaluate the
microstructural features and tensile behavior of TIG-welded
API 5L CS and AISI 316L SS pipe joints using ER309L filler

configurations under practical conditions, this work seeks to
improve the understanding of the relationship between
microstructure and tensile behavior in pipeline transition
joints.

In the present work, the CS—CS joint was included primarily
as a reference for microstructural comparison, while
mechanical evaluation focused on the SS-SS and CS-SS
joints to investigate the influence of material mismatch.

2. MATERIALS AND EXPERIMENTAL PROCEDURE
2.1 Materials

In this work, the base materials used were:

*API 5L carbon steel pipes (5 mm thickness) as in Figure
1(a).

*AISI 316L stainless steel pipes (5 mm thickness) as in
Figure 1(b).

# ™

—

(a)

(b)

Figure 1. Base materials: (a) API 5L carbon steel (CS) pipe
and (b) AISI 316L stainless steel (SS) pipe

The chemical composition of base materials and the main
mechanical properties of base materials are mentioned in
Tables 1 and 2.

metal. By comparing homogeneous and dissimilar
Table 1. Nominal chemical composition of the base materials according to the relevant material specifications
Material C Mn Si P (max) S (max) Cr Ni Mo
API 5L CS <0.26 <1.20 <0.40 <0.030 <0.030 — — —
AISI 316L SS <0.03 <2.00 <1.00 <0.045 <0.030 16.0-18.0 10.0-14.0 2.0-3.0
Note: The symbol “<” indicates the maximum permissible content specified by the applicable material standard, whereas “— indicates that no specific value is

specified for the corresponding element in the applicable standard. The chemical compositions presented in this table correspond to the nominal specification
limits provided by the applicable material standards, as mill test certificates for the supplied materials were not available.

Table 2. Main mechanical properties of base materials

. Ultimate
Yield Tensile
Material Strength Elongation, %
(YS), MPa Strength
i (UTS), MPa
API 5L >245 >415 >22
AISI 316L
(Annealed) >170 >485 >40

Note: The mechanical properties presented in Table 2 correspond to the base
materials in their as-received condition and are not measured properties of
the welded joints. The tensile properties obtained from the welded joint
specimens are reported separately in Table 5.

2.2 Specimen preparation

The pipes were prepared using a mechanical cutting saw and
a lathe machine to obtain precise and consistent dimensions
for all specimens, as shown in Figures 2 and 3, and then
properly aligned prior to welding.
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Figure 2. Specimen preparation

2.3 Joint configuration

Three joint configurations were prepared for this study, as
shown in Figure 4:

*Stainless steel—stainless steel (SS—SS).

*Carbon steel-stainless steel (CS—SS).

*Carbon steel— carbon steel (CS—CS).
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Figure 3. The specimen dimensions (all dimensions in mm)
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Figure 4. Representation of welded pipe configurations

2.4 Welding procedure

TIG welding was used to make the joints and the welding
parameters are mentioned in Table 3.

Table 3. Tungsten Inert Gas (TIG) welding parameters

Parameter Value
Welding process TIG
Joint type Single-V butt joint

Number of passes
Root pass current
Root pass voltage
Fill pass current
Fill pass voltage
Cap pass current
Cap pass voltage
Shielding gas
Gas flow rate
Tungsten electrode
Electrode diameter
Filler metal
Filler diameter
Root gap
Bevel angle
Travel speed
Pipe outside diameter
Pipe wall thickness

3 (Root-Fill-Cap)
65 A
11V
95 A
12V
110 A
13V
Argon (99.99%)
10 L/min
EWTh-2
2.4 mm
ER309L
2.4 mm
3 mm
36°
80-120 mm/min
89 mm
5 mm

Shielding gas was supplied to prevent oxidation during both
homogeneous and dissimilar welding operations, ensuring
acceptable weld quality and minimizing surface oxidation of
the specimens.

Filler metal (ER309L) was used during welding in the root
pass, the filling stage, and the capping stage. The gas shielding
and filler application procedure are illustrated in Figure 5.

Figure 5. The gas shielding and filler application procedure
2.5 Non-destructive testing

After welding, all joints were first subjected to visual
inspection to identify any visible surface discontinuities.
Liquid penetrant testing (PT) was then performed using the
Magnaflux ~ Spotcheck  system, including  SKC-S
cleaner/remover, SKL-SP2 visible red penetrant, and SKD-S2
developer. The inspection procedure consisted of surface
cleaning, penetrant application with a dwell time of
approximately 10 min, removal of excess penetrant, followed
by the application of the developer for approximately 10 min
before visual evaluation. The inspection procedure was carried
out in accordance with the general principles of ASTM
E165/E165M, while the weld acceptance was assessed
according to API 1104 [16, 17].

Figure 6. The procedure of liquid penetrant testing (PT)

Table 4. Summary of visual and dye penetrant inspection results

‘,}(;;l; Surface Cleaning Penetﬁ::;?f:g::)c ation De;f;l;:ser 'l]")ifr:]:l(orgfl:) Inspection Result
SS-SS Surface cleaned and dried according to 10 Wet 10 No relevant surface
the procedure described in Section 2.5 Developer indications detected
CS-SS Surface cleaned and dried according to 10 Wet 10 No relevant surface
the procedure described in Section 2.5 Developer indications detected
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The main stages of the inspection procedure are illustrated
in Figure 6, and the inspection results are summarized in Table
4.

2.6 Metallographic preparation

Transverse sections were cut from the welded joints of the
three joint configurations (CS—CS, SS-SS, and CS-SS) for
metallographic examination. We prepared the specimens
using standard metallographic procedures. Grinding was
performed sequentially using silicon carbide abrasive papers
with grit sizes of 240, 400, 600, 800, 1000, and 1200, followed
by mechanical polishing to obtain a mirror-like surface, as
shown in Figure 7.

The CS—CS specimens were etched using a commercially
prepared Nital reagent, while the SS—SS and dissimilar CS—SS
specimens were etched using a commercially prepared
Glyceregia reagent. Glyceregia was selected for the dissimilar
joint because it provided adequate contrast for revealing the
fusion boundary and the adjacent microstructural regions
without excessive attack on the SS side. The etching time for
all specimens was approximately 10 s.

We performed optical microstructural examinations of all
welded joints using an OPTIKA optical microscope equipped
with a 10x objective lens (100x total magnification). To
guarantee comparability between the observed areas, images
of the BM, HAZ and WM were taken at the same
magnification under the same observation conditions.

Figure 7. Metallographic preparation

2.7 Tensile testing

The tensile tests were performed as prescribed by API 1104
for pipeline girth welds [17]. From the welded pipes,
transverse rectangular specimens were machined that
contained the complete weld cross-section and the weld
centerline was located near the center of the specimens. The
geometry of the specimen is shown in Figure 8.

- Specimen may be machine or oxygen cut;
/ edges shall be smooth and parallel

4

—— 7 Iy
g Approximately
— 1" (25 mm)
E‘ v
Approximately
9" (230 mm)
T
/ W v

/ Vi Wall thickness

/ t
Weld reinforcement / 7

should not be removed <~
on either side of specimen

Figure 8. Dimensions of specimens [17]

The mechanical assessment was only done on the SS—SS
and CS-SS joints; this is because the aim of this work is to
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investigate the effect of mismatch on tensile properties. Only
the CS—CS joint was retained for microstructural comparison.

Three specimens were tested for each mechanically
evaluated joint configuration with a Hira Universal Testing
Machine at a crosshead speed of 20 mm/min and the generated
engineering stress-strain curve was averaged across the three
specimens to report the tensile properties. Following the test,
the fracture area was inspected to determine the area of failure
with respect to the WM and HAZ.

3. RESULTS AND DISCUSSION
3.1 Non-destructive examination

Visual inspection followed by PT was performed to
evaluate the surface quality of the welded joints.
Representative inspection results are shown in Figure 9. No
relevant surface indications, such as surface cracks or open
porosity, were detected in either the SS—SS or the CS-SS
welded joints. According to the applied inspection procedure
and the acceptance requirements of API 1104 [17], the
examined welds satisfied the acceptance criteria for surface
discontinuities under the selected welding conditions.

Figure 9. Visual inspection and liquid penetrant testing (PT)
results

These results indicate that the selected TIG welding
parameters produced sound weld surfaces suitable for
subsequent metallographic and mechanical evaluation.

3.2 Tensile behavior

Tensile testing was limited to the SS—-SS and CS-SS
configurations, as the main objective of this study was to
evaluate the effect of material mismatch on mechanical
response. The CS—CS joint was excluded from mechanical
testing and used mainly for structural comparison. Therefore,
the discussion of tensile properties is restricted to the
mechanically tested configurations.

The stress—strain response of the SS—SS joint indicated a
typical ductile behavior. The ultimate tensile strength (UTS)
was found to be approximately 647 MPa, accompanied by an
elongation of about 39%. A noticeable strain hardening stage
developed prior to fracture, which is consistent with the
behavior of austenitic SS.

While the UTS of the CS—SS joint decreased to around 548
MPa, the elongation fell to nearly 17%. While the yield
strength (YS) looked slightly higher than that of the SS—SS
joint, the total plastic deformation ability was more limited.
This drop in ductility may be attributed to the mismatch in
mechanical properties between CS and SS, as well as the
microstructural changes occurring in the HAZ.

The stress—strain curves of the two joints are presented in



Figures 10 and 11. The tensile properties got from the
experimental tests are summarized in Table 4.

Stress-Strain Curve

700
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500
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300
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200
100

0

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
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Figure 10. Stress—strain curve of SS—SS joint
Note: Stainless steel—stainless steel (SS—SS).

Stress-Strain Curve for (CS-SS)
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Figure 11. Stress—strain curve of CS—SS joint
Note: Carbon steel-stainless steel (CS-SS).

Table 5. Average tensile properties of the welded joints
obtained from three specimens for each configuration (n = 3)

Yield Ultimate UTS/
Type of  Strength Tensile Elongation, YS
Joint (YS), Strength % Ratio
MPa (UTS), MPa
SS-SS
(316L— 332 647.6 39 1.95
316L)
CS-SS
(API
ST 422 548.8 17 1.30
316L)

Note: The values reported in Table 5 represent the arithmetic mean of three
tensile specimens for each joint configuration (n = 3). The original
individual test records required to calculate the standard deviation were not
available at the time of manuscript revision; therefore, only the average
values are reported.

The differences in the microstructural and mechanical
properties of the two materials can be seen by comparing the
elongation and UTS of the two joints in Table 5, where the
SS-SS joint has the best ductility, while the CS—SS joint has
the lowest. The tensile test results indicate that the welded
joints have satisfactory mechanical properties for the given
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test conditions.
3.3 Fracture behavior

The fracture location for the SS—SS joint was in the middle
of the necking that was very pronounced before the fracture,
while the fracture location of the CS—SS joint was in the
middle of the necking that was not so pronounced because its
elongation was lower, as was obtained from the tensile test.
Representative  fractured specimens for both joint
configurations are shown in Figure 12. The observed fracture
characteristics are consistent with the tensile behavior and the
microstructural features described in the following section.

(a) (b)

Figure 12. Representative tensile-tested specimens after
fracture: (a) Stainless steel—stainless steel (SS—SS) joint and
(b) carbon steel-stainless steel (CS—SS) joint

3.4 Microstructural observations

3.4.1 Microstructural analysis of carbon steel-stainless steel
joint

Figure 13 illustrates the locations from which the optical
micrographs were obtained across the dissimilar CS—SS
welded joint, including the CS BM, CS HAZ, WM, SS HAZ,
and SS BM. The corresponding microstructures are presented
in Figure 14.

a.CSBM | b.CSHAZ | ¢ WM | d.SSHAZ e. 55 BM

Figure 13. Schematic illustration of the locations selected for
microstructural examination across the carbon steel—stainless

steel (CS-SS) welded joint
Note: Base metal (BM), heat-affected zone (HAZ), weld metal (WM).

. »: ‘ i

(a) (®) (c) (d) (e)

Figure 14. Optical microstructures of the carbon steel—
stainless steel (CS—SS) welded joint: (a) CS BM, (b) CS

HAZ, (c) WM, (d) SS HAZ, and (¢) SS BM
Note: Base metal (BM), heat-affected zone (HAZ), weld metal (WM).



The dissimilar CS-SS joint exhibited a distinct
microstructural transition across the weld region. The CS BM
displayed the typical ferrite—pearlite  microstructure
characteristic of low-CSs, whereas the SS BM retained its
fully austenitic structure. Noticeable grain coarsening was
observed within the HAZ on the CS side as a result of the
welding thermal cycle, while the SS HAZ showed only limited
microstructural changes. The WM exhibited a predominantly
austenitic solidification structure, consistent with the use of the
ER309L filler metal. Overall, the observed microstructural
characteristics were in agreement with the different tensile
behaviors obtained for the CS—SS and SS—SS welded joints.

3.4.2 Microstructural analysis of carbon steel-carbon steel
joint

The microstructure of the CS—CS welded joint in Figure 15
exhibited a gradual transition across the BM, HAZ, and WM.
The BM displayed the typical ferrite—pearlite microstructure
of CS. Grain coarsening was observed in the HAZ as a result
of the welding thermal cycle, while no obvious phase
transformation was identified. The WM exhibited a relatively
uniform solidification structure without visible welding
discontinuities. Overall, the microstructural observations
indicated acceptable weld quality under the selected welding
conditions.

(2) (b) (©)

Figure 15. Microstructure images of carbon steel—stainless
steel (CS-SS) joint: (a) BM, (b) HAZ, and (¢) WM
Note: Base metal (BM), heat-affected zone (HAZ), weld metal (WM).

3.4.3 Microstructural analysis of stainless steel—stainless steel
joint

The microstructure of the SS—SS welded joint in Figure 16
remained relatively uniform across the examined regions. The
BM exhibited the typical fully austenitic microstructure of
AISI 316L SS. Slight grain growth was observed within the
HAZ after welding, while the overall austenitic structure
remained stable. The WM exhibited a predominantly
austenitic solidification structure, consistent with the use of the
ER309L filler metal. Overall, the microstructural observations
indicated good metallurgical compatibility and stable welding
conditions.

(@) (b) (©)

Figure 16. Microstructure images of stainless steel—stainless
steel (SS—SS) joint: (a) SS BM, (b) HAZ, and (c) WM
Note: Base metal (BM), heat-affected zone (HAZ), weld metal (WM).

3.4.4 Comparative microstructural-mechanical analysis

A clear difference was observed between the mechanically
tested similar (SS—SS) and dissimilar (CS—SS) welded joints.
The comparison was limited to these two configurations
because tensile testing was performed only for them. The SS—

SS joint exhibited higher ductility and more stable plastic
deformation than the CS—SS joint, which is consistent with the
tensile test results. Optical microscopy (OM) revealed
noticeable microstructural variations across the dissimilar
joint, particularly between the CS BM, HAZ, and WM. These
variations are consistent with the lower ductility and UTS
measured for the CS—SS joint. The observed tensile behavior
is consistent with the microstructural variations identified
across the welded joint. However, local hardness
measurements were not included in the present investigation;
therefore, the present interpretation is based on the combined
evidence obtained from tensile testing and OM.

The present study focused on the mechanical evaluation of
the SS—SS and CS-SS welded joints, whereas the CS—CS joint
was included only for microstructural comparison. A
limitation of the present study is that microhardness profiling
was not performed; therefore, local hardness variations across
the WM, HAZ, and BM could not be quantitatively correlated
with the tensile behavior. Consequently, the present
interpretation of material mismatch is based on the combined
evidence obtained from tensile testing and OM.

Future work will include microhardness profiling together
with tensile evaluation of the CS—CS joint to provide a more
comprehensive comparison among the three welded joint
configurations.

4. CONCLUSIONS

Based on the experimental findings, the main conclusions
of this study can be summarized as follows:

(1) Sound welded pipe joints were successfully produced
using the TIG welding process with ER309L filler metal for
the SS—SS, CS-SS, and CS—CS joint configurations, without
visible surface welding defects.

(2) The SS-SS joint had the best tensile properties with the
average YS of 332 MPa, the UTS of 647.6 MPa and the
elongation of 39%. The corresponding tensile strength, Y'S and
ductility of the CS—SS joint were 422 MPa, 548.8 MPa and
17%, respectively, which were lower than those of the other
joints.

(3) Optical microstructural examination showed significant
differences between the WM, HAZ and BM. The dissimilar
joint exhibited greater microstructural heterogeneity than the
similar SS joint, particularly near the CS side.

(4) The combined tensile and microstructural results
indicate that material mismatch influences the mechanical
response of the dissimilar welded joint, leading to reduced
ductility and lower UTS compared with the SS—SS joint.

(5) The present study provides experimental data on TIG
welding of similar and dissimilar pipe joints. Mechanical
evaluation was limited to the SS—SS and CS-SS joints,
whereas the CS—CS joint was included as a baseline reference
for microstructural comparison.
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NOMENCLATURE

D
El

ER309L

L
t

UTS

YS

Pipe outside diameter, mm
Elongation at fracture, %

Austenitic stainless steel filler metal
Gauge length of tensile specimen, mm
Pipe wall thickness, mm

Ultimate tensile strength, MPa

Yield strength, MPa

Greek symbols

&
o

Engineering strain, dimensionless
Engineering stress, MPa



Abbreviations

AISI American Iron and Steel Institute

API American Petroleum Institute

ASTM American Society for Testing and Materials
BM Base Metal

CS Carbon Steel

SMAW  Shielded Metal Arc Welding

DMW Dissimilar Metal Welding

GTAW Gas Tungsten Arc Welding

904

HAZ
NDT
oM
PT
SS
MIG
TIG
WM

Heat-Affected Zone
Non-Destructive Testing
Optical Microscopy
Liquid Penetrant Testing
Stainless Steel

Metal Inert Gas
Tungsten Inert Gas
Weld Metal





