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Abstract: In this research, the gas tungsten arc welding method was used to join 201 and 316L
austenitic stainless steels using various filler electrodes (316L, 309L and 309LMo), resulting in
dissimilar welds, and its various properties, namely, microstructural evolution, mechanical behavior
and corrosion behavior were investigated. The ferrite–austenite solidification mode was attained,
and therefore, different types of ferrite (lathy ferrite and skeletal ferrite) were formed in the austenite
matrix in all of the filler electrode weldments’ weld zones, however, the variation in content of ferrite
was observed. A ferritoscope was used to estimate the ferrite content in the weld zone, and for E316L,
E309L and E309LMo filler electrodes, the ferrite number observed were 8.78, 9.05 and 12.69 units,
respectively. Hence, the 316L filler electrode exhibited the lowest ferrite content, while the 309LMo
filler electrode weldment displayed a higher ferrite content ascribed to the variation in the chemical
composition of filler electrodes (different chemical composition of ferrite stabilizer elements, namely,
chromium, molybdenum, etc.). Further, the mechanical characteristics, including microhardness
and tensile characteristics, were determined to be higher in the 309LMo filler electrode weldment,
followed by the 309L and 316L filler electrode weldments, primarily due to the increased ferrite
content. All the welds exhibited failure in the ductile mode. Moreover, higher sensitization was
observed in the 309LMo filler electrode weldment, with the 309L and 316L filler electrode weldments
following suit, which is ascribed to the higher ferrite content. This higher ferrite content resulted in
higher interphase regions of ferrite/austenite, thus resulting in higher sensitization.

Keywords: dissimilar welding; 316L ASS; 201 ASS; GTAW; mechanical behavior; corrosion

1. Introduction

The austenitic stainless steels (ASSs) are commonly utilized materials in various appli-
cations ascribed to their favorable mechanical and corrosion-resistant characteristics [1].
The conventional ASSs belong to the chrome–nickel (Cr-Ni) grades, such as the 300 series,
wherein nickel (Ni) serves as the prime alloying element employed to maintain the austenite
phase in the ambient temperature. However, the rising expenses and ongoing fluctuations
in nickel prices are driving industries to explore substitutes for conventional chrome–nickel
austenitic stainless steels (Cr-Ni ASSs) and consider ASSs with reduced or no Ni content.
In ASSs with reduced or no nickel (Ni) content, manganese (Mn) and/or nitrogen (N) are
utilized as substitutes for maintaining the austenitic phase at room temperature [2]. This
has resulted in the creation of chromium–manganese–nickel–nitrogen (Cr-Mn-Ni-N) ASSs,
often referred to as the 200 series [3], which maintain the same Cr content of 18%. In the
200 ASS series, 201 ASS grade is the widely used material, in which Ni content is reduced
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to 3–5 wt. % from 9–11 wt. % and is replaced by 5.5–7.5 wt. % Mn and 0.25 wt. % max.
N, which makes the ASS cost-effective [4]. And, the N addition substantially enhances
the mechanical and corrosion characteristics of ASSs [5]. This makes the 201 ASS a great
potential candidate to substitute the commonly used conventional Cr-Ni (304, 304L, 316
and/or 316L) ASSs for industrial purposes [6]. Due to the comparable mechanical and
corrosion characteristics between the expensive Cr-Ni ASSs and the more cost-effective
Cr-Mn-Ni-N ASSs, the idea of replacing 304L or 316L austenitic stainless steels with 201
austenitic stainless steel to some extent in equipment service failures appears to be a feasi-
ble option. However, an important industrial question arises: can a conventional Cr-Ni
austenitic stainless steel be substituted with the more affordable 201 austenitic stainless
steel if it fails during service?

In industrial applications, fusion welding is the predominant method used for joining
ASSs. Welding dissimilar ASSs poses a consistent challenge, primarily due to variations in
chemical composition, physical attributes and thermal properties, resulting in issues like
porosity, solidification cracking, microsegregation, etc. [5,7]. Of these defects, solidification
cracking is considered to be the major defect as it defines the weld quality. In ASS welds,
the existence of ferrite is crucial in eliminating the solidification cracking. However, the
volumetric fraction of ferrite also plays a very crucial role as it is reported that ferrite
content is beneficial to prevent the cracking up to a certain volume [8,9]. The WRC-1992 is
commonly used to estimate the ferrite volumetric fraction [8].

There have been many investigations on the similar welding of convectional Cr-
Ni ASSs and Cr-Mn-Ni-N ASSs. Nevertheless, in recent years, industries have been
inclined toward utilizing cost-effective materials such as Cr-Mn-Ni-N ASS for less harsh
environments, while reserving high-performance materials like conventional Cr-Ni ASS
for more aggressive conditions. This trend is prompting industries to employ dissimilar
welds. In this context, a considerable amount of work has been carried out on the dissimilar
welding of Cr-Ni ASSs and Cr-Mn-Ni-N ASSs [8,10–12]. Himanshu et al. [8] has examined
the impact of welding processes and welding speed on the 304/201 ASS dissimilar welding.
The authors recommended that 304 ASS can be substituted by dissimilar welding with
201 ASS using gas tungsten arc welding (GTAW) at 2.0 and 2.7 mm/s welding speed. In
another study, Himanshu et al. [10] investigated the influence of post-weld heat treatment at
temperatures of 1050 and 1100 ◦C on the shielded metal arc welded 304/201 ASS dissimilar
joints. The authors reported that on increasing the post-weld treatment temperature,
the tensile characteristics of weldments decreased, while the corrosion behavior of the
weldments increased. Chaupian et al. [11] examined GTAW parameters for welding 304
and 201 ASS dissimilarly. Their findings indicated that a 3 mm/s welding speed and the
inclusion of 1% N in the shielding gas of argon yielded the most favorable conditions
for welding.

As the mechanical and corrosion properties between the expensive Cr-Ni ASSs and
the more cost-effective Cr-Mn-Ni-N ASSs is comparable, the idea of replacing 304L or 316L
ASS with 201 ASS to some extent in equipment service failures appears to be a feasible
option. However, an important industrial question arises: can a conventional Cr-Ni ASS
be substituted with the more affordable 201 ASS if it fails during service? When fusion
welding is employed to join 201 ASS with conventional Cr-Ni ASS, it becomes crucial to
thoroughly investigate the impact of filler electrodes and heat input on weld joint properties,
namely, the microstructural evolution, and subsequently on its mechanical and corrosion
characteristics. Tandon et al. [12] conducted a study to investigate the impact of heat
input on the dissimilar welding of 316/201 ASSs using the GTAW technique. The results
indicated that low heat input proved to be a viable heat input for the better corrosion and
mechanical characteristics. Furthermore, the choice of filler electrodes employed during
welding is crucial in determining the service life of welded steels. Hence, the impact of
filler electrodes on the 316L-201 ASS dissimilar welding has been investigated using the
GTAW technique in the present study.
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2. Materials and Methods

The base metals (BMs), i.e., 316L and 201 ASS, were procured with a 3 mm thickness
and the chemical compositions are presented in Table 1.

Table 1. BM elemental composition (wt. %).

Materials C Ni Mo Cr Mn P Si S N Fe

316L 0.018 10.62 2.15 16.85 1.32 0.02 0.29 0.01 - Bal.
201 0.09 4.12 - 17.39 5.24 0.03 0.26 0.01 0.15 Bal.

The specimens, measuring 80 × 80 × 3 mm3, were fabricated by employing a wire-cut
electrical discharge machine. Subsequently, the specimens underwent a solution annealing
treatment at 1050 ◦C for 1 h. This was followed by rapid quenching in water. The 316L
and 201 ASS dissimilar welding were established using the GTAW technique, employing
three distinct filler electrodes, namely E316L, E309L and E309LMo, each with chemical
compositions outlined in Table 2.

Table 2. Elemental composition of welding filler electrode (wt. %).

Materials C Ni Mo Cr Mn P Si S Fe

316L 0.016 11.12 2.11 17.41 1.57 0.02 0.27 0.01 Bal.
309L 0.03 12.7 0.07 23.24 1.21 0.02 0.5 0.01 Bal.

309LMo 0.03 12.4 2.42 23.76 1.56 0.02 0.5 0.01 Bal.

The welding parameters remained consistent across all three weld joints, with a weld-
ing current (I) of 110 A, welding voltage (V) at 12.6 V and a welding speed of 2.5 mm/s. Ac-
cordingly, the heat input (Q) was determined using Equation (1) with a 60% efficiency [12].

Q = ηVI/υ (1)

The calculated heat input was 0.33 kJ/mm.

2.1. Microstructural and Mechanical Studies

For the microstructural analysis, transverse sections of the welded samples were
acquired using a wire-cut electrical discharge machine. These specimens were subsequently
subjected to a sequence of abrasive treatments using emery papers of various grades.
Subsequently, a cloth polishing step was conducted using alumina powder as the coating.
Afterward, they were cleaned through ultrasonic immersion for 5 min in distilled water
and etched galvanostatically in a solution containing 10 g of oxalic acid per 1 cm2 at a
current density of 1 Acm−2 for a duration of 90 s.

Metallographic examination was conducted using a Zeiss Axio Lab A1 optical mi-
croscope. Microhardness measurements were taken along the sample length in a Vickers
microhardness tester. The 500 g load for 10 s was applied for the microhardness test. The
tensile tests on the welded specimens were carried out using an Instron 4667 universal test-
ing machine. The 0.5 mm/min crosshead speed was used for the tensile test. Furthermore,
fractography analysis of the fractured joints was conducted in JEOL 6380 scanning electron
microscopy (SEM) to evaluate the nature of fractures. And the δ-ferrite content was deter-
mined using a ferritoscope (Fisher SMP-30, FISCHER MEASUREMENT TECHNOLOGIES
INDIA PVT LTD, Delhi, India).

2.2. Electrochemical Studies

The electrochemical analysis, i.e., double-loop electrochemical potentiokinetic reac-
tivation (DLEPR) test, was conducted at room temperature using a BIOLogic VMP-300
potentiostat. The details of the DLEPR test are given in [12].
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3. Results
3.1. Microstructural Analysis
3.1.1. Solidification Mode and δ-Ferrite Content Estimation

The chemical composition of BMs and filler electrodes is used to determine the solid-
ification mode in the fusion zone (FZ) [12]. And the solidification mode in ASSs is then
evaluated by Creq/Nieq using the WRC-1992 diagram [8]. In the present investigations, the
Creq/Nieq values for different filler electrodes, i.e., E316L, E309L and E309LMo welded
joints are found out to be 1.65, 1.69 and 1.80, respectively. In all the weld joints, based on
Equation (2), using WRC-1992 diagram [12], the ferrite-austenite (FA) solidification mode
was determined.

Ferrite-Austenite (FA) mode: L → (L + δ) → (L + δ + γ) → (δ + γ);
1.48 < Creq/Nieq < 1.95

(2)

In this FA solidification mode, the primary δ-ferrite initially solidifies in the FZ and
subsequently transforms into δ → γ phases. The measured δ-ferrite content in FZ, quan-
tified in terms of the ferrite number (averaging 10 readings), was found to be 8.78 units
for E316L, 9.05 units for E309L and 12.69 units for E309LMo filler electrodes, respectively.
The increased δ-ferrite content in FZ for the E309L filler electrode as compared to the E316L
filler electrode is ascribed to the higher Cr content in the E309L filler electrode, and Cr is
considered to be a ferrite stabilizer, thus resulting in a higher δ-ferrite content. Moreover,
the higher content of molybdenum (Mo) in the E309LMo filler electrode further resulted in
the higher δ-ferrite content, as Mo is also a ferrite stabilizer.

3.1.2. Microstructural Evolution

The microstructural evolution of all the welded joints is shown in Figure 1a–c.
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Figure 1. Microstructural evolution in dissimilar welds of 316L-201 ASS by different filler electrodes
(a) E316L, (b) E309L and (c) E309LMo.

In all the welded specimens, the evolution of microstructure can be classified into
distinct regions, including (i) the FZ, (ii) the partially melted zone (PMZ), (iii) the heat-
affected zone (HAZ) and (iv) the unaffected zone, which is the BM on both sides of
the weldments.

In the FZ of all the welds, the formation of δ-ferrite (dark phase) with an inter-dendritic
layer of austenite (light phase) can be seen (Figure 1). The FZ exhibited a columnar growth
pattern in all the welded joints. And the variation in the quantity of δ-ferrite in the FZ is
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attributed to the presence of alloying elements, namely, chromium (Cr) and molybdenum
(Mo), in the filler electrodes. Further, the FZ of all the weldments depicts the formation of
two morphologies of δ-ferrite, namely, (i) skeletal morphology and (ii) lathy morphology.
In the E316L filler electrode welded joint, the δ-ferrite morphology of the FZ is dominated
by skeletal ferrite morphology; however, in E309L and E309LMo filler electrode welded
joints, the δ-ferrite morphology of the FZ is dominated by lathy ferrite morphology. In the
E316L filler electrode FZ, a very small amount of δ-ferrite lathy morphology is seen.

In all the welded structures, the region adjoining the fusion zone is referred to as
the PMZ. Within the PMZ, the BM is melted and subsequently solidified. And the zone
adjacent to the PMZ is known as the HAZ. It can be noticed in all the joints that the width
of HAZ of both the sides of BMs is approximately the same, as the welding parameters
used to perform all the weld joints were the same. Conversely, the HAZ width on the 201
ASS side is higher than that on the 316L ASS side, which can be attributed to the higher
vulnerability of 201 ASS to intergranular precipitation [12].

3.2. Mechanical and Corrosion Properties
3.2.1. Microhardness Analysis

The microhardness measurements performed on the transverse sections of all the
weldments and across different zones are shown in Figure 2.
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Figure 2. Microhardness profile of 316L-201 ASS dissimilarly welded by different filler electrodes.

It can be observed that the microhardness increased along the distance away from
the center in both the BMs side and in all the weldments. However, the variation in
microhardness profile can be observed; the average microhardness in FZ for E316L is
196.7 HV0.5, for E309L, it is 203.8 HV0.5, and for E309LMo, it is 216.3 HV0.5. This difference
in the values of microhardness in the FZ of different filler electrodes can be attributed
to the difference in the electrode composition, thus resulting in different morphology
formations and different δ-ferrite contents. The higher microhardness values in the FZ
obtained for the E309LMo filler electrode is ascribed to the higher content of δ-ferrite than
its counterpart (E316L and E209L) [13]. In the PMZ of both the sides of BMs (316L ASS
and 201 ASS), higher microhardness values are seen in all of the weldments. This can be
attributed to the existence of partially unmelted grains at the fusion boundary, which serve
as significant nucleation sites for the formation of a new precipitating phase during the
process of solidification [12]. Moreover, the microhardness values decreased in the HAZ
of all the weldments. Notably, the microhardness in the HAZ is lower than the FZ in all
of the welds. This can be attributed to carbon segregation. The HAZ on the 201 ASS side
was more significantly affected than that on the 316L ASS, primarily due to the faster rate
of carbon segregation [8]. In addition, in the HAZ, the microhardness values close to the
PMZ area are low as compared to the microhardness values close to the BM side. This
low microhardness value is due to the coarse grained structure in the HAZ near to the
PMZ area, while the higher microhardness value is due to the fine-grained structure in the
HAZ near to the BM area. This difference arises from the slow cooling rate in the region
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near the PMZ, resulting in a coarse-grained structure, whereas the area adjacent to the BM
experiences rapid cooling, leading to a fine-grained structure. And this variation can be
ascribed to a steeper thermal gradient in these regions [12].

3.2.2. Tensile Test Analysis

The ultimate tensile strength of E316L, E309L and E309LMo weldments was 582 MPa,
591 MPa and 614 MPa, respectively. And this higher ultimate tensile strength for the
E309LMo weldment can be ascribed to the higher δ-ferrite content [13]. In all of the welds,
the fracture was observed to take place in the HAZ on the 201 ASS side.

As is evident from the microhardness data (Figure 2), the HAZ consistently exhibits
lower microhardness values compared to both its FZ and BM, primarily due to carbon
segregation. This results in the HAZ being a relatively softer region. Additionally, the
optical observations (Figure 1) reveal that the HAZ width and carbide precipitation are
more pronounced on the 201 ASS side in all of the welds, leading to fracture occurrence
in the HAZ region of the 201 ASS side. The fractography analysis presented in Figure 3
illustrates uniform dimples in all of the welds. These dimples indicate that the fracture
mode is uniformly ductile in nature.
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3.2.3. Electrochemical Analysis

The DLEPR plots of test samples (filler electrodes FZs) and BMs are presented in
Figure 4.

It can be observed from Figure 4 that the FZ of the E309LMo filler electrode has higher
degree of sensitization (%DOS) value followed by the FZ of the E309L filler electrode and the
FZ of the E316L filler electrode. The %DOS value of the FZ of the E309LMo filler electrode is
12.41%, the FZ of the E309L filler electrode is 10.85% and the FZ of the E316L filler electrode
is 9.18%. This can be attributed to the higher δ-ferrite content [14,15]. The higher amount
of ferrite stabilizers (Cr and Mo) in the E309LMo filler electrode has promoted greater
δ-ferrite formation in the FZ, thus resulting in a higher γ/δ-ferrite interphase, and it is
stated that δ-ferrite phases dissolve early in γ/δ-ferrite interphase [12]. Moreover, the dual-
phase microstructure demonstrates a higher activation energy, with the loosely arranged
body-centered cubic ferrite structure displaying a greater affinity to react when contrasted
with the densely packed face-centered cubic austenite structure, which possesses greater
thermodynamic stability [14]. As described by Moon et al. [16], intergranular corrosion
(IGC) can take place in corrosive solutions as a result of the creation of galvanic cells among
the chromium-rich δ-ferrite phase and the adjacent chromium-depleted austenite phase. In
other words, an increase in the delta ferrite content leads to a decrease in IGC resistance.
This indicates that the interphase corrosion test depends upon the δ-ferrite content.
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greater δ-ferrite formation in the FZ, thus resulting in a higher γ/δ-ferrite interphase, and 
it is stated that δ-ferrite phases dissolve early in γ/δ-ferrite interphase [12]. Moreover, the 
dual-phase microstructure demonstrates a higher activation energy, with the loosely ar-
ranged body-centered cubic ferrite structure displaying a greater affinity to react when 
contrasted with the densely packed face-centered cubic austenite structure, which pos-
sesses greater thermodynamic stability [14]. As described by Moon et al. [16], intergranu-
lar corrosion (IGC) can take place in corrosive solutions as a result of the creation of gal-
vanic cells among the chromium-rich δ-ferrite phase and the adjacent chromium-depleted 
austenite phase. In other words, an increase in the delta ferrite content leads to a decrease 
in IGC resistance. This indicates that the interphase corrosion test depends upon the δ-
ferrite content.  
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was observed. A minimal amount of lathy ferrite was evident in welds made with 
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Figure 4. The DLEPR curves of BMs and FZs of dissimilar weld joints for different filler electrodes.

4. Conclusions

The dissimilar joining of 316L ASS with 201 ASS was effectively accomplished using
the GTAW process, employing various filler electrodes. The key findings can be summa-
rized as follows:

(i) In all of the weldments, a microstructure featuring skeletal ferrite and lathy ferrite
was observed. A minimal amount of lathy ferrite was evident in welds made with the
E316L filler electrode. Conversely, the lathy ferrite content increased when using the
E309L and E309LMo filler electrodes, primarily due to their higher Cr content.

(ii) The HAZ width was greater for the 201 ASS BM compared to the 316L ASS BM.
(iii) The weldment employing the E309LMo filler electrode exhibited higher tensile strength,

which can be attributed to the increased δ-ferrite content.
(iv) Higher IGC (%DOS) was noticed in the FZ of welds made with the E309LMo filler

electrode, attributable to the higher δ-ferrite content. The presence of larger interphase
regions composed of ferrite and austenite accelerated the sensitization phenomenon.

Author Contributions: Conceptualization, V.T. and A.P.P.; methodology, V.T. and A.P.P.; software,
V.T. and S.K.; formal analysis, V.T. and S.K.; writing—original draft preparation, V.T.; writing—review
and editing, V.T., A.P.P. and S.K.; supervision, A.P.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not Applicable.

Informed Consent Statement: Not Applicable.

Data Availability Statement: The data that supports the findings of this study are available on
request from the corresponding author, [V.T.].

Acknowledgments: The authors would like to thank the Director of VNIT Nagpur for providing the
necessary facilities and constant encouragement to publish this paper. The authors would also like to
thank Varsha Patankar (technical staff, Testing of Materials Laboratory, Department of Metallurgical
and Materials Engineering) for her help in conducting the mechanical testing.

Conflicts of Interest: The authors declare no conflicts of interest.



Eng. Proc. 2023, 59, 90 8 of 8

Abbreviations

ASSs, austenitic stainless steels; BM, base metal; Cr-Ni, chrome–nickel; DLEPR, double loop
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