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In the present study, cold metal transfer arc welding was employed to weld the 304L austenitic stainless
steel (ASS) and Ti-stabilized 439 ferritic stainless steel (FSS) using a 309L filler electrode. Dissimilar joints
were prepared using low heat input (HI; W1 � 247 J/mm) and high HI (W2 � 282 J/mm). The solidifi-
cation mode for both weldments were the ferritic-austenitic mode and the weld zone (WZ) regions of both
the weldments consists of columnar austenites, lathy and skeletal ferrite phases. The interfaces between WZ
and ASS base metal showed the unmixed zone, whereas a conventional heat-affected zone (HAZ) was
formed between the WZ and FSS base metals. The formation of ferrite stringers were observed in the
unmixed zone, whereas peppery features of chromium-rich carbides were observed in HAZ. Moreover,
electron backscattered diffraction technique was used to distinguish the microstructural differences be-
tween W1 and W2 weldments. Increase in the HIs resulted in decreased ferrite fraction in WZ as well as
decrease in the mechanical strength of the joints. The W1 weldment depicted higher values of average
micro-hardness (WZ � 334.32 HV) than W2 (WZ � 310.92 HV)) weldment. The electrochemical behaviour
of the weldments was analysed for both the base metals and WZ of weldments. The higher degree of
sensitization (DOS � 9.24%) of W1-WZ showed lower intergranular corrosion resistance than W2-WZ
(DOS � 7.77%), however, the opposite trend was observed for impedance and pitting resistance.

Keywords 439 FSS, 304L ASS, cold metal transfer arc welding,
electrochemical behaviour, mechanical properties,
precipitations

1. Introduction

In various industrial scenarios, there are instances where it
becomes necessary to join dissimilar materials. And, the
selection of these materials depends on their specific location
within a structure, aiming to effectively and economically
utilize the unique properties offered by each material. Also,
nowadays, industries now use a variety of materials to fabricate
their products to increase durability, performance, and eco-
nomic production (Ref 1). Austenitic stainless steels (ASSs) are
an attractive material to various industries ascribed to their
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Abbreviations

ASS Austenitic stainless steel

BM Base metal

CGHAZ Coarse grain heat affected zone

CMT Cold metal transfer

Creq Chromium equivalent

%D % Dilution

DLEPR Double-loop electrochemical potentiodynamic reactivation

DMW Dissimilar metal welding

DOS Degree of sensitization

EBSD Electron back-scattered diffraction

EDS Energy-dispersive spectroscopy

EIS Electrochemical impedance spectroscopy

FGHAZ Fine grain heat affected zone

FSS Ferritic stainless steel

GBs Grain boundaries

HAZ Heat affected zone

HI Heat input

IGC Intergranular corrosion

LF Lathy ferrite

Nieq Nickel equivalent

OM Optical microstructure

PDP Potentiodynamic polarization

SEM Scanning electron microscope

SF Skeletal ferrite

SSs Stainless steel

UMZ Unmixed zone

WZ Weld zone

XRD X-ray diffraction

JMEPEG �The Author(s)
https://doi.org/10.1007/s11665-024-09743-6 1059-9495/$19.00

Journal of Materials Engineering and Performance

http://orcid.org/0000-0002-2670-4597
http://crossmark.crossref.org/dialog/?doi=10.1007/s11665-024-09743-6&amp;domain=pdf


excellent mechanical and electrochemical characteristics (Ref
2). But, the presence of higher fraction of Ni enhances the cost
of the ASS products. On the other side, ferritic stainless steels
(FSSs) having low Ni content, demonstrate the possibility of a
cost-effective option to replace the ASS grades in various
applications (Ref 3). In addition to the cost advantages, FSSs
exhibit better resistance to stress corrosion cracking than ASSs
when exposed to caustic and alkaline conditions (Ref 4). The
joining of dissimilar materials can produce the desired charac-
teristics and showed greater adaptability in service conditions
(Ref 5). Moreover, among the various bimetallic combinations,
the ASS-FSS joints are widely employed in industrial domains
such as nuclear power generation, pressure vessels, heat
exchangers, and paper industries, etc. (Ref 6, 7). Usually, the
combination of ASS-FSS is employed in TiCl4 reduction retorts
(Ref 7).

Dissimilar metal welding (DMW) of ASS-FSS is usually
performed using conventional welding techniques like shielded
metal arc welding (SMAW), gas tungsten arc welding (GTAW),
and gas metal arc welding (GMAW), etc. However, attributed
to the variance in materials metallurgical, physical, and
mechanical properties, and as well as the frequent use of high
heat input (HI) during fusion welding processes, DMW is a
challenging task to produce the sound joints by using
conventional welding processes (Ref 8). During the ASS-FSS
DMW, solidification cracking, hot cracking, weld decay, and
knife-line attack occur on the ASS side of the weldment.
Whereas the weldments of the FSS side experience the
coarsening of grains in heat-affected zone (HAZ) and weld
zone (WZ), which reduces the weldment ductility and tough-
ness (Ref 9). Furthermore, the welding process introduces a
weld thermal cycle that can lead to the formation of carbide
precipitates and various phases, giving rise to additional
concerns such as sensitization, which greatly influences the
corrosion resistance properties of the weldments (Ref 10).
Numerous investigations have been conducted on different
fusion and solid-state welding techniques for DMW involving
ASS and FSS (Ref 7, 11-13). Emami et al. (Ref 7) investigated
the DMW of 304L ASS and 430 FSS utilizing friction-stir
welding. Their findings revealed the existence of both austenite
and ferrite phases in the stir zone. The authors further noted that
the fracture in the tensile test occurred in the FSS base metal
(BM), attributing it to lower ductility compared to the ASS BM
(Ref 7). In our earlier work (Ref 11), we have studied the
influence of process parameters in dissimilar welding of 304L
and 439 FSS via GTAW process. It was concluded that dual-
phase (d-ferrite and austenite) microstructure formed in WZ of
low and high HI weldments. The mechanical characteristics
exhibited better properties for low HI weldment (Ref 11).

CMT welding technique is the modified version of the
conventional GMAW technique which offers the advantages of
both low HI without any welding flaws (Ref 14). The CMT arc
welding process differs from conventional welding techniques
by the liquid droplet mode, which is detached by the electrode
wire at a faster rate, uses controlled HI, and produces less
spatter when the filler wire short-circuits to the workpiece (Ref
15). Koli et al. (Ref 16) reported that on employing similar
welding currents for CMT, metal inert gas (MIG) and pulsed
MIG processes on Al alloys, the CMT process demonstrated
better bead penetration than its counterparts. Frostevarg et al.
(Ref 17) studied the comparison of three distinct arc modes
(standard, CMT, and pulsed mode) in laser-arc hybrid welding
of Domex 420 MC D steel (7 mm, EN-10149-2) and concluded

that the CMT arc mode resulted in the formation of a narrower
HAZ as compared to the other modes. However, no discussions
about the microstructure evolution were discussed for three-
welding processes (Ref 17). According to Dharmik et al. (Ref
18), CMT-welded (similar welding) 0.5 mm electrical sheets
depicted smaller HAZ due to less HI and smaller grain size
(GS) than MIG and GTAW welding. Further, numerous
investigations have been conducted on different conventional
and CMT welding processes for similar welding of FSS. Zhou
et al. (Ref 19) studied the welding characteristics (microstruc-
tural and mechanical) of similar welding of 430 FSS using the
CMT technique by employing a 308L filler electrode. The
authors have reported that the WZ consisted of dual-phase
(ferrite and austenite) microstructure and HAZ consisted of
chromium-rich carbide (M23C6, where M mainly stood for Cr
and Fe) precipitates in ferrite grains and intergranular marten-
site at ferrite grain boundaries (GBs) (Ref 19). Also, the dual-
phase microstructure of WZ causes to increase in the tensile
properties and micro-hardness of welded specimens than the
BM (Ref 19). In our earlier work (Ref 20), we have studied the
influence of process parameters in similar welded 439 FSS (Ti-
stabilized) via the CMT welding technique with varying HIs. It
was concluded that dual-phase (d-ferrite and austenite)
microstructure formed in WZ of low and high HI weldments.
The mechanical characteristics (microhardness and tensile
properties) exhibited better properties for low HI weldment,
and for IGC resistance, opposite trend was observed as
compared to the high HI weldment.

The previous literature makes clear that a lot of research is
reported on similar welding of several of steel via conventional
and CMT processes (Ref 17-20). However, the mentioned
kinds of literature on CMT welding mainly focused on the
microstructural and mechanical characteristics of welded spec-
imens of SSs but did not address the electrochemical behaviour
of welded specimens of SSs. Also, based on the literature
discussed (Ref 7, 11-13), the DMW of the ASS-FSS has not
been the subject of any research, i.e. 304L ASS with 439 FSS
by employing the CMT welding technique. The 439 FSS used
in this study is stabilized by Ti and has a lower content of C,
which reduces the possibility of carbide precipitate formation
during welding (Ref 20). Hence, the objective of the present
study is to study the impact of the CMTwelding parameter (HI)
on the welding properties (microstructural, mechanical, and
electrochemical) of DMWof 304L ASS-439 FSS by employing
309L as a filler electrode.

2. Experimental

2.1 Materials and Method

The BMs (439 FSS and 304L ASS; 3 mm thickness) were
subjected to a solution annealing process. The 304L BM was
treated at a temperature of 1050 �C, while the 439 BM was
treated at 850 �C. Both treatments lasted for 1 h and followed
by quenching in water. The major elements present in the
chemical composition of BMs, i.e. 304L includes (C- 0.037%,
Cr- 18.9%, Ni- 9.32%, Mn- 1.65%, Fe- balance) and 439
includes (C- 0.024%, Cr- 17.35%, Ni- 0.18%, Mn- 0.29%, Ti-
0.25% Fe- balance). The chemical composition of 309L filler
electrode includes (C- 0.03%, Cr- 23.65%, Ni- 13.3%, Mn-
0.8%, Fe- balance). Dimensions of 60 mm 9 150 mm were cut
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from annealed BMs sheets using the wire-cut electro-discharge
machine for further joining process. Using the CMT technique
and 309L as a filler electrode, DMW of 304L ASS-439 FSS
was carried out. Table 1 depicts the parameters that are used
during the DMW process, and the HI was calculated accord-
ingly by Eq 1 (Ref 20).

HI ¼ gVI=v ðEq 1Þ

where, ‘‘I’’ and ‘‘v’’ represent welding current (amperes, A) and
welding speed (mm/s), respectively, ‘‘V’’ represents arc voltage
(volts, V) and ‘‘g’’ represents the welding efficiency, which
was 85% for the CMT welding process (Ref 20). It can be
observed from Table 1 that changes in the welding current and
welding speed were adopted for varying the HIs between two
weldments. According to the calculated HIs, the weldments
were assigned the designations as W1—lower HI weldment and
W2—higher HI weldment.

2.2 Microstructural Characterization

Figure 1 shows a schematic presentation of a weldment in
addition to illustrations of various specimens used to examine
microstructural features, mechanical properties, and corrosion
characteristics. Both the samples were subjected to polishing
using emery papers with varying grit sizes (ranging till 2000).
This was followed by polishing with a cloth smeared with an
alumina slurry (0.75 lm). To reveal the microstructural charac-
teristics, weldments were then subjected to electrochemical
etching using a Potentiostat (Solartron, 1285). For the electro-
chemical etching procedure, a voltage of 6 V was applied for a
duration of 30 s, which was carried out in a solution consisting of
100 ml of distilled water containing cupric acid (15 g). To
examine the optical microstructure (OM) of the various weld-
ment zones (BM, HAZ, and WZ), the Leica DMi8 optical
microscope was used. To identify the various phases that
developed in WZ, and in the HAZ region of both weldments,
x-ray diffraction (XRD) X’Pert PRO PAN analytical was used.
The detailedmicrostructural evolution and chemical composition
of different phases were examined using a scanning electron
microscope (SEM—JEOL 6380A, Japan) equipped with an
energy-dispersive spectrometer (EDS). The detailed microstruc-
tural characteristics of theW1 andW2weldments were observed
using electron back-scattered diffraction (EBSD). Further, the
micro-texture analysis was conducted using a Bruker E-flashed
HD EBSD detector within the SEM system (Carl Zeiss Sigma
500). The samples were electropolished at 16 V for 16 s in an 80
(ethanol): 20 (perchloric) solution to prepare it for the EBSD. A
large area of the weldment was considered for the scanning
purpose. Area of 2500 9 500 lm2 and step sizes of 1.5 lmwere
considered for the ESBD measurement of both the weldments.
Further to that, high resolution microstructure was also observed
by increasing the resolution of the measurement. For that

purpose, scan area of 250 9 250 lm2 and step sizes 0.7 lmwere
used for measuring theWZ region of both the weldments. EBSD
measurements were performed at 20 kV voltage and 15 mm
working distance, and the data obtained was processed in TSL-
OIM software (Ref 21). Inverse pole figure (IPF), phase map,
grains size and image quality (IQ) maps were obtained from the
EBSDdata. Amild clean-up of 0.03 neighbourCI correlation and
confidence index > 10% was used to process the EBSD data.

2.3 Mechanical Characterization

The micro-hardness and tensile testing were conducted for
both the weldments to assess its mechanical properties. The
micro-hardness of the weldments were measured using a
Shimadzu micro-hardness testing machine; the load of 300 g
stress was applied for a duration 10 s. Figure 1(c) shows the
tensile sample dimension, and the experiments were conducted
in Instron 4467 universal testing machine, in accordance with
the ASTM E8 M-04 standard (Ref 22). Additionally, SEM was
utilized to investigate the fracture surfaces.

2.4 Electrochemical Characterization

Electrochemical tests were studied on the BMs and WZs of
both weldments using a potentiostat (Biologic VMP-300).
These tests included the double-loop electrochemical potentio-
dynamic reactivation test (DLEPR), electrochemical impedance
spectroscopy (EIS), and potentiodynamic polarization (PDP).
The electrochemical experiments were conducted using a
traditional three-electrode cell setup, wherein platinum was
implemented as the counter electrode, the sample acted as the
working electrode, and a saturated calomel electrode (SCE) was
utilized as the reference electrode.

To assess IGC, the DLEPR test was performed in room
temperature in a solution containing 0.5 M H2SO4 and 0.01 M
NH4SCN. The DLEPR test involved scanning the potential
from �500 mVSCE to + 300 mVSCE in the forward direction
and from + 300 mVSCE to �500 mVSCE in the reverse direction
at a 1.67 mV/s scan rate in room temperature. Further, the EIS
and PDP tests were performed in room temperature in a 3.5%
NaCl solution in room temperature. In EIS, a 10 mV sinusoidal
AC pulse was applied over a frequency range of 106 to 10-2 Hz.
The PDP test involved scanning the potential from �500
mVOCP to + 1200 mVOCP at 0.5 mV/s scan rate. The data
obtained from the electrochemical tests were analyzed using the
EC-Lab software. All the tests (mechanical and electrochem-
ical) were repeated three times to ensure the reproducibility of
data, and the average results are reported in the present study.

3. Results and Discussion

3.1 Microstructural Evolution

TheOMs andXRDspectra of theBMs, i.e. 304LASS and 439
FSS are shown in Fig. 2. The 304L BM showed the coarse
austenitic grains with the presence of annealing twins (Fig. 2a)
and its XRD spectrum (Fig. 2b) confirmed the existence of the
austenite phase only. Similarly, grains in 439 BM were homog-
enized and equiaxed (Fig. 2c). The 439 BM XRD spectrum
(Fig. 2d) confirmed the existence of a single ferritic phase. The
macrostructure of the cross section for both the weldments is
depicted in Fig. 3(a) and (b) and the sound joint can be observed.

Table 1 Welding parameters used in the present study

Sample
Current,

A
Voltage,

V
Welding speed,

mm/s
Heat input,

J/mm

W1 (Low
HI)

150 12.8 6.6 247.27

W2 (High
HI)

130 12.5 4.9 281.88
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Thewelds displayed complete penetration throughout their entire
depth, with no visible macroscopic defects such as cracks,
porosity, or undercuts. To determine the percentage dilution (%
D), the geometrical areas were measured of both the weldments,
as illustrated in Fig. 1(b) and the data are summarized in Table 2.
The overall fusion of the BMs (AFBM)TOTALwas computed using
Eq 2, while the total amount of weld deposition (AWD)TOTAL was
calculated using Eq 3. Consequently, Eq 4 was employed to
determine the % D for both weldments (Ref 23).

AFBMð ÞTOTAL¼ AFBMð ÞASSþ AFBMð ÞFSS ðEq 2Þ

AWDð ÞTOTAL¼ AUR þ ARG þ ALR þ AFBMð ÞTOTAL ðEq 3Þ

%D ¼
AðFBMÞTOTAL
A WDð ÞTOTAL

ðEq 4Þ

Notably, Table 2 shows that the % D is influenced by the
welding parameters (welding speed and current). During
welding, the degree of mixing of BMs and filler electrodes
has a substantial influence on the amount of ferrite and the
mode of solidification; the solidification mode can vary from
ferritic (F) to ferritic-austenitic (FA) and fully austenitic (A)
(Ref 24). Consequently, it is crucial to ascertain the %D of the
weldments and its solidification mode. For the current inves-
tigation, the calculated %D is shown in Table 2 and is for
23.75% for W1 and 18.24% for W2. The higher welding
current and speed in W1 were attributed to higher dilution.

Fig. 1 (a) Schematic diagram of dissimilar welded joint; representative locations of the different specimens considered for the microstructural,
mechanical, and corrosion characterization; (b) schematic diagram of weld bead profile; (c) dimensions of the tensile samples used in the present
investigation (Color figure online)
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According to the report, higher welding currents lead to
increased arc force and enhanced arc penetration, resulting in
greater melting of the BM and subsequently leading to higher
dilution (Ref 25).

To estimate the solidification mode, in the current investi-
gation, the stabilizing elements weight (%) of ferrite and
austenite was used to determine the chromium equivalent (Creq)
as well as nickel equivalent (Nieq) which is mentioned in
Table 2. The Creq/Nieq ratio was determined to be 1.66 for the
weldment of W1 and 1.59 for the weldment of W2. The
difference in the % D between the two weldments primarily
contributed to the variation in the Creq/Nieq ratio (Table 2). As
per Eq. 5 (Ref 20), both weldment�s solidification mode was the
FA mode. FA mode can be mentioned as follows:

FA : L ! L þ dð Þ ! L þ d þ cð Þ
! c þ dð Þ; 1:48< Creq=Nieq < 1:95 ðEq 5Þ

Figure 3(c) and (d) depicts the OMs of the W1-WZ and W2-
WZ, respectively. It is evident from Fig. 3(c) and (d) that both
weldments exhibit a dual-phase microstructure, characterized
by the presence of austenite (light-coloured grains) and ferrite
phases (dark features), which is in good agreement with the
solidification mode, i.e. FA (Eq 5). Also, the different forms of
ferrite formation can be seen in both the weldments (Fig. 3c and
d). The formation of lathy ferrite (LF) within the austenite
matrix was observed in W1-WZ (Fig. 3c), whereas, the
formation of skeletal ferrite (SF) within austenite matrix was
observed in W2-WZ (Fig. 3d). It is reported when the cooling
rate is moderate and solidification takes place in the FA range,
the initial solidification occurs with the formation of ferrite,

followed by the subsequent formation of austenite along the
boundaries of the ferrite cells and dendrites (Ref 26). The
formation of the SF is a result of the progressive advancement
of austenite, which gradually consumes the adjacent ferrite
through a diffusion-controlled reaction. This process continues
until the ferrite becomes sufficiently enriched in elements that
favour ferrite formation (such as Cr and Mo) and depleted in
elements that promote austenite formation (such as Ni and N)
(Ref 12, 26). And, the high cooling rate has probably restricted
the diffusion of stabilizing elements during F fi A transfor-
mation, consequently LF forms instead of SF (Ref 27). In the
present investigation, the higher cooling rates in the W1-WZ
caused the formation of an LF microstructure. In contrast, the
W2-WZ exhibited a slower cooling rate than the W1 weldment,
resulting in the formation of SF. Figure 3(e) depicts the XRD
spectrum of W1-WZ and W2-WZ, revealing the presence of
peaks corresponding to both ferrite and austenite phases. No
intermetallic precipitates were seen in the spectrum. Therefore,
the XRD findings provide additional confirmation of the
existence of a dual-phase (ferrite and austenite) microstructure
in the W1-WZ and W2-WZ of the weldments. However, due to
differences in the thermal cycle and cooling rate, variations in
the volume of ferrite fraction occurred. The estimation of ferrite
fraction was calculated using the formula mentioned in (Ref
28). The fraction of the ferrite phase was calculated to be
36.86% for the W1-WZ and 33.02% for the W2-WZ. Due to
the faster cooling rate in the W1 weldment, the ferrite fraction
is higher compared to the W2 weldment. This rapid cooling
restricts the F fi A transformation during the FA solidifica-
tion mode from taking place.

Fig. 2 (a) Optical micrograph (OM) and (b) XRD pattern of 304L BM; (c) OM and (d) XRD pattern of 439 BM (Color figure online)
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The SEM-EDS analysis of the WZ in both weldments is
presented in Fig. 4. The elemental distribution at different
locations allows the examination of alloying element distribu-
tion in both phases. In Fig. 4, it can be observed that region 1
exhibits a higher composition of Ni and Mn (austenite
stabilizing elements), providing confirmation of the presence

of the austenite phase. Conversely, region 2 displays a higher
composition of Cr (ferrite stabilizing elements), further con-
firming the presence of the ferrite phase in that specific region.

Detailed microstructural features evolved in the weldments
is presented in Fig. 5. Figure 5(a) and (b) illustrates the WZ,
unmixed zone (UMZ) next to the WZ, HAZ, and BM of 304L

Fig. 3 Macrostructure of (a) W1 and (b) W2 weldment; OMs of WZ and magnified WZ of (c) W1 and (d) W2 weldments; (e) XRD spectrum
of WZ of W1 and W2 weldments. Note: W1-low HI and W2-high HI, LF-lathy ferrite, SF-skeletal ferrite, A-austenite (Color figure online)
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ASS. The UMZ has formed next to the FB due to variation in
melting point, when the filler materials have a melting point
that is comparable to or higher than that of the BM, only a small
fraction of the BM melts, and there is no dilution occurs during
the solidification (Ref 29). In Fig. 5(a) and (b), the presence of
d-ferrite stringers can be observed in the UMZ near the fusion
boundary of the ASS side. This occurrence can be attributed to

the dominance of a faster cooling rate and heat flow direction in
this area attributed to the ASS lower thermal conductivity than
FSS (Ref 13, 30). Figure 5(c), (d), (e) and (f) demonstrates the
low magnification OMs of the HAZ region of the FSS side of
both weldments. Notably, the HAZ can be divided into two
regions in both weldments: coarse grain HAZ (CGHAZ) and
fine grain HAZ (FGHAZ), as depicted in Fig. 5(c) and (d). The

Table 2 Weld metal dilution calculation with Creq/Nieq ratio

Sample
A304L (FBM),

mm2
A439 (FBM),

mm2
% D, 304L

BM

% D, 439
BM

ABMF/mm2,
Total

ATWD/mm2,
Total % D Creq Nieq

Creq/
Nieq

W1 4.95 8.37 20.84 14.92 13.32 56.08 23.75 21.81 13.09 1.66
W2 5.02 6.31 8.08 10.16 11.33 62.08 18.24 22.66 14.22 1.59

Fig. 4 SEM-EDS analysis of WZ of (a) W1 and (c) W2 weldments. Note: Region 1 represents the chemical compositions of austenite matrix,
and region 2 represents the chemical compositions of different types of ferrite (Color figure online)

Fig. 5 (a) UMZ of ASS side of W1 weldment, (b) UMZ of ASS side of W2 weldment, (c, e) HAZ and magnified CGHAZ of FSS side of W1
weldment, and (d, f) HAZ and magnified CGHAZ of FSS side of W2 weldment (Color figure online)
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distinction between these regions is based on the variation in
GS, which is influenced by the temperature gradient experi-
enced during and after the welding process (Ref 22). The
measured average grain size (GSavg) for CGHAZ was � 252
lm for W1 and � 300 lm for W2 weldments, whereas for
FGHAZ, the GSavg was � 112 lm for W1 and � 130 lm for
W2 weldments. CGHAZ was observed as a result of the grain
coarsening caused by the elevated temperature and reduced
cooling rate near the fusion boundary. While as move away
from the fusion boundary in the HAZ, a drop in temperature
and a faster cooling rate occur. These conditions lead to the
formation of fine grains, resulting in FGHAZ being observed
(Ref 22, 31). Further, Fig. 5(e) and (f) depicts the presence of
precipitates that have formed within the ferrite grains in the
HAZ regions, which are commonly referred to as the ‘‘peppery
structure.’’ (Ref 26, 28). Precipitation during cooling is
motivated primarily by the lesser solubility of C in the ferrite
phase at lower temperatures (Ref 26). Since precipitates were
formed at a distance from GBs and hence the area nearby to
GBs where there are no precipitates is called as the ‘‘precip-
itate-free zone (PFZ).’’

In order to know detailed information about the microstruc-
ture and its phase fraction, EBSD characterization was
performed for the W1 and W2 weldments. The inverse pole
figure (IPF), phase and grain size maps for the W1 weldment
consisting of HAZ (near 439 FSS BM), the interface between
HAZ and WZ regions is shown in Fig. 6(a), (b) and (c). The
respective regions are marked in Fig. 6(a) where clear
differences can be observed in the evolved microstructure
during the welding. Equiaxed coarse ferrite grains (HAZ) along
with the elongated coarse columnar grains (WZ) were observed
in the IPF map. Interestingly, the interface between the two
regions seems to have well-defined GBs. As discussed in

Fig. 5(c) and (d) that there was a formation of CGHAZ and
FGHAZ near the 439 FSS side. CGHAZ seems to have a higher
width as compared to FGHAZ and hence in Fig. 6(a), the
indicated HAZ refers to the CGHAZ. Phase fraction toward the
FSS sides indicates the � 57% of ferrite and � 41% of
austenite phase. In the WZ, most of the grains were attributed
to the austenite morphology; However, LF and SF are available
in very low fractions (Fig. 6b). GSavg was calculated for the 439
FSS side region of the W1 weldment which infers the value
of � 286 ± 223 lm. EBSD measurement was performed from
one end of the weldment (439 FSS side) to another end of the
W1 weldment (304L ASS side).

Figure 6(d), (e) and (f) shows the IPF, phase, and GS maps
for the austenitic side regions of the W1 weldment. IPF clearly
distinguishes the GBs for the austenite phase as it was not
observed in the OMs (shown in Fig. 3). Orientations of every
grain attributed to different colours to the grains present in the
WZ as well as other regions of the austenitic side. In the WZ,
there was coarse columnar austenitic grains were formed after
the welding as it was marked with the yellow colour arrows
(Fig. 6d). Substantial differences can be observed in the WZ of
304L ASS side in which more fraction of columnar grains was
observed as compared to the WZ near 439 FSS side in W1
weldment. The phase map shows a high fraction of austenite
(97%) and very less ferrite fraction (2%). These low fraction of
ferrite grains were mainly observed inside the WZ as well as
HAZ region (Fig. 6e). Grain size map of the 304L ASS BM
shows presence of large fraction of annealing twins and
equiaxed grains. GSavg was calculated for the 304L austenitic
side region which shows the value of � 116 ± 100 lm. GSavg
was nearly half for the austenitic side regions as compared to
the ferritic side regions. Differences in the GSavg could be due
to the differences in thermal conductivity as well as initial grain

Fig. 6 (a-c) Inverse pole figure (IPF) map, phase map and grain size map of W1 weldment consisting the region of HAZ, WZ and interface
between the HAZ and WZ. (d-f) IPF map, phase map and grain size map of W1 weldment consisting the region of WZ, 304L ASS BM and
interface between the WZ and 304L ASS BM. Note: In phase map—red and green colour represent ferrite and austenite phase, respectively.
Twin boundaries are the combined R3 + R9 boundaries (blue colour) (Color figure online)
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sizes of 439 FSS BM and 304L ASS BM. Figure 7 shows the
IPF, phase and grain size maps of the W2 weldment.
Figure 7(a), (b) and (c) shows the evolved microstructure at
the ferritic side of the W2 weldment. IPF map indicates the
evolution of coarse grain for the FSS HAZ (i.e., CGHAZ
region) and the columnar grains in the WZ. Columnar grains
result of the direction solidification of the austenitic dendrites
during the welding solidification. High magnification images in
Fig. 7(a) refer to the interface region between CGHAZ and WZ.
The evolution of very small size austenite grains (green colour
grains) was observed around the coarse ferrite grains (red
colour grains). Since, this region is WZ and hence, temperature
variation could cause the nucleation of small sized austenites at
the ferrite GBs (Fig. 7a). A similar fraction of austenite (�40%)
and ferrite (�57%) phases was obtained in W2 as was observed
for the W1 condition (Fig. 7b). Grain size map shows the
variation in the GS of the columnar dendrites in the WZ in
which coarse and fine grains are represented by dark red and
light red colour, respectively (Fig. 7c).

GSavg for the regions near 439 FSS side is 177 ± 148 lm.
No substantial difference was observed in the ferritic side of the
microstructure between W1 and W2 weldments. Large and
coarse dendritic grains could be because of a slow cooling rate
which causes the grain growth to occur (Ref 32). Microstruc-
ture evolution near the 304L ASS side of the W2 weldment is
shown in Fig. 7(d), (e) and (f). IPF map shows the columnar
grains in the WZ and HAZ region which is not very much

separated from the 304L ASS BM. As discussed in Fig. 5(b)
that interface between the WZ and HAZ (304L side) were
showing the UMZ. However, these features of UMZ were not
clearly observed in the IPF map. Grains evolved at the HAZ
and 304L ASS BM seems to be similar as can be observed in
the phase map (Fig. 7e). There was no indication of the ferrite
phase in the HAZ region. Only 1% fraction was observed for
the ferrite phase in the austenitic side of the W2 weldment
(Fig. 7e). Grain size map infers the columnar nature of the
austenite grains near the ASS side and GSavg was 81 ± 50 lm
(Fig. 7f). Even, there was the variation in the HIs, but no
variation was observed in the phase fraction in the phase maps
between W1 and W2 weldments (Fig. 7d).

Variation in the GBs fraction as well as GSavg was observed
between the W1 and W2 conditions. The ferritic region of W1
weldment shows 21% and 79% of LAGBs (3-15�) and HAGBs
(>15�), respectively, whereas the similar region in W2
weldment showed 27% and 72% LAGBs and HAGBs fraction.
Variation in the GBs fraction was due to changes in the HIs and
thermal cycle for both the weldment conditions. Also, a
difference was observed in the GSavg between both the
weldments, which was due to different thermal cycles. Faster
cooling in the W2 condition was attributed to smaller GSavg as
compared to the W1 condition. Calculated GSavg for W2
weldments is nearly half of the values observed for W1
weldment. Figures 6 and 7 are giving the information about the
evolved microstructure from the combined regions such as

Fig. 7 (a-c) Inverse pole figure (IPF) map, phase map and grain size map of W2 weldment consisting the region of HAZ, WZ and interface
between the HAZ and WZ. (d-f) IPF map, phase map and grain size map of W2 weldment consisting the region of WZ, 304L ASS BM and
interface between the WZ and 304L ASS BM. Note: In phase map—red and green colour represent ferrite and austenite phase, respectively.
Twin boundaries are the combined R3 + R9 boundaries (blue colour). Magnified region in (a) represent the IPF and phase maps at the interface
between the HAZ and WZ (Color figure online)
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HAZ (439 FSS side) + WZ (Fig. 6a, b and c) or WZ + HAZ +
304L ASS (Fig. 6d, e and f). Hence, area specific measure-
ments were also performed in which only WZ regions were
considered for both the weldments.

Figure 8 illustrates the EBSD analysis (IPF, phase and
IQ + GBs maps) of the WZ of the two different HIs. The
presence of SF and LF in the austenite matrix in the W1-WZ
and W2-WZ weldments can be observed in Fig. 8(a) and (d).
Ferrite grains in W1-WZ and W2-WZ weldments shows the
GSavg value of � 3-4 lm. The magnified microstructure of
W1-WZ (Fig. 8a) shows very fine LF morphology as was
discussed in (Fig. 3c). GSavg for the W1-WZ was 133 ± 54 lm
which was different from the GSavg observed in Fig. 6(c)
(286 ± 223 lm). Variation in the GSavg would be due to
consideration of the limited scan area for the high magnification
image of Fig. 8. Notably, the GSavg is the combined GS of the
large austenite grains and small ferrite grains. Phase fraction of
the W1-WZ and W2-WZ weldments was also calculated.
Notably, not much variation is observed in the phase fractions
in both the weldments; � 95% austenite and � 5% ferrite were
observed in W1 and W2 conditions as shown in Fig. 8(b) and
(e). However, a significant difference is noted in the phase
fractions when calculated from EBSD and XRD techniques for
both the weldments. From XRD analysis, the W1-WZ has
63% austenite, whereas W2-WZ has � 67% austenite. XRD
measurement is performed for the entire surface (�10 9 10
mm2) with the sub-surface information, whereas EBSD mea-
surement is the observation of features at the surface level.
Further, from the phase map, it could be observed that the most
of ferrite grains were nucleated inside the austenite grains, and
very few ferrite grains were nucleated at the austenitic GBs
(Fig. 8b and e)).

As the peppery structure was observed only in the FSS side
of both weldments, SEM-EDS analysis (Fig. 9a and b) was
performed to quantify the chemical compositions of the
peppery features. It can be observed from the OM (Fig. 5c,
d, e and f) and SEM (Fig. 9a and b) that the ‘‘peppery
structure’’ concentration was higher in the W2 weldment as
compared to the W1 weldment. The higher concentration of the
‘‘peppery structure’’ observed in the W2-HAZ can be attributed
to the two reasons: (i) higher dissolution of C in the ferrite
matrix, which leads to a higher number of supersaturation sites,
providing favourable conditions for the formation of precipi-
tates (Ref 19) and (ii) as suggested by Sarkari et al. (Ref 33)
that the GBs may play a role in facilitating higher short-range
diffusion. This enhanced diffusion along the GBs can con-
tribute to the increased precipitate formation observed in the
W2-HAZ. In the present investigation, it was observed that
(Fig. 5d) the W2-HAZ is wider as compared to the W1-HAZ
which contains a higher number of grains and GBs leading to a
higher concentration of precipitates. Figure 9(a) and (b)
illustrates the SEM-EDS analysis of the W1-HAZ and W2-
HAZ of the FSS side. The presence of varying Cr and C
contents in the ferrite grains and GBs can be observed. Notably,
the EDS analysis indicated that the content of Cr and C was
higher within the ferrite grains compared to the GBs. Conse-
quently, it can be inferred that the precipitates formed in the
HAZ of both weldments predominantly consist of carbide
precipitates rich in Cr. Figure 9(c) depicts the XRD spectrums
of both the weldments which include (BM, HAZ, and WZ
region) to quantify the carbide phase in the HAZ. Notably, in
addition to the peaks corresponding to austenite and ferrite, the
presence of a peak associated with Cr carbide is observed in
both weldments. This confirms that the peppery features

Fig. 8 (a-c) Inverse pole figure (IPF) map, phase map, and image quality (IQ) + GBs map of WZ region of W1 weldment. (d-f) Inverse pole
figure (IPF) map, phase map, and image quality (IQ) + GBs map of WZ region of W2 weldment. Note: In phase map—red and green colour
represent ferrite and austenite phase, respectively. Twin boundaries are the combined R3 + R9 boundaries (yellow colour) (Color figure online)
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observed in HAZ are indeed the result of the formation of a
third phase. In previous results, it was observed that the peak of
precipitates was absent in BMs (Fig. 2b and d) and WZ
(Fig. 3e), which supports that the presence of an additional peak
in Fig. 9(c) is the precipitate peaks of HAZ.

Figure 9(d) shows the graphical representations of the
variation in the width of the HAZ (i.e., CGHAZ and FGHAZ)
on the 439 FSS side as well as the width of the UMZ on the
304L ASS side. The width of the different regions was
measured using the line intercept method using the multiple
OMs. It can be seen that with an increase in HI, the width of the
UMZ on the ASS side and the total width of the HAZ (CGHAZ
and FGHAZ) on the FSS side were increased (Fig. 9d). Due to
the slower cooling rate experienced by the W2 weldment, wider
regions of HAZ on the FSS side and UMZ on the ASS side was
observed. The results are consistent with the literatures (Ref 20,
Ref 30).

3.2 Mechanical Properties

Figure 10(a) presents the difference in micro-hardness
across various regions in both weldments. The discrepancies
in micro-hardness values can be ascribed to the existence of
various phases and precipitates with distinct volumetric pro-
portions in different zones of the weldments. The average

micro-hardness values of the W1-WZ (334.32 HV) were
observed to be 7.51% higher than that of the W2-WZ (310.92
HV) (Fig. 10a). This variation in micro-hardness values can be
ascribed to the higher volumetric ferrite fraction in the W1-WZ
than W2-WZ. Ferrite generally possesses greater hardness than
austenite, and therefore, a higher fraction of ferrite with smaller
GSavg (as seen in Fig. 8a) resulted in increased micro-hardness
(Ref 20, 34). When moving from WZ to the ASS side for both
weldments, in UMZ, a slight increase in micro-hardness values
was observed as compared to the WZ. However, no substantial
variation in micro-hardness values was observed in the UMZ of
both weldments. The increased micro-hardness values of the
UMZ compared to the WZ are due to the formation of finer d-
ferrite stringers in the UMZ region, as depicted in Fig. 5(a) and
(b) (Ref 35). Further, decreased micro-hardness was observed
in ASS BM + HAZ for both weldments because of the absence
of any precipitates and coarse grain size (Fig. 5a and b). The
HAZ on the FSS side of both weldments exhibited differences
in micro-hardness due to variations in the concentration of Cr-
carbide. It was noticed that the average micro-hardness of the
W2-HAZ (222.47 HV) was 6.71% higher than that in the W1-
HAZ (208.52 HV), which can be attributed to the presence of
higher amounts of Cr-carbide precipitates. Additionally, it was
observed that FGHAZ (W1-218.9 HV, W2-231.93 HV) had a

Fig. 9 SEM-EDS analysis of HAZ of (a) W1 and (b) W2 weldments (c) XRD spectrum of W1 and W2 weldments (d) Variation in the width
of HAZ and UMZ of W1 and W2 weldments. Note: Region 1 represents the chemical compositions of chromium carbide precipitates and region
2 represents the chemical compositions of ferrite grain boundaries (GBs); W1-low HI, W2-high HI, and CC-chromium carbide (Color
figure online)
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higher average micro-hardness than CGHAZ (W1-201.6 HV,
W2-216.61 HV), which was caused by the development of a
finer grain microstructure in FGHAZ (Fig. 5c and d). The
presence of carbide precipitates within the ferrite grains can
make a substantial contribution to the observed increase in
micro-hardness (Ref 19). Additionally, the WZ and HAZ
regions for both weldments depicted enhanced micro-hardness
than the 439 FSS BM.

Figure 10(b), (c), (d), (e) and (f) depicts the results of the
tensile tests conducted on both the weldments and BMs, along
with their respective stress-strain diagrams and fractography.
The results of the tensile tests indicated that the W1 weldment
exhibits higher ultimate tensile strength (UTS) and yield
strength (YS) (UTS �511.23 � 2.54 MPa, YS �347.45 �
5.61 MPa) than W2 weldment (UTS �500.35 � 3.54 MPa, YS
�312.49 � 4.51 MPa). According to reports, an increase in the
ferrite fraction with finer grain structure was responsible for the
improved tensile properties (Ref 23, 34). Ferrite is generally a

harder phase than austenite, which means that a higher critical
resolved shear stress value is required to overcome the barriers
presented by ferrite GBs than the austenite phase (Ref 36). This
could be one of the causes of higher tensile strength of W1
since the weldment has a higher ferrite fraction than W2.
Moreover, it is never preferred to have a WZ failure in a sound
weld joint under a specified load condition because it could
result in catastrophic failure. In the present study, as depicted in
Fig. 10(b), for both weldments, the fracture occurred in 439
BM. Hence, it was concluded that both the weldments and
304L BM showed superior mechanical characteristics than 439
BM. The SEM analysis of the fractured surfaces of the tensile-
tested specimens is presented in Fig. 10(c), (d), (e) and (f). In
the fractography of the 304L BM, only dimples are observed.
However, in the fractography of the 439 BM and both
weldments, flat facets are also present in addition to dimples.
The presence of flat facets and dimples on the fractography was
directly related to the specimen�s elongation (Ref 37). It was

Fig. 10 (a) Microhardness profile of W1 (low HI) and W2 (high HI) weldments; (b) Stress-strain curve of BMs and weldments; SEM
micrographs of fractures region (fractography) of (c) 304L BM, (d) 439 BM, (e) W1 weldment, and (f) W2 weldment (Color figure online)
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observed from Fig. 10(b) that the elongation was maximum (85
� 2.54%) for 304L BM which decreased for W1 (33.80 �
1.24%), W2 (33.58 � 2.14%) and 439 BM (24.97 � 1.38%). In
this study, the 304L BM only depicted a dimple structure in its
fractography (Fig. 10c), thus showing a ductile mode of failure.
Further, 439 BM and both the weldments (Fig. 10d, e and f)
depicted flat facets along with dimple structure, thus showing
mixed mode (i.e. ductile as well as brittle mode) of fracture.

3.3 Corrosion Behaviour

3.3.1 Double-Loop Electrochemical Potentiodynamic
Reactivation (DLEPR) Test Analysis. The susceptibility of
welded samples and BMs toward IGC was examined using the
DLEPR test. During the welding of SSs, the Cr-rich carbides or
any other precipitate formation causes the depletion of Cr near
the GBs (Ref 22). Hence, the GB attack is accelerated by Cr-
depletion because it results in a potential difference between the
grains and GBs. In the DLEPR test, the two scans, i.e. forward
and reverse were performed. During a forward scan, H2SO4

passivates both the grains and GBs. The highest current
achieved during this scan is referred to as the ‘‘activation
current density (Ia).’’ During the reverse scan, the process of
depassivation initiates, leading to the breakdown of the passive
layer at the anodic sites or chromium-depleted areas. The
passive film dissolves readily in these regions as the potential
decreases. The maximum current observed during this scan is
called the ‘‘reactivation current density (Ir).’’ The ratio of Ir/Ia is
utilized to calculate the degree of sensitization (DOS) (Ref 20).
Figure 11 displays the DLEPR curves for both the BMs and
weldments, and the DPEPR test results are presented in Table 3.
The presence of a single ferritic phase in 439 BM
(Fig. 2(a), (b)) results in a higher DOS than 304L BM which
consists single austenitic phase (Fig. 2(c), (d)). Previously, it
has been reported that the FSS BM has greater DOS than the
ASS BM (Ref 13). Additionally, studies have indicated that the
austenite phase exhibits a reduced susceptibility to sensitization
compared to the ferrite and martensite phases. This is attributed
to the closely packed (FCC) structure of austenite, which results
in higher activation energy compared to the loosely packed
(BCC) structure of ferrite (Ref 38).

Furthermore, the DLEPR results for both weldments
revealed that the DOS is higher in W1-WZ (9.24%) compared

to W2-WZ (7.77%), this difference is attributed to the higher
ferrite fraction present in W1-WZ. In a dual-phase microstruc-
ture consisting of both austenite and ferrite phases, the ferrite
phase is enriched with chromium, making it more susceptible to
IGC (Ref 23). Moreover, Moon et al. (Ref 39) reported the
formation of galvanic cells between the Cr-rich ferrite phase
and the Cr-depleted austenite phase, which can contribute to
IGC in corrosive environments. Therefore, it was concluded
that the increased DOS in the WZ of W1 weldment is a result of
the presence of a higher ferrite fraction.

3.3.2 Electrochemical Impedance Spectroscopy (EIS)
Test Analysis. The resistance of the passive film in both
BMs and WZ of the weldments was assessed by conducting the
EIS test. Figure 12 depicts the EIS Nyquist and bode plots of all
the specimens. The Nyquist experimental data were analysed
by fitting the plots to the Randles equivalent circuit [Rs (CPE ||
Rct)], where Rs—solution resistance, CPE—constant phase
element and Rct—charge transfer resistance, as shown in
Fig. 12(a). Figure 12(b) displays Nyquist plots, where the
measured curve is represented by solid lines, and the calculated
(fitted) curve is represented by symbols. The incomplete
semicircles observed in the Nyquist plots (Fig. 12b) can be
attributed to the charge transfer process taking place at the
interface between the electrode and the electrolyte. This
phenomenon is associated with changes in the properties of
the film and an increase in the radius of impedance, indicates an
enhancement in corrosion resistance (Ref 40). Further, a
reduction in the radius of incomplete semicircles can be
observed, indicating varying levels of corrosion resistance (Ref
41). Moreover, the values of Rct offer an understanding of the
electrochemical reaction rate happening at the interface
between the protective film and the solution and a higher Rct

value indicates improved corrosion resistance (Ref 42). In a
comparison of both the BMs, it was found that the Rct values
were higher for the 439 BM (Rct �9385 � 325.24 X cm2) than
the 304L BM (Rct �8126 � 235.87 X cm2). Furthermore, it
was noted that the impedance radius was greater for the W1-
WZ, which showed a higher charge transfer resistance (Rct

�13545 � 598.21 X cm2) than the W2-WZ (Rct �10688 �
621.57 X cm2). Also, the WZ of W1 weldment has higher Cr
content resulting in the formation of more protective film,
which increased the corrosion resistance. Consequently, the
WZ of both weldments exhibited superior corrosion resistance
in comparison to the BMs. In order to facilitate a more
comprehensive interpretation of the EIS findings, bode and
phase angle graphs (Fig. 12c) were obtained for the low and
high frequency region.

In the bode plot, the impedance values in the range of lower
frequency are indicative of corrosion resistance, whereas the
impedance values in the range of higher frequency reflect the
compactness or integrity of the passive film (Ref 43). The
impedance value for the W1-WZ was found to be higher in

Fig. 11 DLEPR curves of BMs and WZ of W1 and W2 weldments
(Color figure online)

Table 3 The DOS results obtained from the DLEPR test

Sample Ia, 10
-3, A/cm2 Ir, 10

-3, A/cm2 DOS (Ir/Ia)*100

439 BM 6.9 0.40 5.79
304L BM 17.3 0.68 3.93
W1 (WZ) 5.3 0.49 9.24
W2 (WZ) 8.1 0.63 7.77
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both the lower and higher frequency regions, indicating higher
corrosion resistance. Moreover, a decrease in impedance values
was observed for W2-WZ, 439 BM, and 304L ASS, suggesting
a decline in corrosion resistance. Additionally, the phase angle
plot demonstrates variations in the phase angle as a function of
frequency. When the phase angle values are below 90�, it
signifies the presence of capacitive loops in the samples,
indicating the formation of passive films in all the samples (Ref
23). According to reports, an increased phase angle is a clear
indication of stronger resistance to charge transfer, which
correlates directly with corrosion resistance (Ref 44). The
variation in phase angle (Fig. 12c) revealed that W1-WZ
exhibited the highest phase angle, implying that it possessed
greater corrosion resistance compared to the others.

3.3.3 Potentiodynamic Polarization (PDP) Test Analy-
sis. To assess the pitting corrosion resistance of the BMs and
WZ of both weldments, a PDP test was conducted. When metal
or alloy surfaces are exposed to a corrosive environment, the
passive layer initially formed on the surface can break down.
This breakdown leads to localized pitting at specific locations
on the surface, where the dissolution of the material becomes
accelerated (Ref 30). The pitting corrosion of metal and alloys
can be analysed by PDP curves. These curves are plotted by
measuring the potential and current density relationship, this
plot is commonly referred to as a ‘‘Tafel plot.’’ Figure 13(a)
depicts the PDP curves of both the BMs as well as the WZ of
W1 and W2 weldments. By applying the ‘‘Tafel fitting’’
method to the obtained curve, the corrosion potential (Ecorr) and
corrosion current density (icorr) were determined. Figure 13(b)
illustrates the changes in Ecorr and icorr values for both the BM
and the WZ of both weldments. When comparing the BMs, it is
evident that the 304L BM exhibits a higher icorr (� 1.85 lA/
cm2) compared to the 439 BM (icorr � 1.61 lA/cm2). Further-
more, the EIS Nyquist results (Fig. 12b) indicated that the 439
BM has a higher Rct value than the 304L BM. Based on these

observations, it can be concluded that 439 BM demonstrates
superior resistance to pitting corrosion compared to the 304L
BM. According to previous reports, the austenite phase is
considered the preferred site for pitting corrosion (Ref 23).
Consequently, this leads to reduced corrosion resistance for the
304L BM than the 439 BM. Furthermore, the EIS results
indicated that the W1-WZ exhibited a higher Rct value,
resulting in a lower icorr value (icorr � 0.39 lA/cm2) as
compared to the W2-WZ (icorr � 0.99 lA/cm2). The pitting
resistance of the weldments can also be assessed using the
pitting resistance equivalent number (PREN), as described in
Eq 6 (Ref 30).

PREN ¼ % Cr þ 16% N þ 3:3% Mo ðEq 6Þ

In the current study, the pitting resistance of the BMs and
filler electrode was primarily influenced by the Cr content since
Mo and N were not present in these materials. In our present
study, as stated previously, the W1-WZ weldment had higher
ferrite fraction (36.86%) as compared to W2-WZ weldment
(33.02%). As Cr is the ferrite stabilizer and the presence of
higher ferrite fraction in W1-WZ may have resulted in the
higher corrosion resistance as compared to W2-WZ. The
presence of Cr aids in stabilizing the passive film, as mentioned
in references (Ref 11, 21). Further, the corrosion resistance of
the weldments was superior than the BMs.

Figure 13(c) and (d) depicts the pitting images obtained after
the PDP test for the WZ of both weldments. The diameter of the
pits was analysed through ImageJ software, and it was observed
that the average diameter of pits of W1-WZ was (�109.96 lm)
and the average diameter of pits of W2-WZ was (�186.68 lm).
The reason for significant increased pit diameter of W2-WZ
may be due to the formation of less protective passive film.

Fig. 12 (a) Electrical equivalent circuit for Nyquist curves of specimens, (b) Nyquist curves of BMs and WZ of W1 and W2 weldments, (b)
Bode and phase angle curves of BMs and WZ of W1 and W2 weldments. Note: In Nyquist curves, solid lines represent experimental data and
symbols represent fitted data (Color figure online)
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4. Conclusions

In this study, the CMT welding technique was utilized to
weld the 304L ASS- 439 FSS by employing 309L as a filler
electrode. Microstructural, mechanical, and electrochemical
properties of the weldments were discussed based on the
differences in the HIs. Moreover, EBSD technique was
performed to analyse the detailed microstructural features, i.e.
phase fraction, GBs fraction, GS calculation. Based on the
findings, the following conclusions can be inferred:

1. The sound joints were prepared by varying HIs i.e. W1
(low HI) and W2 (high HI). As HI increased, the ferrite
fraction in WZ decreased. The OM revealed the forma-
tion of LF in W1-WZ and SF in W2-WZ weldment. A
decrease in the ferrite fraction from 36.86 fi 33.02%
was observed with an increase in HIs.

2. On the ASS side, UMZ was formed which contains d-
ferrite stringers and the HAZ is formed on the FSS side
containing a peppery structure, which was quantified to
be Cr-rich carbides. With an increase in HI, the width of
both the UMZ and HAZ is tend to increase. GSavg of the
welded region was coarser for the W1 than W2 weld-
ment. EBSD micrographs shows the coarse columnar
austenite grains for the W1-WZ and W2-WZ weldments.

3. The W1 weldment exhibited a higher average micro-
hardness (334.32 HV) in the WZ, whereas the W2 weld-
ment had a lower average micro-hardness (310.92 HV) in
the WZ. The enhanced mechanical properties of the W1
weldment can primarily be attributed to a higher fraction

of ferrite. In the case of the ASS BM, fracture occurred
in a ductile manner. However, for both weldments and
the FSS BM, a mixed mode of fracture, encompassing
both ductile and brittle characteristics, was observed. The
fractures in both weldments predominantly occurred
within the region of the 439 FSS BM.

4. The results of the electrochemical tests demonstrated that
the W1-WZ exhibited lower resistance to IGC (DOS-
9.24%) than the W2-WZ (DOS-7.77%), which was attrib-
uted to a higher ferrite fraction. Conversely, a reverse
trend was observed for impedance and pitting resistance,
which were attributed to a higher PREN value.
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