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316L Austenitic Stainless Steel (ASS) has an extensive demand in
engineering applications including the chemical, petrochemical and
nuclear sectors. These industries greatly benefit from the exceptional
mechanical and corrosion-resistant qualities of 316L ASS welded joint.
This study investigates 316L ASS welded joints using Cold Metal Transfer
(CMT) welding with 100A, 110A and 120A welding currents at 11V
constant voltage applying 309L filler material. The Base Metal (BM)
exhibited majorly constant austenitic grains with increasingly higher
current promoting the formation of wider Heat Affected Zone (HAZ), more
dendritic 316L ASS weld microstructures which allows faster cooling rates;
resulting in higher micro hardness, tensile strength and toughness. The
result also showed that as the welding current increases from 100A to 120A
the HAZ width increased from 26.2 um to 50.6 um. The highest hardness
(173 HV) was observed at weld zone (WZ) of High Welding Current (HWC)
weld joint as compared to Low Welding Current (LWC) and Medium
Welding Current (MWC) weld joint with observed hardness of 150 HV and
167HV respectively. The HWC weld joint also exhibited higher tensile
strength (665 MPa) as compared to LWC weld joint (597 MPa) and MWC
weld joint (574 MPa). The toughness of MWC 45J) was found to be lowest
as compared to LWC (66J) and HWC (128J) highest. With these higher
mechanical properties due to favorable microstructure from different
cooling rates, 316L ASS metal with weldments of 309L filler material is the
most applicable material for higher corrosion resistant industrial designs.

1.0 INTRODUCTION

The chemical, petrochemical, and food production
sectors rely on 300 series austenitic stainless steel
(ASS) for its strong mechanical qualities and
enhanced resistance to corrosion [1,2]. Around 60-
70% industries use 300- series ASS due its nickel
content which is very helpful for getting high
mechanical properties [3]. Stainless Steel (SS) is
presently employed in numerous types of industries
such as marine, power plant, paper and pulp
industries, nuclear power plants and automobile
manufacturing industry [4]. Although stainless steel
is costlier due to the presence of nickel in the
composition. Its remarkable features, including
impressive tensile strength and resistance to
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corrosion, lead to a longer lifespan and lower cycle
costs [5].

Presently there is a growing trend in industries to
adopt the materials which have higher mechanical
and corrosion characteristics which promotes
financial growth [6,7]. Welding using arc-based
techniques enables the connection of costly materials
that possess favorable mechanical properties and
resistance to corrosion [8]. This process ensures that
the joint remains structurally sound and complies
with the safety and strength requirements of the joint.
Additionally, several industrial sectors such as
nuclear industries, and gas and oil sectors need to
achieve the necessary mechanical characteristics and
corrosion resistance. This can be effectively managed
by carefully selecting the right welding materials.
Due to their exceptional blend of strength, corrosion
resistance, weldability, durability, and ductility [9].
The most widely used grade is ASS. The ASS's
weldability is decreased by thermal cracking that
occurs during the welding process [10]. The
occurrence of this flaw is attributed to fact that as
disparity in linear expansion coefficient, melting
point and thermal conductivity increases, so does the
difficulty in achieving an equal weld strength
between the metals [11]. To address these issues
metallic fillers that correspond to materials to be
joined cautiously selected.

Researchers reported that microstructural and
mechanical properties improved due to the proper
selection of fillers and having welding currents
ranging from 80 to 190A with Cold Metal Transfer
(CMT) welding [12,13]. They observed skeletal and
lathy ferrite development due to ER309L filler [14].
Different heat inputs by CMT welded joints help to
create dS-ferrite, which increases the mechanical
characteristics (tensile strength) of the weld metal
[15]. However, a number of studies have confirmed
the mechanical and microstructural advantages of
CMT welded joints. Detailed comparison of currents
under identical parameters is not fully understood
particularly with 316L ASS CMT weld metal joints.
In the present investigation, systematic experimental
investigation was carried out on 316L ASS welded
joint with ER 309L fillers having welding currents
(100, 110 and 120 A) with constant welding voltage
to study the effect on the microstructural variations
and its influence on the mechanical properties.

mm © 2025 by the author(s). Licensee NIJOTECH.
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20 MATERIALS AND METHODS

2.1 Sample Preparation

316L ASS plates used in this experiment measured
120 x 75 x 3 mm?® in length, width, and thickness
respectively. For weld procedure, CMT welding was
employed, utilizing a Fronius TPS 400i welding
machine. The welding was performed in a single pass
using an ER309L filler. Single butt joints were made
with a root gap of 1.2 mm, and the welding process
was carried out at three different currents (100 A,
110 A, and 120 A). In this paper, we have considered
100 A as low welding current (LWC), 110 A as
medium welding current (MWC) and 120 A as high
welding current (HWC). To guarantee adequate
shielding during the welding process, argon gas was
utilized as the shielding gas, and the flow rate was
kept at 10 lit/min [16]. This setup ensured effective
welding with minimal oxidation and defects,
providing a clean and strong joint. Figure 1 shows
the welded plates with different welding currents.

|gure 1: Welded plates with a LW ) WC and
¢) HWC

Table 1 provides the chemical composition of both
the base material (BM) and the fillers, expressed in
weight percentages [17]. To prepare the various
samples required for mechanical testing and other
evaluations, wire-cut EDM 520 NXG PRO 1 were
used. In Table 2, the welding parameters for
different current levels were presented, which are
categorized as Low Welding Current (LWC),
Medium Welding Current (MWC), and High
Welding Current (HWC). The heat input (HI) for
each welding condition was calculated using
equation (1). The selection of welding current is
critical in influencing the thermal profile and quality
of the weld, which impacts the overall mechanical
qualities and performance of the welded connection.
This approach ensures that the samples are prepared
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under controlled conditions, allowing for consistent

and reliable testing results.

HI = r}% K] /mm @

Where, I- welding current in amperes (A), s- welding
speed in mm/s, V- voltage in volts (V), and n-
efficiency of GTAW as 0.7 [18].

Table 1: Base metal and filler chemical composition in wt%

Materials C Si Mn P S Cr Mo Ni N Co | Cu | Fe
AISI
316L | 0.018 | 0.440 | 1.339 | 0.031 | 0.003 | 16.926 | 2.172 | 10.044 | 0.002| - | - |Bal
ASS
EEiﬁgfL 003 | 04 | 1.5 | 003|003 | 240 | 075 | 130 | 40 | - | - | Bal

Table 2: Welding variables in various welding
currents

Welding Curre Volt ilr_:eitt

Specimens | Speed (S) nt (A) age (Kglm
(mml/s) V) m)

LWC 1.09 100 11 | 0.7064

MWC 1.56 110 11 | 0.5429

HWC 1.79 120 11 | 0.5162

2.2 Microstructural Properties

After welding, samples were sectioned into 10 x 10
x 3 mm? dimensions to facilitate microstructural
analysis. Silicon carbide abrasive sheets were used
to polish the samples thoroughly with grit sizes of
200, 400, 800, 1200, 1500, 2000, and 2500 to
obtain a smooth surface for observation. To
distinguish between the BM and weld metal (WM),
the polished specimens were exposed to a marble’s
reagent for 5 seconds [19]. The microstructures of
various welded regions were closely examined
using a Scanning Electron Microscope (SEM)
JEOL JSM G3DQA. Additionally, Energy
Dispersive Spectroscopy (EDS) was employed in
conjunction with the SEM to analyze the elemental
composition and determine the weight percentages
of the wvarious elements present. To further
investigate the phases within the weld zone, X-ray
Diffraction (XRD) analysis was performed. This
combination of techniques enables a full
understanding of the welded specimen's
microstructural features, elemental distribution, and
phase identification, all of which are crucial for
defining the quality and functionality of the welded
joints.

@ © 2025 by the author(s). Licensee NIJOTECH.
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2.3 Mechanical Properties

The Truemet testing machine was used to apply
500 gf of steady load for 10 seconds to test Vicker's
hardness. ASTM E92 standard was used for
microhardness testing [20]. The universal testing
machine (UTM) UTS HGFL-TS was utilized for
testing the tensile sample. The sample was prepared
using ASTM E8 standard [21]. The gauge length,
thickness and width were 30, 3 and 10 mm
respectively. The crosshead speed was taken as
20mm/min. The V-notch Charpy Impact test was
carried out at room temperature on a sample
measuring 55 mm in length, 10 mm in width, and 3
mm in thickness, with a 45° notch of 2 mm. ASTM
E23 standard were used for testing the toughness
for the samples [22]. To check the repeatability, all
mechanical tests were repeated and the average
mechanical properties were measured.

3.0 RESULTS AND DISCUSSION

3.1  Microstructural Analysis

Figure 2 presents scanning electron microscope
(SEM) images of different zones—BM, HAZ ,
fusion zone (FZ), and WZ—produced by Cold
Metal Transfer Welding at different welding
currents. The SEM analysis of the 316L ASS BM
primarily reveals an austenitic phase, which is
observed as the white regions in the images. The
welding process causes these zones to exhibit
distinct microstructural features. This is mainly due
to the welding with limited thermal diffusion [23].
As the welding current increases, so does the HAZ.
The width of the HAZ was depicted in Table 3. The
HAZ is wider in HWC weld joints than in MWC
and LWC. This data shows that when welding
current increases, the width of the HAZ increases
as well. An increase in welding current decreases
heat input, improving cooling rate. The higher
cooling rate results in extended heat retention,
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promoting grain growth and consequently
increasing the HAZ width [24]. In weld zone, the
dendritic regions are mainly composed of
columnar/equiaxed dendrites, which is mainly due
to solidification or temperature differences across
the welded joint.

Table 3: HAZ measurement for varying

welding currents in um

Sample Specimens HAZ (um)
No.
1 LwWcC 26.2
2 MWC 32.7
3 HWC 50.6

Figure 2: Scannmg electron mlcroscope (SEM)
images of (a) 316L BM for LWC, (b) Interface
zone for LWC, (c) Weld zone for LWC, (d) 316L
BM for MWC, (e) Interface zone for MWC, (f)
Weld zone for MWC, (g) 316L BM for HWC, (h)
Interface zone for HWC and (i) Weld zone for
HWC

Figure 3 shows XRD analysis of 316L BM having
mainly austenite peaks, however, variations in peak
intensity were observed and no other intermetallic
compounds were detected in the BM. Conversely,
the dendritic structures were observed in three
distinct welds near the fusion boundary, as
demonstrated in Fig. 2 (c, f, i), as a result of the
increased cooling rate [25]. Ferrite and austenite
phases make up the majority of the WM structures
in all three welds. However, in LWC, the austenite
phase is prevalent and distinguishable from other
welds. This feature was mainly developed due to
the post-solidification cooling transformation [26].
The Crz3Cs (Chromium Carbide) phase were also

A © 2025 by the author(s). Licensee NIJOTECH.
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observed in three different welds which was
confirmed by the EDS point scan analysis.
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Figure 3: XRD analysis of 316L BM and LWC
welds
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Figure 4a: SEM microgr?phs of LWC along with
EDS analysis
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Figure 4b: SEM mlcrographs of MWC along with
EDS analysis
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Figure 4b:SEM microgréphs of HWC along with
EDS analysis

3.2 Micro-hardness Test

Figure 5 illustrates the bar chart representing the
hardness test of the weld cross-section conducted
on 316L BM, HAZ, and WZ. Five readings were
taken, and averages are reported for each region
(BM, HAZ, and WZ) of the specimen. The average
hardness at 316L BM is 163 HV, 158 HV and 161
HV for LWC, MWC and HWC respectively. The
hardness decreases from HAZ for LWC (avg.165
HV) to MWC (avg.154 HV) and increases for
HWC (avg.168 HV).

Il ‘wc
B vwc
[ e

180
160—_
140;
120._
100—_

80

Hardness (HV)

60
40 -

20

Base metal Heat affected Zone Weld Zone

Figure 5: Microhardness results across various
zones for LWC, MWC and HWC joint
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Moreover, in the weld zone, the hardness for HWC
(avg.173 HV) found higher as compared to MWC
(avg.150 HV) and LWC (avg.167 HV) joint. The
higher welding current, accompanied by the faster
cooling rate, stimulates the production of dendritic
structure, which increases the hardness of the weld
[28]. A significant rise in the microhardness profile
of the HAZ was also discovered, presumably due to
the presence of partially un-melted grains near the
FZ [29]. The average error for BM, HAZ and WZ
is taken as + 3.5, + 4 and + 5 for LWC, MWC and
HWC specimen respectively.

3.3 Tensile Test

Figures 6 a) and 6 b) shows the specimen before
and after fracture, respectively. The weld joint
shows significant plastic deformation before
fracture occurs [30]. The maximum tensile strength
(~665 MPa) was observed for HWC weld joint
followed by (~597 MPa) for LWC and (~574 MPa)
for MWC weld. HWC exhibited the highest tensile
strength when compared to LWC and MWC welds.
This may be due to the finer morphology of the
dendrites in the FZ and relatively high dendritic
structure content [31]. In the tensile test, all three
specimens fractured at the fusion zone (F2),
primarily in the HAZ, as illustrated in figure 6 c) in
red colour. The failure at this juncture may be
attributed to precipitates like CrzCs (see fig.3),
which diminish ductility and induce fracture at this
location. The tensile strength, yield strength and
percentage elongation for 316L BM are ~608 MPa,
~358 MPa and 52 % respectively. The tensile
strength, yield strength and percentage elongation
for HWC weld specimen was found to be greater
than 316L BM. Figure 7 a) shows the tensile stress-
strain curve for the specimen and Fig.7 b) depicts
the bar graph for tensile strength (TS) and yield
strength (YS) with standard error of + 9, + 8 and +
10 for LWC, MWC and HWC respectively. Fig.7
¢) shows the percentage elongation and reduction in
area of the specimen with standard error + 1.2, +
08 and + 1.0 for LWC, MWC and HWC
respectively. The percentage elongation of LWC,
MWC and HWC are 49, 44 and 51%. Reduction in
area decreased for MWC (59%) as compared to
LWC (70%) and HWC (65%). The ductility of
316L ASS weld specimens can be affected by
variety of parameters, including alloying elements,
internal stress, and dislocation density [32,33].
From results it was found that, HWC weld joint has
higher tensile/yield strength and reduced ductility
than 316L ASS BM.
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Figure 6: Tensile specimen of LWC, MWC and
HWC welds a) before fracture and b) after fracture

800

] a)
- —e—316L BM
—4— LWC
1 —v— MWC
600 — ¢ HWC
500
©
o
= 400
[
(7]
= 300 -|
7]
200
100 o
0 = T T T T T T T T

0 6 12 18 2I4 30 36 42 48 54 6C
Strain (%)

Figure 7a: Stress strain diagram of BM, LWC,
MWC and HWC weld specimens
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and HWC weld specimens
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Figure 7c: Ductility of BM, LWC, MWC and
HWC weld specimens

HWC

3.4 Impact Test

Impact toughness values for 316L ASS BM were
found to be ~49J. The highest impact toughness
was observed for HWC weld (~ 128 J). On the
contrary, LWC weld exhibits an impact energy of
(~ 66 J), as compared to MWC weld (~45 J) as
shown in Fig.8. The high Nickel content causes
dendritic structures, notably &-ferrite, to form
during the HWC weld process. The cooling rate
and heat input significantly affect d-ferrite content.
Increased heat input decreases the formation of d-
ferrite in the microstructure by slowing cooling
rates [34]. Therefore, in LWC weld the toughness
values are less as compared to MWC and HWC
weld.

140

1 |[E Impact Toughness

Impact Toughness (Joules)

316L BM LwWcC MwC HWC

Figure 8: Impact toughness for 316L BM, LWC,
MWC and HWC weld

40 CONCLUSIONS

The 316L ASS was successfully welded by Cold
Metal Transfer Welding with ER309L filler with
different welding currents. The following
conclusions were derived from this investigation.
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1) As the welding current increases, dendritic areas

arise, as seen by the microstructural analysis of

weldments.

2) The increase in welding current increases the

ferrite, which

growth of dendritic structures, notably o-
leads to higher mechanical
properties.

3) The average hardness of HWC (avg.173 HV) is

highest as compared to LWC (avg.167 HV) and
MWC (avg.150 HV) due to the increase in
cooling rate.

4) HWC (~665 MPa) has the highest tensile

strength, followed by LWC (~597 MPa) and

MWC (~ 574 MPa). The high welding current
procedure reduces heat input, resulting in a
larger heat affected zone due to increased
cooling rate and creation of o&-ferrite, which
increases tensile strength.

5) The toughness of MWC (~ 45J) was found to be

lowest as compared to LWC (~66 J) and HWC
(~ 128J). This is primarily due to slower
cooling rates induced by hardness variations.
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