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Joining thin plates is a significant challenge in manufacturing, demanding precise control to produce high-strength, spatter-free
welds. Cold metal transfer (CMT) welding, known for its minimal heat input, is a promising solution for this challenge. This
study looks into the welding of AISI 301LN stainless steel thin sheets using the CMT technique, specifically the influence of
important parameters such as welding current (I), welding speed (S), and contact-tip-to-workpiece distance (CTWD).
Fractographic investigation using FESEM revealed characteristic dimpled and crack-free tensile fracture surfaces, indicating
high mechanical integrity. Among the parameters, welding speed (S) had a highly influential impact on tensile strength, fol-
lowed by welding current (I) and contact-tip-to-workpiece distance (CTWD). Ideal welding conditions include a current of
100 A, a speed of 4 mm/sec, and a CTWD of 7 mm, producing welds with exceptional mechanical characteristics, complete
penetration and a significant, 24.10 % increase in tensile strength. A drop in the microhardness of the weld zone is observed due
to the formation of dendrites.

Keywords: cold metal transfer welding, 301LN, tensile strength, hardness, contact-tip-to-workpiece distance

Medsebojno spajanje tankih plocevin je posebno zahtevno in predstavlja pravi izziv za proizvodnjo zaradi velikih zahtev glede
toleranc, visoke trdnosti spojev, brez navarkov in obrizgov. Postopek varjenja s prenosom kapljic taline z elektrode na hladno
kovino (CMT; angl.: Cold Metal Transfer welding) je postopek z minimalnim vnosom toplotne energije v material, ki ga
spajamoin zato predstavlja obetajo¢ postopek za reSitev tega problema.V tem ¢lanku avtorji predstavljajo Studijo varjenja
(spajanja) tankih plocevin iz nerjavnega jekla vrste AISI 301LN s tehniko CMT varjenja. Pri tem so avtorji analizirali vpliv
posameznih procesnih parametrov varjenja kot so: elektri¢ni tok varjenja (I), hitrost varjenja (S) in razdalja med vrhom konice
elektrode in varjencem(CTWD; angl.:contact-to-work distance). Fraktografske preiskave prelomov s pomocjo vrsti¢nega
elektronskega mikroskopa na emisijo polja (FESEM; field emission scanning electron microscope) so odkrile karakteristi¢no
duktilni jamicasti prelom brez razpokna nateznih preizkuSancih. To je potrdilo, da imajo zvari visoko mehansko integriteto. Med
procesnimi parametri je imela hitrost varjenja S najvecji vplivna natezno trdnost, sledila sta elektri¢ni tok varjenjal in razdalja
med vrhom konice elektrode in varjencem CTWD. Idealne pogoje varjenja so avtorji dosegli pri I je 100 A, hitrosti S je 4 mm/s
in CTWD je 7 mm. Pri teh pogojih varjenja so dosegli izjemne mehanske lastnosti s popolno penetracijo taline in pomembnim
24,1 povecanjem natezne trdnosti v primerjavi s preizkuSancem Stevilka 4. Meritve mikrotrdote zvarov so pokazale njen padec v
zvarni coni zaradi tvorbe dendritov med strjevanjem.

Keywords: postopek varjenja s prenosom kapljic taline z elektrode na hladno kovino, nerjavno jeklo vrste AISI 301LN, natezna
trdnost, trdota, razdalja med vrhom konice in varjencem
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1 INTRODUCTION

Material science research and development has seen
tremendous growth due to the need for high-performance
materials in a range of industrial applications. 301LN is
a nitrogen-enhanced austenitic stainless steel with a low
nickel content. Nitrogen in stainless steel improves the
metal’s corrosion resistance as compared to the applica-
ble grades 301 and 301L. A low nickel concentration
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makes steel more cost effective than other nickel-con-
taining steels. Low nickel levels reduce the metal’s
strength, which is compensated for by adding nitrogen.
Low carbon concentration reduces carbide precipitation
during the welding process, improving corrosion resis-
tance characteristics. Adding to its advantages, 301LN
exhibits high weldability and flexibility, making it per-
fect for creating complicated forms and components us-
ing various forming processes such as stamping, bend-
ing, drawing, and welding. The material is also
recyclable and durable, which lowers maintenance costs
and supports material sustainability. The material is used
in aerospace, vehicle, industrial equipment manufacture,

243



A. RAMAKRISHNAN, T. RAMESHKUMAR: EFFECT OF WELDING PARAMETERS ON MECHANICAL AND ...

Table 1: Chemical composition (%) of 301LN and 308L

Element Fe Cr Ni Mn Si N P C S
301LN Rem. 16 6 2 1 0.20 0.045 0.03 0.03
308L Rem. 19.5 9 2 1.25 - 0.03 0.03 0.03

structural applications, railway coach construction, and
other industries. Welding is required for constructing
larger components.

Conventional welding processes, such as metal inert
gas (MIG) and tungsten inert gas (TIG), often require a
large amount of heat during the welding process. Exces-
sive heat can reduce the mechanical strength of the
welded material and cause the creation of undesired weld
zones, jeopardising the structure’s overall integrity. In
contrast, the cold metal transfer (CMT) welding is a low
heat input approach that provides substantial benefits in
terms of retaining the base material’s mechanical quali-
ties. CMT welding lowers thermal distortion and the pos-
sibility of flaws including grain development, sensitisa-
tion, and phase transitions, which are frequent in
traditional high-heat welding processes. As a result,
CMT welding is exceptionally good at retaining material
strength and toughness, making it a top choice for appli-
cations requiring mechanical performance.

Recent studies on microstructure evolution via vari-
ous welding processes have demonstrated significant im-
provements in mechanical properties. Jayantha Ghosh
Roy et al. investigated 304 stainless steel welded using
CMT, reporting an optimal UTS of 729 MPa, 117 %
elongation, and 282.4 HV, with residual stress and dim-
pled morphology observed!. Jie Zhou et al. found that
AISI 430 ferritic steel welded with a 308L filler rod ex-
hibited fractures in the base metal rather than the weld
zone, indicating enhanced properties.? Pickin et al. high-
lighted the versatility of CMT’s short circuit and spray
transfer modes in achieving desired weld compositions.?
Kumar et al. explored the impact of sensitization and
thermal ageing on micro-hardness and corrosion in AISI
304 welded joints.* Jarvenpaa et al. studied laser welding
of 301LN steel, noting coarse grains and a narrow HAZ,
with failures occurring due to microsegregation.’ Wei
Liu et al. examined spot welding of CRHS 301LN
sheets, finding that interface folding affected fatigue per-
formance.® Seung Hwan Lee et al. optimized WAAM pa-
rameters to improve shape quality,” while Chen Zhou et
al. investigated CMT droplet dynamics influenced by
magnetic arc flow.® Srikanth et al. showed that cold re-
ductions and reversion annealing at 750 °C of 301LN
grade coils enhanced their properties through grain re-
finement.” Additionally, Antti Jarvenpaa et al. demon-
strated that reversion treatment could yield stainless steel
with superior strength, elongation, and fatigue resis
tance.!® Ghanasekaran et al. achieved a yield strength of
833 MPa and tensile strength of 980 MPa in 301 stain-
less steel joints using laser welding, with high cooling
rates leading to fine grain formation in the weld region.!!
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Even though considerable research on the welding of
AISI 301 austenitic stainless steel has been carried out,
there is a significant void in the literature regarding the
use of cold metal transfer (CMT) welding on AISI
301LN. No previous research has comprehensively in-
vestigated the effects of CMT welding on the tensile
characteristics, microstructure, and overall performance
of AISI 301LN joints. This study aims to fill that gap by
assessing the application and benefits of CMT welding
for AISI 301LN stainless steel, including its capacity to
improve weld quality and mechanical qualities. The
study examines the impact of CMT welding on the me-
chanical properties of 301LN stainless steel, demonstrat-
ing that low heat input welding may maintain the integ-
rity of high-performance materials. We want to
demonstrate the advantages of CMT in preserving supe-
rior weld quality and performance by comparing the ten-
sile strength, ductility, and microstructural properties of
CMT welds to those created using conventional methods.

2 EXPERIMENTAL PART

A whole sheet of (2 x 1500 x 2000) mm 301LN ma-
terial was purchased. To prepare welding samples, the
sheet was first cut into smaller portions with a manual
shear cutter. The required sample dimensions of (150 x
100 x 2) mm were then attained using a hydraulic press,
as shown in Figure 1a. The hydraulic press was used for
cutting to prevent changes in mechanical and micro-
structural qualities caused by heat-based cutting pro-
cesses. The chemical composition of the base metal
301LN and filler rod 308L is shown in Table 1. In the
first step of the investigation, we performed a thorough
examination to evaluate the microstructural and mechan-
ical characteristics of 301LN stainless steel as shown in
Figure 1b. Tensile test specimens were precisely cut uti-
lising wire-cut electrical discharge machining (EDM) per
ASTM standards, as shown in Figure 1c.'

These specimens were then tensile tested using a cut-
ting-edge computerised tensile testing system, resulting
in an ultimate tensile strength of 830 MPa. Concurrently,
we conducted a comprehensive hardness study of the
base metal with an HDNS-Kelly Instruments micro-
Vickers hardness tester and a 0.5 kg load, yielding an av-
erage hardness of 277 HV, highlighting the material re-
silience and resistance to localised deformation. Further-
more, the microstructural characteristics of the base
metal were thoroughly studied using sophisticated mi-
croscopy techniques, resulting in high-resolution photo-
graphs that revealed the material internal composition.
Scanning electron microscopy (SEM) was used to ad-
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Figure 1: Photographs of a sample: a) microstructure before welding, b) welded sample, c) CAD model of a tensile sample as per ASTM before

welding

vance our investigation, providing a precise picture of
the surface morphology and deepening our understand-
ing of the microstructural properties of 301LN stainless
steel. In this experimental investigation, 99.99 % pure ar-
gon was used as the shielding gas. During welding, the
shielding gas interacts with the filler metal, leading to
microstructural changes that influence the mechanical
properties and corrosion resistance of the weld deposits.
Cold metal transfer (CMT) welding, an automated MIG
process with controlled arc characteristics, was em-
ployed using a 1.2 mm diameter 308L filler rod. The
CMT welding machine used in this experiment is shown
in Figure 2a while a simplified schematic diagram is
provided in Figure 2b.

2.1 Design of experiment

Initial results showed that sufficient strength and full
penetration were not achieved in the samples. To address
this, the welding speed was fixed at 4 mm/sec, and the
contact-tip-to-workpiece distance was adjusted to 7 mm.
The current was then increased to further refine the
welding process. The Taguchi method was implemented
to plan and carry out an experimental design in this in-
vestigation. To carry out the design of experiments, a
thorough examination of three important parameters and
their relative levels was conducted, guided by prelimi-
nary trial tests. Following this extensive investigation
and literature analysis, welding current (I), welding
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Figure 2: a) CMT welding machine set-up, b) schematic diagram
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Table 2: Impact of process parameters on CMT welding of AISI 301LN stainless steel

S. No. 1 2 3 4 5 6 7 8 9
Welding current (I) — A 90 90 90 95 95 95 100 100 100
Welding speed (S) — mm/sec 4 6 8 4 6 8 4 6 8
Contact-tip-to-workpiece distance (CTWD) — mm 3 5 7 5 7 3 7 3 5

(CTWD) were identified as the characteristics impacting
the welding process.! The welding current (I) was set to
three different levels: (90, 95, and 100) A. Concurrently,
the welding speed (S) was studied at three different lev-
els: 4, 6, and 8 mm/sec, while the contact-tip-to- work-
piece distance (CTWD) was measured at 3-, 5-, and
7-mm intervals. As shown in Table 2, this design of ex-
periment framework enabled us to completely evaluate
the impact of these welding factors on the welding pro-
cess, resulting in improved performance.

3 RESULTS AND DISCUSSION
3.1 Welded samples and heat input

The welding was performed effectively, and the weld
samples are shown in Figure 3a. A splatter-free weld
was produced. Visual inspection revealed that the sam-
ples had an adequate weld bead shape, but none of them
achieved complete penetration. The penetration depth
improved as the current (A) value increased. When the
welding speed was raised, irregular weld bead patterns
appeared. Following these findings, the current was in-
creased to 100 A. Under increased current, the sample
obtained a weld bead with full penetration, as shown in
Figure 3b. In welding, several factors critically influence
the heat input, thus they are essential for achieving effi-
cient and effective welds as shown in Figure 3c.
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Figure 3: a) Photograph of a sample after welding, b) sample weld
with increased current, and c) testing heat input with different samples
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Heat input is a critical parameter in welding that in-
fluences the microstructure, mechanical properties, and
quality of the weld joint. Optimal heat input controls the
depth of penetration, weld bead shape, and hydrogen ab-
sorption, ensuring a strong and durable weld. Key vari-
ables include voltage (V), current (I), welding speed (S),
and the efficiency () of the welding process. It was ob-
served that as the welding speed increased, the heat input
decreased by 33.3 % when comparing Samples 1 and 2,
and by 25 % when comparing Samples 2 and 3. Con-
versely, increasing the current at a constant welding
speed results in a higher heat input, with a 7 % rise ob-
served from Samples 1 to 4, and a 6.7 % increase ob-
served from Samples 4 to 7. Achieving full fusion
throughout the material’s thickness is vital in the welding
process, as demonstrated with Sample 7, where a 6.7 %
increase in the heat input over Sample 4 led to complete
fusion. Thus, higher welding speeds typically reduce
heat input, while increasing current tends to raise it.

VXI

Heat Input (Q) =7 5

3.2 Macrostructure of the weld

Optical transverse macro cross-sections of
CMT-welded samples with similar thicknesses under
varying heat input conditions clearly illustrate the signif-
icant impact of thermal input on weld bead geometry,
particularly penetration depth as shown in Figures 4a to
4i. The macrostructure of a weld joint, an important fo-
cus of this research, provides a macroscopic overview of
the weld’s overall structure and morphology. The study
meticulously examined and characterized the weld
joint’s macrostructure to gain a comprehensive under-
standing of key features such as weld bead geometry, fu-
sion zone dimensions, heat-affected zone (HAZ), and
any observable defects or irregularities. Weld bead pro-
files for various parameter combinations are shown be-
low, highlighting that single-pass welds often exhibit a
lack of penetration. Notably, maximum weld penetration
was observed in samples with lower welding speeds.
Sample 7, featuring a current of 100 A, welding speed of
4 mm/sec and CTWD of 7 mm achieved full penetration
as depicted in Figure 4g.

This finding underscores the critical influence of
welding speed on penetration depth, with slower speeds
leading to improved weld penetration, particularly in the
configuration represented by Sample 7, which demon-
strated superior penetration compared to the other pa-
rameter combinations. As thermal input increases, pene-
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Figure 4: Macrostructure images of CMT-welded samples

tration depth increases due to the lower cooling rate
associated with increasing heat inputs. At lower current
and higher speed levels, penetration depth is reduced.
However, increasing the current while retaining a lower
speed increases the penetration depth. The combination
of a lower travel speed and a higher welding current is
optimal for producing high-quality welds with full pene-
tration.

3.3 Tensile results for the weld

The strength of welded samples varies greatly due to
factors such as partial fusion and insufficient penetration
during welding, resulting in weaker connections between
the weld metal and base metal. This is reflected in lower
tensile strength and reduced ductility, as evidenced by
the decrease in % elongation, shown in Figure 5b. Sam-
ples with insufficient penetration shatter brittlely due to
the development of brittle intermetallic compounds in
the weld zone, as confirmed by energy-dispersive X-ray
spectroscopy (EDX), shown in Figure 9. The micro-
structural changes in the weld bead, which are predomi-
nantly caused by heat input during welding, influence
the balance of austenite and ferrite in the joint. Ten-
sile-tested fracture surfaces exhibit a dimpled shape
without cracks, indicating ductile failure with negligible
carbide precipitation.''-'* The weld strength of Sample 4
was 617 MPa, which exceeded the filler rod strength of
530 MPa, providing important insights into the welding
process and its impact on material behaviour and struc-
tural integrity. In contrast, Sample 7, which showed full
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penetration, had a greater tensile strength of 8§13 MPa
and a 10 % elongation, indicating a ductile fracture pro-
cess. This resulted in a significant, 24.10 % improvement
in the tensile strength over Sample 4, as shown in Fig-
ure Sa.
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Figure 5: a) Ultimate tensile strength and b) elongation (%)
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Figure 6: Microhardness of the welded samples

3.4 Microhardness of the weld

Vickers microhardness testing was performed on dif-
ferent regions like the base metal, heat affected zone and
weld zone to determine the material hardness which is
depicted in Figure 6. Samples were taken from the weld
area, and square-shaped indentations were made with a
Vickers microhardness tester under controlled stresses.
Vickers hardness numbers (HV) were calculated using
the measurements of these indentations. Multiple inden-
tations were made to capture changes in the hardness
throughout the material. The investigation focused on the
hardness distribution within the weld joint and heat-af-
fected zone (HAZ), which provided useful insights into
the welding process’s impacts. Our findings included in-
formation about HV levels, testing settings, and observed
trends.

The weld zone and HAZ exhibited significantly
lower hardness values than the base metal, with the aver-
age hardness percentage reduction ranging from 8 % to

25 %. The observed dendritic development in the weld
region was identified as a contributor to the decrease in
microhardness.!

3.5 Microstructure and SEM images of the weld

Microscopic and SEM images of the 301LN welded
samples are depicted in Figures 7a to 7d and 8a to 8d.
They show that there were no thermal cracks or distor-
tions. The optical microscope (OM) image of the base
metal shows the presence of austenite and ferrite. In the
heat-affected zone (HAZ), grain size refinement is visi-
ble when compared to the base metal. Figure 7¢ pro-
vides a clear picture of a fusion boundary. Near the top
and middle weld boundaries, the microstructure displays
ferrite in many forms, including skeleton, vermicular,
and lathy structures, which solidified largely as d-ferrite
in the FA mode.’ In the HAZ, ferrite branches parallel to
the rolling direction extend into the weld bead, forming

Figure 7: OM images: A) base metal, B) heat affected zone, C) weld interface, D) weld zone
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Figure 8: SEM images: A) base metal, B) heat affected zone, C) weld interface, D) weld zone

LineScan 1

Fe
68.4K

60.8K
532K
45.6K

L3

380 3L
304K Fe
22.8¢ |
15.2x

s Cu Si p Mo
y-

13 26 39 52 65 78 2.1 10.4 1.7 130

KV20 Mag 114 Takeoff: 3553 Live Time : 75.4 Amp Time(us) : 0.96 Resolution:(eV) : 129.1
Det : Element-C28

CulNi

Si
0.0K
00

Figure 9: Line scan EDX spectrum of Sample 7

WO=104mm  Mag= 100KX  Time 115501 WO=104mm  Mag= 750X Time: 115417 Mag:115 WD:102

AN 3 A \ it X e s ‘ A
EHT= 20004V Signel A= SE2 10pm EMT= 20004V Signal A= SE2 Dete: 13 Jun 2023
| om -

June 2023 | New Sample | Area 99 | Full Area 1

) b

2.40K|

2.10K]
1.80K/
1.50K;
1.20K! Fe
0.90K/ Mn
0.60K/

s
0.30K/ si
si Ccu L P Mo

0.00K! J
0.0 1.3 2.6 3.9 5.2 6.5 7.8 9.1 10.4 11.7 13.0
KV:i20 Mag:115  Takeoff: 36.61 Live Time : 17.9  Amp Time(us) : 3.84 Resolution:(eV) : 129.1
Det : Element-C28
e S E

Figure 10: SEM image of the fractured area of the tensile sample with EDX spectrum
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secondary arms that serve as nucleation sites for ferrite
solidification. Austenite occurs through peritectic inter-
actions between adjacent ferrite dendrites, resulting in a
complicated change from J-ferrite into austenite.

Larger ferrite dendrites are seen in the centre of the
upper weld. A mixture of lathy, vermicular, and skeleton
ferrites may be seen in the middle weld region, along
with some sizable austenite areas, where solidification
switches from the FA mode to the A and AF modes.
SEM photos demonstrate that larger lathy ferrites occur
near the weld centre due to slower cooling rates. During
peritectic solidification, o-ferrite transforms into austen-
ite, which produces these ferrites. Dendritic austenite so-
lidified in the AF mode predominates at the weld root,
with some interdendritic eutectic ferrites present.* Fer-
rite crystallises in the FA mode and is manifested as
short laths and continuous networks close to the fusion
line. The line scan for the weld sample is shown in Fig-
ure 9. Fewer ferrites are found inside the dendritic core
as the ferrite networks become discontinuous close to the
weld centre. The material’s resistance to thermal crack-
ing is increased due to the ferrite network, which is es-
sential for pinning grain boundaries.

3.6 Fractography of the fractured weld

The fractured area of the tensile sample is being stud-
ied. The welded parts show ductile fracture due to the
creation of massive micro and sub-micro voids generated
by high-stress concentration, as shown in Figure 10.

The fracture surface has a dimpled pattern with no
apparent fissures, indicating a ductile fracture, due to
which the material stretched extensively before breaking.
Dimples of varying sizes are visible, with certain loca-
tions exhibiting greater voids due to high-stress concen-
tration during the tensile testing. The presence of these
dimples indicates that the material exhibits high ductility,
which means it may extend easily, increasing the
strength of the weld joint. The chemical strengthens the
weld joint and causes increased elongation. Some frac-
ture edges show that certain areas experienced brittle
fracture.?®

4 CONCLUSIONS

Our welding approach effectively yielded splat-
ter-free welds with excellent bead geometry, despite the
initial failures to achieve full penetration in the samples.
It was found that increasing the current value enhanced
penetration depth, whereas increasing the welding speed
led to uneven bead patterns.

Full penetration of the weld bead was obtained by in-
creasing the current to 100 A, as evidenced by the final
test sample. Sample 7, which achieved complete penetra-
tion, exhibited better tensile qualities, with a tensile
strength of 8§13 MPa and 10 % elongation. This shows a

250

significant, 24.10 % improvement in the tensile strength
over Sample 4.

Vickers microhardness testing revealed a significant
reduction in the hardness within the weld and heat-af-
fected zone, with decreases ranging from 8 to 25 % com-
pared to the base metal. This reduction is attributed to
the dendrite formation during the welding process.

The microstructure of the 301LN welded sample
showed no signs of thermal cracks or distortion. Its im-
ages highlighted a refined grain structure in the heat-af-
fected zone and complex transformations from oO-ferrite
to austenite, contributing to the material’s resistance to
thermal cracking.

A dimpled fracture surface implies a primarily duc-
tile fracture, with significant material elongation before
failure. However, the presence of some brittle fracture
zones indicates that the material’s stress response is vari-
able.
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