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Abstract: In this article, the effect of shielding gas
combinations on gas tungsten arc-welded dissimilar
AISI 310 steel and AISI 2205 steel joints was investi-
gated. Two gases such as nitrogen and carbon dioxide
were substituted in argon shielding gas and its corre-
sponding improvement in the mechanical, microstruc-
tural, machining, and wear aspects of the dissimilar AISI
310–AISI 2205 joints was studied. Weld bead studies,
tensile, and weld region microhardness were conducted.
X-ray diffraction studies revealed joint intermetallics, and
microstructural evaluation was conducted. Machining stu-
dies were conducted using drilling experiments. Using
local analysis and global analysis, the cutting force varia-
tions in the feed direction and cutting direction were stu-
died. Wear tests revealed that the variations in traction
force, specific wear rate, coefficient of friction and tribo
wear mass loss were studied. A considerable improvement
in wear characteristics of AISI 310–AISI 2205 joints was
observed by substituting CO2 and N in shielding gas.

Keywords: shielding gas, carbon dioxide, nitrogen, AISI
310, AISI 2205, machining, wear

1 Introduction

Dissimilar steel joints are being preferred in thermal
power plants (radiant tubes, fluidized-bed combustors)
[1], automotive (chassis, vehicle body) [2], and aerospace
sectors [3]. Many advancements in welding technology
have been evident in the recent times [4]. Even then,
there is a need to exhibit a better control over welding
process and there is scope for improving arc stability
during dissimilar welding [5]. Issues, such as carbon
migration and un-even weld beads’ improper zone forma-
tion, occur during the dissimilar welding [6]. Industrial
and manufacturing sectors require increased production
rate at reduced costs [7]. Studies have been conducted
on welding arc voltage variations [8], welding speed [9],
welding current [10], electrode diameter [11], polarity [12],
cooling time [13], fusion area [14], heat-affected zone
(HAZ) area [15], fusion boundary length [16], cooling
time [17], and weld bead shape, width, and depth of pene-
tration [18]. In the dissimilar welding, the selection of
welding parameters is important.

AISI 310 stainless steels (SSs) are being used in high-
temperature environments. AISI 2205 duplex steels con-
sist of austenite and ferrite and are preferred in offshore
structures. Both AISI 310 and AISI 2205 steels exhibit
excellent mechanical properties and corrosion resistance.
AISI 310 austenitic SSs are being used in thermal power
plants and nuclear industries for high-temperature app-
lications [19]. During welding of AISI 310 steels, delta
ferrite prevents solidification cracking and its dendritic
grain structure increases fatigue resistance [20]. AISI
2205 duplex stainless steel (DSS) is being widely used
in the nuclear and thermal power sectors as it exhibits
high strength, good weldability, and corrosion resistance
[21]. Many researchers have attempted to study the char-
acteristics and weldability of AISI 2205 DSS with different
welding processes [22,23]. Investigations were done to
study the mechanical properties [24], microstructural
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aspects [25], and texture studies [26] on AISI 2205 DSS-
welded joints. There is a lot of scope for improving the
joint characteristics of dissimilar joints. Using the fusion
welding techniques, dissimilar joints have certain issues
like intermetallic formation, improper Cr fusion, etc.
Excessive ferrites and nitride phases are formed in the
weld region of dissimilar combinations.

Shielding gas variations and mixes during welding
processes affect the weld bead width and depth of pene-
tration [27]. Incorporation of N2 in shielding gas during
gas tungsten arc welding (GTAW) caused shrinkage of arc
plasma and improved fusion area [28]. Similarly, carbon
dioxide substitution in shielding gas caused narrowing
and deepening of welds. Addition of gases such as nitrogen
and carbon dioxide affected the residual stresses in welds.
It helped to improve the tensile characteristics of the
welded joints [29]. As N2 dissolves in solid solution,
the strength of austenite and ferrite increased. The pre-
sence of N2 in shielding gas has many advantages. In
duplex steel welds, the presence of N2 resulted in the
improved austenite content [30]. Toughness of GTAW
joints of SSs improved due to the presence of N2 [31]. In
weld pool, N2 increases arc voltage. This improves the con-
centration of heat. In steel welds, N2 improves overall joint
strength [32] and corrosion resistance [33]. Incorporating
small quantity of CO2 in shielding gas during welding
resulted in increased arc density and arc stability [34]. It
enabled the quicker joint fabrication. Pure Ar exhibits
greater surface tension and lower thermal conductivity
compared to CO2. Incorporation of CO2 helps in better
weld penetration [35]. Weld pool fluidity improved and
ionization energy increased on using CO2. It increased
dilution rates at the same arc energy level [36]. An increase
in CO2 substitution improved the contribution of base
metal, increased the O2 content, and reduced the contribu-
tion of filler material to the welded joints [37].

Machinability aspects of joints should be studied
as they are very important in manufacturing. Drilling
experiments are used to identify the variations in cutting
forces in the welded region. Drilling studies help in
evaluating residual stresses in the welds and tool life
[38]. Tribological investigations in welded joints help

in predicting the life and durability of the joints in tough
environments. From literatures and previous investiga-
tions, cutting force studies and tribological investigations
on dissimilar steel joints were found to be less. Studies
relating to the comparison of dissimilar steel welds using
N and CO2 incorporated shielding gas were not found.

Hence, in this investigation, cutting force analysis
(using overall analysis and local analysis approaches)
during drilling studies and tribological analysis on gas
tungsten arc-welded AISI 310–AISI 2205 steel joints (using
N2- and CO2-incorporated shielding gas) were studied.

2 Materials and methods

The base materials used in this investigation were AISI
310 SS (Stainless Steel) and AISI 2205 DSS (Duplex
Stainless Steel). Both were purchased as rolled sheets
of 5 mm thickness from M/s. Kheteshwar Metals (India)
Goregaon, Mumbai, Maharashtra. In ER2205 filler wire,
the ferrite content is lower compared to that of base
material. This ensures better weldability [39]. The struc-
ture of 2205 steels at fusion temperature is largely com-
prised of ferrite. ER2205 filler wire retards the rate of
cooling. This enables reformation of austenite without
intermetallics and improves weld toughness [40]. ER310
filler wire increases sensitization in HAZs, which leads
to intergranular corrosion and hot cracking [41]. Hence,
2.6 mm ER 2205 filler wire was used in the experiments.
Workpieces were sectioned to 150 mm in length and
100 mm in breadth. They were thoroughly cleaned to
remove dirt, oil, and impurities. Single V butt joint con-
figuration was used for all experiments. ASTM E8M 04
(ISO 9692-1:2013)was used for V groove preparation. A V
groove angle of 40° and a root gap of 1.2 mm were main-
tained for all welds. Using clamps, the workpieces were
arrested during welding. Using an indigenously developed
GTAW welding setup, with double shielding gas input
controller, welding experiments were performed. From
previous investigations [42–45] and trial experiments,
the GTAW welding process parameters were selected

Table 1: Designation of specimens and GTAW process parameters used to weld AISI 310 SS and AISI 2205 DSS

S no Designation Shielding gas
combination

Welding
current (A)

Welding
voltage (V)

Welding
speed (mm·s−1)

Gas flow rate
(L·min−1)

Backing gas flow
rate (L·min−1)

1 W-A 100% Ar 90 14 4 8 7
2 W-3C 97% Ar + 3% CO2

3 W-3N 97% Ar + 3% CO2
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and are shown in Table 1. With the 3% substitution of N2

and CO2 in Ar, experiments were conducted. The desig-
nation of AISI 310–AISI 2205 joints is shown in Table 1.
The welding setup is shown in Figure 1.

Six sets of joints were fabricated and one set with
pure Ar shielding gas for comparison. Tensile studies
were conducted using (INSTRON-Make, capacity –
60 kN) universal testing machine. Microhardness tests
were conducted using the Vickers microhardness testing
equipment. Microstructural investigations were conducted
using the scanning electron microscopy (SEM) (Make –
Carl ZEISS MultiSEM 506). Machining studies were done
using the vertical radial drilling equipment. Tribological
investigations were conducted using the pin on disc tribo
wear equipment (Make – Ducom).

3 Results and discussion

3.1 Chemical composition of base materials

Using spark spectrometer, the elemental composition in
weight percentage was evaluated. The chemical composi-
tion of the base materials and filler wire is shown in Table 2.

3.2 Weld bead studies

Dissimilar GTAW joints of AISI 310 SS and AISI 2205 DSS
were prepared and their weld quality was inspected. On
visual inspection, the weld beads were found to be geo-
metrically consistent. It was observed that shielding gas
mixes reduced the weld bead width at the face and root
sides. Compared to W-A joints, W-3C and W-3N exhibited
6.1 and 7.3% reduction in weld bead width at the face side
and 5.8 and 6.9% reduction in weld bead width at the
root side, respectively. The dimensions of the three joints
are shown in Table 3.

This reduction in weld bead dimension is attributed
to the activity of N [46] and uptake of CO2 [47] in the arc
zone. The cross-sections of the three joints are shown in
Figure 2.

CO2 uptake in the weld region induces constriction
of arc and deeper weld penetration [48]. In the W-3C
specimen, incorporation of CO2 caused reduction in root
and face of the dissimilar joint, due to the peculiar beha-
vior of CO2 in shielding gas [49]. N is not an active gas
and it does not increase heat in weld pool. In the interface
region between fusion zone and base material, the presence
of N lesser than 4% in shielding gas causes reduction
in turbulence [50]. In the W-3N specimen, the presence
of N in shielding gas caused the weld bead width to
reduce.

3.3 Tensile studies

The as-received base materials and welded samples were
subjected to tensile tests as per ASTM E-08 standards.
Using an electro-pneumatically controlled Universal
Testing Machine (Make-Instron, Capacity – 60 kN), the
tensile experiments were conducted. On evaluating the
tensile strength of base materials, yield strength (YS)
and ultimate tensile strength (UTS) of AISI 2205 DSS
were 2.28 and 1.14 times greater than that of AISI 310
SS material. For evaluating the joint strength, the lower
strength alloy (AISI 310 SS) was chosen for comparison.
The YS of W-A, W-3C, and W-3C was found to be 81.2,Figure 1: Welding setup used in AISI 310–AISI 2205 welding.

Table 2: Chemical composition of base materials and filler wire (wt%)

Material Cr Ni Mo C Mn Si P S Fe

Base metal AISI 310 SS 24.3 19.8 — 0.19 1.1 1.3 0.009 0.01 Bal
Base metal AISI 2205 DSS 22.4 4.82 3.16 0.02 1.6 0.71 0.018 0.02 Bal
Filler wire ER 2205 22.3 8.29 2.69 0.01 1.3 0.34 0.014 0.34 Bal
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84.9, and 86.8%, respectively, of the YS of the base
material AISI 310 BM. The UTS of W-A, W-3C, and
W-3C was found to be 83.4, 88.7, and 89.6%, respectively,
of that of the base material AISI 310 BM. Reduction in the
percentage of elongation was observed for all the joints.

Out of the three, W-3N joints exhibited better percen-
tage of elongation compared to W-A and W-3C. The
results of tensile test results are shown in Table 4. The
stress–strain graphs of tensile tests are shown in Figure 3.
During tensile tests, fracture of the three W-A, W-3C, and
W-3N specimens occurred in the HAZ. All three fractures
occurred on the HAZ of AISI 310 sides. SEM images of the
fractured surfaces are shown in Figure 4.

Figure 4a shows SEM fractograph of W-A specimen.
Fracture morphology indicates the presence of den-
drites. The presence of dendrites caused the fracture to
change from ductile to brittle [53]. Figure 4b shows theTa
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Figure 2: Cross-section of (a) W-A, (b) W-3C, and (c) W-3N.
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fracture morphology of W-3C specimen. Mixed fracture
morphology was observed. Cleavage-type fractures were
observed in certain regions. The fracture was more duc-
tile due to the presence of annealed austenitic grains
[54]. These attributed to the better tensile properties of
W-3C samples, compared with W-A samples. Figure 4c
shows the fracture morphology of W-3N specimens.
Fracture was ductile as wider dimples were observed.
The presence of wide dimples indicates better strength [55].

3.4 Microhardness studies

Microhardness tests were conducted as per ASTM E 384
standards. Using Vickers hardness testing equipment,
microhardness testing was conducted. As per ASTM E
384 standards, a load of 5 kgf was placed on the indenter
for a dwell time of 15 s. The indentation in the specimen
was evaluated to identify the microhardness values.
Microhardness variation at a distance of every 200 μm
from weld region, for AISI 310 SS–AISI 2205 DSS joints
made by using shielding gas mixes, was measured.
Variations in microhardness across the welds for the
three joints, with their microstructures, are shown in
Figure 5. The width of the weld zone, HAZ on AISI
2205 SS side, and AISI 310 SS side were identified and
they are shown in Table 5.

Table 4: Tensile test results

Material YS (MPa) UTS
(MPa)

Percentage of
elongation

AISI 310 SS 213 439 21.3
AISI
2205 DSS

486 619 23.4

W-A 173 366 16.8
W-3C 181 389 17.2
W-3N 185 393 18.1
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Figure 3: Stress–strain graphs of tensile-tested specimens.

Figure 4: SEM images of fractured (a) SEM fractograph of W-A, (b) SEM fractograph of W-3C, and (c) SEM fractograph of W-3N.
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Upon investigating the microhardness variations
across the dissimilar joints, in all three joints, the micro-
hardness in the fusion zone was higher than the micro-
hardness of the parent materials. Microhardness at the
HAZ of both AISI 2205 DSS side and AISI 310 SS side
reduced as a negative slope from the weld zone to
base material (BM).

The presence of N in the fusion zone induces grain
refinement. Hence, a small reduction in microhardness

was observed in the fusion zone for joints fabricated
using shielding gas mix of N compared to welds made
using shielding gas mix of CO2. From the interface region,
the microhardness toward AISI 2205 DSS side was con-
sistently higher than the microhardness values toward
AISI 310 SS side. Higher microhardness toward AISI
2205 DSS side was attributed to the effect of higher solid
solution strengthening along the diffusion region [56].
For W-A, W-3C, and W-3N joints, the average microhard-
ness in the interface region toward AISI 310 SS side was
recorded as 258 HV, 263 HV, and 261 HV, respectively,
and the average microhardness along AISI 2205 DSS was
recorded as 283 HV, 276 HV, and 271 HV, respectively.
Microhardness variations in HAZ were found to drasti-
cally reduce from the end of fusion zone and the begin-
ning of parent material region.

Figure 5:Microhardness variations across the weld. (a)Microhardness distribution across W-A, (b)microhardness distribution across W-3C,
and (c) microhardness distribution across W-3N.

Table 5: Width of HAZ for the joints (in cm)

HAZ AISI 2205 SS side AISI 310 SS side

W-S 0.439 0.387
W-N 0.412 0.374
W-C 0.398 0.359
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3.5 X-ray diffraction (X-RD) studies

X-RD studies were conducted on the base materials and
welded joints to identify the intermetallic compounds
and oxides formed during the GTAW process. X-RD spec-
trum for the base materials and the joints were recorded
and compared with JCPDS data for identifying the ele-
ments and compounds present in it. X-RD graphs
(Figure 6) of AISI 310 SS consisted of γ-Fe, Cr, and
Ni, AISI 2205 DSS exhibited the presence of σ-Fe and
δ-Fe, W-A joint consisted of Fe2O3, FeCr2O4, σ-Fe, γ-Fe,
δ-Fe, Cr, and Ni, W-3C joint consisted of Fe2O3, FeCr2O4,
σ-Fe, γ-Fe, δ-Fe, Cr3C7, and Cr2C3, and W-3N exhibited
the presence of Cr2C3, Fe2O3, FeCr2O4, NiFe2O4, σ-Fe,
γ-Fe, δ-Fe, Ni, Cr, and Cr3C7. The as-received AISI 310
SS material consisted of σ platelets. The morphology of
AISI 310 base material was composed of residual δ ferrite

[57]. Fe2O3 formation occurred in welded joints during
resolidification, where high-temperature Fe reacted with
atmospoheric O2. When the reaction temperature was
beyond 2,000 K, interdiffusion of O2 through the metal sur-
face caused post-perovskite type Fe2O3, to be formed [58].

In austenitic SSs such as AISI 2205, at elevated tem-
peratures, variation in nucleation caused precipitation of
σ-Fe. Diffusion of chromium and σ forming elements
causes grain growth. Distorted grains indicated the pre-
sence of iron oxide. During welding, high temperature
causes segregation of Cr and Mo in AISI 2205 [59]. This
heat transforms entire structure to ferrite, which reform
to austenite grains on cooling down. At the molten stage,
at certain cases, the improper diffusion of chromium
occurs. This diffusion through ferrite structure induces
partially transformed ferrite-austenite structures to be
formed. The ratio of ferrite to austenite increases on
increasing the welding temperature [60]. On cooling
down, resolidification causes reduction in austenitic con-
tent. The presence of austenitic content in resolidified
region was found to be lower than molten and partially
annealed regions [61]. Fe-Cr oxide forms in the outer
layer of oxide films. Cr-based oxide forms due to the dif-
fusion of O2 through the welding pool. The diffusion rate
of Cr and Cr ions is relatively slower than other elements.
This results in the growth of Cr-based oxides in inner
layer [62]. At high temperatures, dissolution of Fe3O4

causes the formation of Fe2+ ions [63]. By the dissolution
reaction process, Fe2+ ions react with Cr2O3 to form
FeCr2O4 oxide layer [64].

Reduction reaction in the outer oxide film containing
Fe2O3 with Fe precipitates causes the formation of Fe3O4.
Formation of Fe3O4 was attributed to the dissolution
reaction precipitation [65]. High-temperature interaction
between dissolved Ni2+ and Fe3+ reacts to form NiFe2O4

precipitates [66].

3.6 Microstructural studies

Surfaces of the weld regions (dissimilar AISI 310 SS
and AISI 2205 DSS welds) and the base materials were
prepared using conventional metallurgical procedures,
for conducting microstructural investigations. Using the
SiC emery paper, the surfaces were polished and then
by using diamond grit paste they were polished in disc
polisher. The surface was etched as per ASTM E-407-07
standards [67]. Etching solution was prepared by diluting
10mL of oxalic acid in 100mL of distilled water. The
etching voltage was fixed at 6 V. Etching was done on

Figure 6: X-RD analysis graphs of (a) AISI 310 SS, (b) AISI 2205 DSS,
(c) W-A, (d) W-3C, and (e) W-3N joints.
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the specimens for 1 min. SEM images of as-received base
materials and welded joints are shown in Figure 7. SEM
image of as-received AISI 310 SS (Figure 7a) indicates
equiaxed and fine-grained microstructure. This is attrib-
uted to the water quenching effect of AISI 310 SS sheets
after hot rolling process [68]. In austenite matrix, delta
ferrite stringers were observed. Elongation of delta ferrite
structures was found to be parallel to that of rolling direc-
tion. SEM image of as-received AISI 2205 DSS (Figure 7b)
shows restrained austenite as coarse-grained structure.
δ Fe was observed as elongated lines in wedge-shaped
microstructure and γ Fe exhibited cup-shaped structure
[69]. SEM image of the weld region of W-A specimen
(Figure 7c) indicates porosity and slag-free microstructure.
Dendrite-shaped structures around rough cylindrical
grains was observed. Isolation of cylindrical grains in
dendrite clusters results in grain growth [70,71]. Σ phase
intermetallics with the high Cr content was formed due

to ferrite-austenite restructuring [72]. Cr-based elliptical
and partially spherical precipitates were found around
the dendritic austenite phase. SEM image of the weld
region of W-3C specimen (Figure 7d) indicates a mixture
of dendritic and finely refined regions. Morphology of
W-3C was different from W-A weld zone. W-A exhibited
refined microstructure with infrequent dendrite clusters.
Intermediate carbide phases with γ, δ, and σ phases
were found. Coarse cubic structures of chromium car-
bides were observed [73]. Segregation of σ phase was
more than segregation of γ phase and δ phase. This
variation was attributed to the activity of CO2 during
solidification in weld zone [74]. SEM image of the welded
region of W-3N specimen (Figure 7e) indicates hard and
distinct σ phases with intermediate phases. Continuously
distributed dendrite structures were found in the central
part. Ultra-fine structure with primary and secondary den-
drite phases was observed due to the interruption imparted

Figure 7: SEM images of (a) as-received AISI 310 SS, (b) as-received AISI 2205 DSS, and weld region of (c) W-A, (d) W-3C, and (e) W-3N.
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by nitrogen [75]. Reformed austenitic structure was observed
due to the depletion of N through the weld zone [76].

3.7 Machining studies

The welded joints and the base materials were subjected
to drilling experiments and the variations in their cutting
forces were recorded. Cutting force variations are shown
in Figure 8. The cutting force variations with time for
drilling experiments are shown in Figure 8a – 600 rpm
spindle speed and feed rate of 5 mm·min−1, Figure 8b –
600 rpm spindle speed and feed rate of 10 mm·min−1,
Figure 8c – 1,200 rpm spindle speed and feed rate of
5 mm·min−1, and Figure 8d – 1,200 rpm spindle speed
and feed rate of 10 mm·min−1, respectively.

In all the drilling experiments, a rapid increase in
cutting forces was observed, during initial drilling time,
till the drill bit completely protruded into the work piece.
After a few seconds, the cutting forces stabilized and the
variations were minimal. On comparing the two base
materials, at low and high spindle speeds and feed rates,
the cutting forces developed during AISI 2205 DSS dril-
ling were always higher than the cutting forces developed
during drilling AISI 310 SS. Higher drilling forces gener-
ated in AISI 2205 DSS were due to higher hardness of AISI
2205 DSS than AISI 310 SS. Throughout the experiments,
base materials, and welded joints, fluctuations in cutting
forces were lesser upon increasing the feed rate. At low
spindle speed of 600 rpm, an increase in feed rate caused
a significant increase in cutting force. At the stabilized
phase, cutting forces in AISI 2205 DSS varied between
300 and 350 N at 600 rpm spindle speed and 5mm·min−1
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Figure 8: Cutting force profiles at drilling parameters (a) 600 rpm spindle speed and feed rate of 5 mm·min−1, (b) 600 rpm spindle speed and
feed rate of 10 mm·min−1, (c) 1,200 rpm spindle speed and feed rate of 5 mm·min−1, and (d) 1,200 rpm spindle speed and feed rate of
10 mm·min−1.
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feed rate. The variations were between 950 and 1,050 N
on increasing the feed rate to 10mm·min−1. Such shift in
cutting force variations was observed for AISI 310 SS and
the welded joints. On comparing the welded joint cutting
forces, the cutting force variations in the W-A joint weld
region were always greater than the cutting force varia-
tions in W-N and W-C joints. The effect of annealing was
found to be greater in the joints which we are fabricated
using carbon dioxide-substituted shielding gas. Thus, for
both low level and high level drilling process parameters,
W-3C joints exhibited relatively lower cutting forces than
W-3N joints.

Characterization of drilling was focused on the dril-
ling parameters and conditions in which the experiments
were performed. With two stages, the drilling forces are
characterized. The first stage is until penetration of the
drill tip. The second stage is the entire hole drilling pro-
cess after the drill tip has penetrated into the work piece
[77]. With these two stages, the drilling characterization
was conducted with two approaches. The first approach
is the overall analysis. The second approach is the loca-
lized analysis [78].

In overall analysis approach, specific cutting energy
(SCE) due to cutting effect SCEc,f and SCE due to margin
effect SCEc,c have been analyzed. In the localized analysis
approach, the variations in forces along cutting edges
during tool tip penetration have been analyzed [79].

3.7.1 Overall analysis approach

In manufacturing industries, determination of the opti-
mized drilling conditions for minimizing the cutting
energy is important [80]. This helps in minimizing the
overall energy used and improves tool life [81]. This tool
material pair methodology is used for identifying the
efficiency of the drills. During the drilling process, the
forces developed due to plunge of the rotating tool into
the workpiece is divided into two forces. The first one is
the feed force (FFf) and it is measured along the axial
drilling direction. The second force is the tangential
force (TFc), which acts on the cutting edge. This tangen-
tial force is responsible for creating a cutting torque (Tc).
CFz is the cutting force generated during drilling, f is the
feed, and D is the tool diameter. During steady-state
conditions, the mean value of the cutting forces was
used to calculate SCEc,f and SCEc,c, according to the
following equations [80]:

D f
SCE 2 CF ,z

c,f =

×

×

(1)

H
D f

SCE CF .z
c,c =

×

×

(2)

Value of H was taken as 8,000, according to NF E66-
520-8, 2000, standard.

Figure 9 shows the results for variations in specific
cutting energies while varying the feed per tooth (mm·rev−1)
from 0.01 to 0.10 mm·rev−1. The fluctuations in SCEc,f are
shown in Figure 9a and the fluctuations in SCEc,c are
shown in Figure 9b. For ease of comparison, the graph
has been plotted in feed rate per tooth. A drastic decrease
in SCEc,f and SCEc,c was observed upon increasing the feed
rate [81]. SCEc,f and SCEc,c of AISI 2205 DSS were higher
than that of AISI 310 SS base material. Regarding the
welded joints, W-A recorded the highest and then, W-3N
and W-3C recorded the lowest. SCEc,c variations were
lower compared to the variations in SCEc,f for the different
joints. This attributes to higher sensitivity of penetration
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Figure 9: Specific cutting force in (a) feed direction and (b) cutting
direction.
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force to cutting geometry than torque [82]. The specific
energy in W-3N during chip formation was higher than
that of W-3C. Due to higher hardness, the mechanical
load on W-3N was higher than that on W-3C. Chisel edge
of the drill consists of negative cutting geometry (Rake
angle γn = −60°). Such high negative geometry induces
more pressure on the cutting edges and increases ploughing
rather than chip formation [83].

3.7.2 Local analysis approach

Local analysis approach is to evaluate the forces gen-
erated in the chisel edge and cutting edge during pene-
tration of the drill bit into the work piece. This analysis
is conducted based on the instantaneous force and
torque generated during drilling. Contribution of the
cutting edges on the overall cutting forces has been
identified by using edge discretization methodology
[84]. Figure 10 indicates the various forces developed
during tool tip penetration.

Progressive increase in cutting edge occurs from
axis to drill corner during drilling operation. Overall
forces evolve as a function of tool radius R, linked to
tool position z. Therefore, the local force developed in
the feed direction LFfi and cutting direction LFci on the
nth cutting edge is calculated according to the following
equation [85]:

D f
LF Ff Ff ,n n

fn
1

=

−

×

+ (3)

R Z Q
LF Mc Mc 1 .n n

n
cn

1

e
=

−

×

×

+ (4)

In the above equations

R z αtan ,n n rn[ ]= × (5)

Q z
α

d
cos

.n
e

rn( )
= (6)

Under similar cutting conditions of axial spindle
velocity of 5 mm·min−1 and fz = 0.008mm·rev−1 per tooth,
the cutting forces were traced from the axis of the drill to
the periphery. Figure 11 shows the variations in local
forces. Figure 11a shows the forces developed in the
feed direction (LFfi) and Figure 11b shows the local forces
developed in cutting direction (LFci).

From Figure 10, local force generated in feed direc-
tion and cutting direction was found to be highest at the
center of the twist drill. The forces gradually reduced
upon moving toward periphery. On the whole, LFf was
significantly higher than LFc. Due to high hardness, LFf
and LFc variations in AISI 2205 DSS were maximum, com-
pared to AISI 310. After AISI 310 SS, W-A joints exhibited
higher LFf and LFc than W-3N and W-3C. As weld region
grain refinement was more in W-3C joints than in W-3N
joints, LFf and LFc of W-3C were lower than that of W-3N.
As the rake angle of the twist drill was highly negative,
the cutting forces generated in the center edge was
very low.

3.7.3 Effect of drilling conditions on local cutting forces

Local specific cutting forces such as LFf and LFc were
evaluated from global cutting forces such as SCEc,f and
SCEc,c. Local specific cutting forces in the feed direction

Figure 10: Various forces developed during drill tip penetration.
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SCElc,f and along cutting direction SCElc,c are calculated
according to the following equation [86]:

f
SCE LF

sin α
,

z
c,fn
l fn

l

rn
=

×

(7)

f
SCE LF

sin α
.

z
c,cn
l cn

l

rn
=

×

(8)

Figure 12 shows variations in local specific cutting
forces from twist drill axis to periphery. Figure 12a
shows SCElc,fn variations from drill axis to periphery
and Figure 12b shows SCElc,cn variations from drill axis
to periphery. A considerable decrease in forces at the
chisel edge zone was observed for all three joints.

SCElc,fn and SCElc,fc at axis (chisel edge) were found to
be high and decreased toward periphery. At chisel edge,
SCElc,fn of welded joints was lower than that of the base

materials. SCElc,fn ofW-A,W-3N, andW-3Cwas found to be 28,
36, and 42% lower than SCElc,fn value of AISI 2205 DSS, respec-
tively (Figure 12a). Similarly, SCElc,cn of W-A, W-3N, and W-3C
was found to be 33, 39, and 46% lower than SCElc,cn value of
AISI 310 SS, respectively (Figure 12b). As the rake angle of
the twist drill was highly negative, the ploughing of
chisel edge on W-3N was greater than W-3C samples.

3.8 Wear tests

High Speed Steel-Cobalt (HSS-Co) twist drill of 6-mm
diameter with three teeth was used for drilling. Cutting
force dynamometer was fixed in the bed of a vertical
milling computer numerically controlled machine and
on the dynamometer, the drilling work pieces were fixed.
At two different spindle speed (600 and 1,200 rpm) and
two different feed rates (5 and 10mm·min−1), drilling
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Figure 11: (a) Variations in feed force LFf from drill axis to periphery.
(b) Variations in cutting force LFc from drill axis to periphery.
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Figure 13: Variations in (a) traction force, (b) coefficient of abrasive friction, (c) specific wear rate (sliding velocity 3 m·s−1), (d) specific wear
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experiments were conducted and the variations in cutting
forces were identified. As per ASTM C-1624 standards,
microscratch tests were conducted on the welds to iden-
tify the traction force and coefficient of abrasive friction
[87]. With 20 N load, scratches were done on the welds for
15 mm length. At four different scratching velocities such
as 100, 150, 200 and 250 µm·s−1, the experiments were
conducted and the offset was set at 2 mm. Before con-
ducting microscratch tests, the specimens were poised
using emery sheets. As per ASTM G99-17 standards, the
pins were prepared from the weld region. HSS disc of
100mm diameter was used as the rotating disc, with track
diameter of 60mm. Wear experiments were conducted in
dry conditions, without lubrication. Two sliding speeds
were used (3 and 6m·s−1) and load on the pins were varied
from 20 to 80 N. Wear tests were conducted for a duration
of 5min and the variations in wear mass loss, coefficient of
friction and specific wear rate were identified.

The variations in traction force during microscratch
experiments for the base materials and welded joints are
shown in Figure 13a and the variations in coefficient of
abrasive friction or the basematerials and the welded joints
are shown in Figure 13b. The variations in specific wear
rate, coefficient of friction, and wear mass loss at sliding
velocity of 3m·s−1 are shown in Figure 13c, e, and g, res-
pectively. Similarly, the variations in specific wear rate,
coefficient of friction, and wear mass loss at sliding velocity
of 6m·s−1 are shown in Figure 13d, f, and h, respectively.

Regarding traction force (Figure 13a) and coefficient
of abrasive friction (Figure 13b), for the base materials
and the welded joints, a consistent increase was observed
upon increasing the scratching velocity from 100 to
250 µm·s−1. AISI 2205 DSS exhibited the highest, fol-
lowed by AISI 310 SS base material. On comparing the
welded joints, W-A exhibited higher traction force and
coefficient of abrasive friction, followed by W-3N and
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W-3C. Traction force was calculated under dry condi-
tions, without lubrication. The deformations in the sur-
face owing to the microcontact of the traction pin at
different velocities attribute to the increase in traction
force, upon increasing the scratching velocity [88].

Specific wear rate (Figure 13c) was found to decrease
consistently, upon increasing the loading from 20 to
80 N. The base material-specific wear rate of AISI 2205
DSS was highest, followed by AISI 310 SS. Then, it was
followed by the specific wear rate variations in W-A,
W-3N, and W-3C joints. Similar pattern was observed
upon increasing the sliding velocity from 3 to 6m·s−1
(Figure 13d). The entire graph of specific wear rate was
found to shift downwards, upon increasing the sliding
velocity from 3 to 6m·s−1. An increase in sliding speed
caused a quantified reduction in specific wear rates, for
the base materials as well as the welded joints. Coefficient
of friction (Figure 13e and f) increased upon increasing
the loads, for both the base materials and the welded
joints. For all loads, AISI 2205 DSS exhibited highest coef-
ficient of friction, followed by AISI 310 SS, W-A, W-3N,
and W-3C. It was found that the presence of N and CO2 in
the weld region of W-3N and W-3C caused grain refine-
ment. This caused a reduction in coefficient of friction,
compared to the joints fabricated without shielding gas
mixes (W-A). The coefficient of friction for base materials
and welded joints reduced upon increasing the sliding

velocity, due to reduction in plastic deformation at higher
sliding speeds [89].

Tribo wear mass loss (Figure 13g and h) was
minimum for AISI 2205 DSS, on all loading conditions
due to its superior hardness and strength. Tribo wear
mass loss for AISI 310 SS was slightly higher than AISI
2205 DSS. On comparing welded joints, W-3C exhibited
greater resistance to wear than W-3N. W-A exhibited least
wear resistance, compared to the other two. Wear-tested
specimens were subjected to microstructural evaluation
using SEM imaging. SEM image of wear-tested W-A,
W-3C and W-3N is shown in Figure 14a–c. SEM image
of wear-tested W-A specimen (Figure 14a) indicated
microlips, cuts, and prows [90]. SEM image of wear tested
W-3C specimen (Figure 14b) revealed microploughs and
flake-shaped pull outs [91]. Wear-tested W-3N specimen
(Figure 14c) indicated microploughs and microscratches
in the Cr-rich region (along the wear direction) [92].

4 Conclusions

Hence, in this investigation, dissimilar joints between
AISI 310 and AISI 2205 steels were successfully fabricated
using the gas tungsten arc welding process. CO2 gas and
N gas were substituted by 3% in Ar shielding gas during

Figure 14: SEM images of wear-tested specimens of (a) SEM image of wear-tested W-A, (b) SEM image of wear-tested W-3C, and (c) SEM
image of wear-tested W-3N.
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welding. The corresponding changes in mechanical,
machining, and wear characteristics were studied and
the following conclusions were drawn:
i) Reduction in weld bead width (6–7%) was observed

on substituting CO2- and N-substituted shielding gas.
ii) Tensile tests revealed that UTS, YS, weld region

microhardness, and reduction in the percentage of
elongation were observed on using 3% CO2- and
N-substituted Ar shielding gas.

iii) X-RD studies in the weld region indicated the pre-
sence of Cr2C3, Fe2O3, FeCr2O4, σ-Fe, γ-Fe, δ-Fe, Ni.
Cr, and Cr3C7 compounds.

iv) Microstructural studies in the welded region showed
that δ Fe as elongated lines, γ Fe as cup-shaped struc-
ture, and σ phase intermetallics with the high Cr content
were observed due to the ferrite-austenite restructuring.

v) In machining studies, fluctuations in cutting forces
were lesser upon increasing the drilling feed rate.
For all drilling parameters, weld joints fabricated
using N and CO2 exhibited lower cutting forces after
stabilization.

vi) On evaluating the specific cutting forces in feed
direction and cutting direction using local and global
analysis approaches, weld joints using CO2-substi-
tuted gas exhibited lower cutting force than the
joints fabricated using the N-substituted gas.

vii) In wear tests, joints using CO2-substituted gas exhib-
ited better wear characteristics than joints fabricated
using N-substituted gas.
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