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Activated Flux Tungsten Inert Gas welding (A-TIG) usage is gaining popularity in the fabrication industry
because of its capacity to increase the depth of penetration in a single weld pass. Increased penetration
eliminates the need for joint preparation and filler material, resulting in higher productivity and lower
operational costs. In the present study, IRSM 41 steel plates having 8 mm thickness were welded using
tungsten inert gas welding (TIG) with and without fluxes. Six multicomponent fluxes were formulated with
different oxides for the current work. The influence of the fluxes on weldment properties, such as weld bead
geometry, hardness, and microstructure has been studied and presented here. The implementation of fluxes
decreased bead width and increased the depth of penetration and depth/width ratio of the weldments. A
thorough penetration of 8 mm was achieved in a single weld pass in Flux 6 weldments. The depth of
penetration and depth/width ratio has been increased to 226% and 400%, respectively, in A-TIG weld-
ments compared with conventional TIG weldments. The average hardness of FZ, HAZ and base metal for
TIG weldment was 221 ± 24 Hv, 200.8 ± 8 Hv and 176.7 ± 5 Hv, respectively. The average hardness of
FZ, HAZ, and base metal for A-TIG weldment was 255 ± 1 Hv, 221.3 ± 12 Hv, and 177 ± 5 Hv,
respectively. The results (bead geometry, microstructure, and hardness) have been correlated with the input
parameters.
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1. Introduction

IRSM 41 is a low alloy steel widely used in steel bridges,
coastal power stations, seaports, and tanks because of its
relatively better corrosion resistance and durability compared to
mild steel (Ref 1). Alloying elements such as Cr, Cu, Ni and P
contribute to improved corrosion resistance, tensile strength
and hardness (Ref 2). In addition to this, IRSM 41 steel also
exhibits excellent durability, high-temperature resistance and
long service life (Ref 3). Fabrication of IRSM 41 steel requires
specific welding procedures and considerations to ensure the
weld joint maintains desirable strength and corrosion proper-
ties.

Conventional arc welding processes such as Shielded Metal
Arc Welding (SMAW), Gas Metal Arc Welding (GMAW),
Submerged Arc Welding (SAW), and Tungsten Inert Gas
welding (TIG) are widely used in the fabrication of IRSM 41
steel plates (Ref 4). TIG welding is preferred over other
methods because of its good surface appearance, sound quality
welds, and low operational costs (Ref 5). However, a lower
depth of penetration in a single pass is one of the major

disadvantages during the autogenous TIG welding process. It is
suggested by the researchers that the maximum single pass
depth of penetration is limited to 2-3 mm in the TIG welding
process, irrespective of the welding current and travel speed
(Ref 6, 7). In general, groove preparation with multiple weld
passes is used for joining thick sections using TIG welding (Ref
8). This leads to additional fabrication time and cost and, thus,
lower productivity. Sometimes multipass welding also induces
welding defects such as angular distortion, residual stress and
heterogeneous microstructure in the fusion zone. To overcome
the above issues, a novel method called Activated Flux
Tungsten Inert Gas welding (A-TIG) is now recommended by
various researchers. In this method, activating fluxes are
utilized to increase the weld penetration and lessen the number
of weld passes. The Evgeny Oscarovich Paton Institute reported
A-TIG welding for the first time in 1960 for joining titanium
and its alloys. In this process, activating fluxes are applied on
the material’s surface before conventional TIG welding. The
fluxes were initially used to reduce the porosity. However,
while using the fluxes, researchers observed that the depth of
penetration was also influenced along with porosity(Ref 9, 10).

Tseng et al. (Ref 11) used fluxes such as TiO2, SiO2, MnO2,
and MoO3 during the A-TIG welding of 316L stainless steels
(SS). The weldments produced with SiO2 exhibited a higher
depth of penetration and reduced weld bead width compared to
the other weldments. The researcher also noticed that usage of
Al2O3 flux has a deteriorated effect on the depth of the
penetration and weld bead width compared to TIG weldments.
Sahu et al. (Ref 12) reported that the arc voltage was increased
with the application of fluxes during the A-TIG welding of 316
SS. Due to the increase in voltage, the heat input increases in
the A-TIG weldments. Vidyarthy et al. (Ref 13) observed
similar results during the A-TIG welding of P91 steels. The
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researcher reported that higher heat input, along with reverse
Marangoni convection and arc constriction, contributes to a
higher depth of penetration in Flux 2 weldments compared to
Flux 1 and TIG weldments. Shyu et al. (Ref 14) observed that
304 SS weldments produced with SiO2, TiO2, Cr2O3 and CaO
have higher retained delta ferrite than TIG weldments. The
researcher reported that with the increase in retained delta
ferrite, hot cracking susceptibility decreases. Due to this, A-TIG
weldments exhibit lower hot cracking susceptibility than TIG
weldments. The researcher observed that weldments produced
with Cr2O3 possess lower hot cracking susceptibility than other
weldments. Huang et al. (Ref 15) observed that the usage of
flux composition consisting of ZnO or a mixture of ZnO +
MnO2 contributes to a reduced angular distortion in 304 SS A-
TIG weldments compared to TIG weldments. The weldments
produced with 20% ZnO + 80% MnO2 possess lower angular
distortion than other weldments. Fande et al. (Ref 5) observed
that the chrome-manganese SS weldments produced with TiO2

exhibit higher tensile strength than other A-TIG (SiO2, MoO3

CaO) and TIG weldments. The researcher reported that the
increased delta ferrite in weldments with TiO2 results in
increased tensile strength than other weldments. Ramkumar
et al. (Ref 16) observed that super-duplex stainless steel
weldments produced with NiO flux exhibit higher impact
strength than those produced with MoO3 and SiO2. The
researcher reported that a lower amount of oxygen in the
weldments produced with NiO attributed to the increased
impact strength.

A-TIG welding gained popularity in the fabrication industry
because it enhances weld penetration in a single pass. However,
it is also clear from the literature that the effectiveness of the A-
TIG welding depends on the flux composition. The weldability
of the IRSM 41 has not been explored significantly with the A-
TIG welding. A-TIG process could drastically reduce the
fabrication cost of this material in the structure. Hence, in the
current work, A-TIG welding was conducted on 8 mm thick
IRSM 41 steel plates and compared with the TIG weldments.
The influence of activating fluxes on weld cross section and
mechanical properties is investigated. Further, a correlation is
developed between the A-TIG process variables and the IRSM
41 weldments properties.

2. Materials and Methods

2.1 Base Metal

In the current work, the IRSM 41 plate, having a thickness
of 8 mm, was used as a base metal. The chemical composition
of IRSM 41 steel plates shown in Table 1 was analyzed with an
optical emission spectrometer. The mechanical properties such
as average hardness, % elongation, yield strength, and ultimate
tensile strength of the IRSM 41 steel in as received condition

were 159 ± 7 Hv, 29%, 415 ± 5 MPa and 522 ± 2 MPa,
respectively. An optical inverted microscope was used to
investigate the microstructures acquired at the base metal.
IRSM 41 principally contains a homogenous mixture of
equiaxed perlite and ferrite microstructural phases, as shown
in Fig. 1.

The ferritic proportion was substantially more than the
perlite proportion. The line intersection method was executed in
MATLAB to calculate the average grain size of the base metal.
The average grain size measured was 11.7 ± 6 lm, and the
distribution of the grain size is presented in Fig. 1.

The phases generated while cooling IRSM 41 steel at
different cooling rates are depicted in Fig. 2. The annotations
shown in Fig. 2 are B – Bainite, M - Martensite, F- Ferrite, and
P - Pearlite, and the subscripts ‘‘s’’ and ‘‘f’’ imply ‘‘reaction
start’’ and ‘‘ reaction finish,’’ respectively.

2.2 Welding Procedure

IRSM 41 plates with 160 mm (length) 9 110 mm
(width) 9 8 mm (thickness) were extracted using wire EDM.
Prior to the welding, the extracted plate had undergone
grinding, polishing, and thorough cleaning with acetone.
Subsequently, bead-on plate welding was done along 160 mm
length at the center of the prepared plates using Tungsten inert
gas welding with and without fluxes. Six multicomponent
fluxes have been prepared with SiO2, TiO2, Cr2O3, CuO,
MoO3, ZnO and NiO and used during the A-TIG welding. The
varying weight percentages in different flux compositions are
provided in Table 2. Prior to welding, the fluxes were coated
over the surface of the plates with a paintbrush (shown in
Fig. 3). Flux coating density (flux coating quantity per unit
surface area) maintained was around 4-6 mg/cm2. A direct
current straight polarity (DCSP) power source was employed to
perform welding. Arc length, welding speed and welding
current during all the welding experiments used in the current
work were 220A, 80 mm/min and 3 mm, respectively. A 2%
thoriated electrode with a 3. 2 mm diameter and 60� electrode
tip angle was used during the welding. A 99% pure argon gas
was provided at a 10 liters/minute flow rate to protect the weld
area from atmospheric contamination.

2.3 Characterization Techniques

Samples were extracted from the weldments produced with
and without fluxes and underwent polishing. Later, the
metallographic examination was conducted on the polished
samples. A stereo microscope (Model: M, make: Metzer) was
used to investigate the cross section of the IRSM 41 weldments.
Using an inverted optical microscope (Model: IM7200, make:
Meiji Techno), the microstructures at various regions (base
metal, HAZ and FZ) were acquired and analyzed. Field
emission scanning electron microscope analysis (FE-SEM)
(Model: Apreo LoVac, make: FEI) was carried out to find the

Table 1 IRSM 41 base metal chemical composition

Elements Nb Al Mn C Ni Cr S Si Ti P Fe

Wt.% 0.004 0.018 0.38 0.08 0.22 0.53 0.009 0.29 0.003 0.087 Balanced
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presence of precipitates. The weldment’s FZ composition was
evaluated with energy-dispersive x-ray spectroscopy (EDS)
(Model: Apreo LoVac, Make: FEI). X-ray diffraction analysis
(XRD) (Model: XTALAB, make: Rigaku Oxford) was done at
a scan rate of 0.02 seconds per step to find the position of the
phases present in the FZ of the weldments. The mechanical
characterization of the IRSM 41 weldments was evaluated in
terms of Vickers hardness. Vickers hardness testing was
conducted at 0.2 kgf load, with the readings taken at 0.5 mm
intervals in the hardness tester (Make: Mitutoyo, Model: HM-
200). During the hardness testing, a dwell time of 10 seconds

was maintained. ASTM E384 standards were followed during
Vickers hardness testing.

3. Results and Discussion

3.1 Visual Inspection and Macroscopic Analysis

The weldments had undergone visual inspection just after
welding to find traces of surface imperfections such as cavities
and surface cracks. The front and back sides of the welded
plates are shown in Fig. 3. After the visual inspection, the

Fig. 1 Schematics shows the base metal (a) optical microstructure, (b) FESEM image and (c) distribution of grain size

Fig. 2 Schematic depiction of the phases produced while cooling IRSM 41 steel at different cooling rates
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samples were extracted for macroscopic, microscopic and
hardness analysis. The cross section of the weldments produced
with and without applying fluxes is presented in Fig. 4. It is
observed that the weldments produced with the application of
fluxes exhibit higher penetration compared to the weldments
produced without flux. The depth of penetration for TIG, Flux
1, Flux 2, Flux 3, Flux 4, Flux 5, and Flux 6 weldments were
2.45 ± 0.5 mm, 3.62 ± 0.4 mm, 4.53 ± 0.5 mm,
5.67 ± 0.4 mm, 6.49 ± 0.5 mm, 7.12 ± 0.5 mm and 8 mm,
respectively. The weld bead width of TIG, Flux 1, Flux 2, Flux
3, Flux 4, Flux 5, and Flux 6 weldments were 13.74 ± 0.5 mm,
12.62 ± 0.5 mm, 12.5 ± 0.4 mm, 10.62 ± 0.5 mm,
10.57 ± 0.3 mm, 9.84 ± 0.5 mm and 9.37 ± 0.4 mm, respec-
tively. The depth/width ratio of TIG, Flux 1, Flux 2, Flux 3,
Flux 4, Flux 5, and Flux 6 weldments were 0.17 ± 0.04,
0.28 ± 0.02, 0.36 ± 0.03, 0.53 ± 0.02, 0.61 ± 0.03,
0.72 ± 0.02 and 0.85 ± 0.03, respectively. Among all the
weldments, Flux 6 weldments exhibit minimum weld bead
width and maximum depth of penetration, depth/width ratio.
On the other hand, the maximum weld bead width and
minimum depth of penetration, depth/width ratio are observed
in TIG weldments. A thorough penetration in an 8 mm thick
plate was achieved in the weldments produced with Flux 6. The
depth of penetration is increased by 226% in Flux 6 weldments
(8 mm) compared to TIG weldments (2.45 ± 0.5 mm). The
weld bead width is reduced by 32% in Flux 6 weldments
compared to TIG weldments. Consequently, a rise of 400% in
the depth/width ratio is observed. The change in depth of
penetration, weld bead width and depth/width ratio for A-TIG
and TIG weldments is depicted in Fig. 5. It is observed that the
weldments produced with flux possess lower weld bead width
compared to the weldments fabricated without flux. In contrast,
the depth of penetration and depth/width ratio are observed to
be higher in A-TIG weldments than in TIG weldments.

Reverse Marangoni convection and arc constriction are
considered as the major contributing mechanisms for improved
penetration in A-TIG welding (Ref 17). During TIG welding,
the weld pool center experiences higher temperatures, whereas
the periphery of the weld pool exhibits lower temperatures. As
the temperatures increase, the surface tension reduces. Hence,
lower surface tension is observed at the weld pool center
because of higher temperatures. Higher surface tension is
observed at the periphery due to lower temperatures. Mar-
angoni convection states that fluid always flows from low
surface tension to high surface tension. Hence, the molten metal
flows from the weld pool center to the periphery in TIG
weldments, as presented in Fig. 6(a). This resulted in shallow
penetration with wider weld bead width. The usage of fluxes
during A-TIG welding alters the surface tension-temperature

gradient from negative to positive. As a result, with increases in
temperature, the surface tension increases. In agreement with
the above, researchers demonstrated higher surface tension at
the center and lower surface tension at the periphery of the A-
TIG weld pool (Ref 13). Due to the positive surface tension
temperature gradient, the molten metal flows radially inwards
toward the weld pool center (shown in Fig. 6(b)), resulting in
deeper penetration and narrow weld bead width (Ref 18). The
other most accepted mechanism is arc constriction. It is stated
that the coated flux dissociates during the welding (Ref 19).
The dissociated molecules form an ionic vapor cloud around
the arc. The vapor cloud captures the electrons from the arc’s
outer periphery. Restricting the current flow toward the arc
center and thus increases the current density. Higher current
densities at the anode root lead to an increased heat density at
the anode root, thus supporting a deeper and narrower
penetration (Ref 20).

Apart from arc constriction and reversal in Marangoni
convection, heat input variation at the same current may also
influence the weld bead geometry. The heat input for the A-TIG
and TIG weldments is determined with Eq 1.

QI ¼ gVI=s ðEq 1Þ

where g, I, s, V and QI are process efficiency, welding current,
welding speed, welding voltage and heat input, respectively.
The value of efficiency ( g) considered in the current work is
60%, as suggested by the American Welding Society (Ref 21).
The welding voltage generated during the welding directly
influences the heat input. Therefore, the voltage during the
welding was recorded, and the average of the same is
considered for calculating the heat input. It is observed that
the average welding voltage was higher during A-TIG welding
in comparison with TIG welding. Besides this, welding voltage
was found to be different with different flux compositions. The
average welding voltage observed during welding was
14.22 ± 0.5 V. Maximum welding voltage was observed with
Flux 6 (15.45 ± 0.5 V), and the minimum was with TIG
(13 ± 0.5 V) welding. Corresponding to welding voltage, the
heat input is calculated and presented in Fig. 7(a). A maximum
heat input (1.52 ± 0.5 kJ/mm) is witnessed during welding
with Flux 6, and a minimum heat input (1.28 ± 0.5 kJ/mm) is
noticed in TIG weldments. The activating fluxes applied during
welding exhibit high electric resistivity. Due to this, they act as
insulators between the tungsten electrode and plate surface and
obstruct the current flow. Inorder to retain a stable flow of
current, the arc voltage is increased. Thus, higher voltage is
observed in A-TIG weldments than in TIG weldments. Higher
inputs produced due to higher voltage may result in more
fusion zone area in the weldments. The combination of reversal
of Marangoni and high heat input could produce higher weld
penetration.

The variation of depth of penetration with heat input for TIG
and A-TIG weldments is presented in Fig. 7. Figure 7
elucidates that as the heat input increases from TIG to Flux 6
weldments, the depth of penetration increases. The increase in
heat input due to higher voltage may be attributed to the rise of
depth of penetration. Based on the above results, it is elucidated
that higher heat input, better arc constriction, and reversal
Marangoni convection may be attributed to the lower weld
width bead and higher depth of penetration in Flux 6
weldments. Flux 6 A-TIG weldment is used along with TIG
weldment for further analysis.

Table 2 Composition of fluxes used

Flux used

Wt.% of various fluxes used

SiO2 TiO2 Cr2O3 CuO MoO3 ZnO NiO

Flux 1 6-7 25-26 6-7 6-7 6-7 25-26 25-26
Flux 2 7-8 30-31 7-8 7-8 7-8 7-8 30-31
Flux 3 18-19 18-19 18-19 18-19 4-5 4-5 18-19
Flux 4 4-5 16-17 16-17 16-17 16-17 16-17 16-17
Flux 5 30-31 30-31 7-8 7-8 7-8 7-8 7-8
Flux 6 25-26 6-7 6-7 25-26 25-26 6-7 6-7
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Fig. 3 IRSM 41 plates (a) prior to welding, (b) front side after welding and (c) backside after welding
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Fig. 4 Macrographs of the weldments produced (a) without and (b-g) with fluxes

Fig. 5 Weld bead geometry (depth of penetration, weld bead width and depth/width) of the weldments
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3.2 Microstructural Analysis

The microstructures obtained at various regions (unaffected
base metal, HAZ, and FZ) of TIG and A-TIG weldments are
presented in Fig. 8 and Fig. 9, respectively. Microstructural
phases such as martensite, grain boundary ferrite (GBF),
acicular ferrite (AF) and widmanstatten ferrite (WF) were
observed in the FZ of TIG (Fig. 8(a, d)) and A-TIG weldments
(Fig. 9(a, d)) (Ref 22). The above-mentioned microstructural
phases are produced in the FZ occur due to the interaction
among various factors such as weld thermal cycle, cooling rate,
prior austenite grain size and chemical composition. The heat
input during A-TIG (1.52 ± 0.5 kJ/mm) weldments was
relatively more than the TIG (1.28 ± 0.5 kJ/mm) weldments.
This may result in higher temperatures, causing A-TIG
weldments to cool more slowly than the TIG weldments. Slow

cooling rates due to higher inputs may promote the formation of
widmanstatten ferrite and acicular ferrite (Ref 23). Coarser
GBF was witnessed at FZ of A-TIG. In contrast, FZ of TIG
possesses finer GBF (shown in Fig. 8 and Fig. 9). At lower
cooling rates, the solidification time increases, increasing the
retained austenite time and causing grain coarsening (Ref 24).
Hence, A-TIG weldments with higher heat input than the TIG
weldments exhibit coarsened GBF because of lower cooling
rates. Adak et al. (Ref 25) also illustrated the formation of finer
GBF at lower heat inputs and coarser GBF at higher heat
inputs. Further, faster cooling during welding may contribute to
the formation of martensite in the FZ of TIG and A-TIG
weldments (Ref 26). Minor variations in the microstructural
phases could be attributed to slightly higher heat input due to
close circuit voltage variation during A-TIG and TIG welding
process.

The presence of widmanstatten ferrite, acicular ferrite, grain
boundary ferrite (GBF) and martensite was observed in the
HAZ of both weldments, and the same is presented in Fig. 8(b,
e) and Fig. 9(b, e). Adak et al. (Ref 25) reported that the
temperature in HAZ was around 910 �C. At these lower
temperatures, a significant ferritic-austenitic transformation
does not occur. Due to this, smaller proportions of martensite
were produced in HAZ during the cooling of austenite. The
lower heat inputs resulting from lower temperatures in HAZ
also regulate the formation of acicular ferrite and widmanstatten
ferrite generation. Thus, lower proportions of martensite,
acicular ferrite and widmanstatten ferrite were witnessed in
HAZ. Microstructural phases such as ferrite and perlite were
observed in the unaffected base metal of both weldments
(shown in Fig. 8(c, f) and Fig. 9(c, f)) (Ref 27). FE-SEM
analysis was carried out on TIG and A-TIG weldments by
acquiring micrographs at FZ, HAZ and base metal, as presented
in Fig. 8(g-i) and Fig. 9(g-i). The FZ and HAZ of both

Fig. 6 Schematics represent here (i) relation between surface tension and temperature, (ii) fluid flow and (iii) expected weld bead geometry; in
(a) without flux and (b) with flux condition

Fig. 7 Graph shows the variation of depth of penetration with the
heat input for TIG and A-TIG weldments
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weldments consist of grain boundary ferrite, widmanstatten
ferrite, martensite and acicular ferrite, whereas in the unaffected
base metal, the presence of ferrite and perlite was observed.

The microstructural phase distribution in the FZ of TIG and
A-TIG weldments is estimated through the Schaeffler diagram
by using chromium and nickel equivalents. FZ chemical
composition of the TIG and A-TIG weldments is presented in

Table 3. The chromium equivalent (Creq) and nickel
equivalent (Nieq) are calculated using Eq 2 and Eq 3 (Ref 28).

Creq ¼ %Cr þ %Mo þ 1:5%Si þ 0:5%Nb ðEq 2Þ

Nieq ¼ %Ni þ 30%C þ 0:5%Mn ðEq 3Þ

The Creq and Nieq equivalents for TIG weldments are 1.043
and 2.79, respectively. The Creq and Nieq equivalents for A-TIG
weldments are 1.133 and 3.01, respectively. The Creq and Nieq
equivalents values of TIG and A-TIG weldment suggest the
presence of ferritic–martensitic (F + M) combination in the FZ,
as shown in Fig. 10. The predicted microstructural phases using

the Schaeffler diagram are found to be in good agreement with
optical and FE-SEM microstructures.

XRD analysis was performed on TIG and A-TIG weldments
to detect phases present at the FZ, and the recorded spectra is
shown in Fig. 11. Figure 11 reveals that the a-Iron phase (BCC,
Ferrite) and martensite were the principal constituent witnessed
in TIG and A-TIG weldments (Ref 29, 30). In addition to this,
low-intensity cementite peaks were also observed in both
weldments. Other phases, such as austenite, were not detected
in the XRD patterns, it may be due to lower volume fractions.
The detected peak intensities in XRD analysis are used to
determine the volume fraction of the various phases present in
A-TIG and TIG weldments by using the normalized intensity
ratio (NIR) method (Ref 31). The NIR of the x phase is
determined from Eq 4 (Ref 28). In the NIR method, major
peaks are considered for calculating the volume fraction. The
calculated NIR values of various phases in TIG and A-TIG are
presented in Table 4. The fraction of ferrite (63.08%) and
martensite (33.81%) obtained by the NIR method in A-TIG

Fig. 8 Microstructures of TIG welded sample in (a, d & g) FZ, (b, e & h) HAZ and (c, f & i) unaffected base metal

Journal of Materials Engineering and Performance



weldments is in good agreement with the predicted ferrite and
martensite through the Schaeffler diagram.

NIRx¼
Ix�IbackPn

x¼1 Ix�nIback
ðEq 4Þ

During the FESEM analysis, a very small number of
precipitates were observed in the FZ of A-TIG and TIG
weldments. EDS analysis suggested that the precipitates were
mainly oxides of aluminum and ferrous, as shown in Fig. 12
and Fig. 13. The sizes of the aluminum and ferrous oxides were
found 2.5 ± 0.1 lm and 6 ± 0.1 lm, respectively. Aluminum
is generally used during the manufacturing of IRSM 41 steel to
remove excess oxygen (Ref 32). Therefore, it is expected that
traces of aluminum oxide observed during FESEM analysis are
because of the base metal composition (Table 1). Besides this,
inclusions enriched with Si, Ti, O, and Cr were also observed
(Fig. 14). The size of the inclusions found in A-TIG weldments

was 4 ± 0.3 lm. The presence of the inclusions in A-TIG
weldments may be attributed to the flux used during the A-TIG
welding. Similar inclusions were also reported by Wan et al.
(Ref 33). It is stated that the inclusions consisting of (Mn, Si, O,
Ti, and Al) promote the acicular ferrite generation, resulting in
improved hardness and strength of weldments. Hence, the
inclusions observed in A-TIG weldments of the current work
may contribute to improved hardness compared to TIG
weldments. On the other hand, the precipitates observed in
both weldments were very low in proportions and thus does not
have a significant influence on the mechanical properties (Ref
34).

3.3 Hardness Analysis

The hardness of A-TIG and TIG weldments was measured
in XX and YY directions, and the same is shown in Fig. 15(a).
The distribution of hardness across base metal, HAZ and FZ for

Fig. 9 Microstructures of A-TIG weld sample in (a, d & g) FZ, (b, e & h) HAZ and (c, f & i) unaffected base metal

Table 3 Alloying elements with predicted microstructure in the A-TIG and TIG weld fusion zone

Elements wt.% C Mn Nb Si Cr Ni Mo Creq Nieq Predicted microstructure

TIG 0.028 0.373 0.002 0.504 0.415 0.265 0.054 1.22 1.29 F + M
A-TIG 0.038 0.365 0.004 0.300 0.525 0.218 0.004 0.979 1.54 F + M
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both weldments is presented in Fig. 15(b). In both TIG and A-
TIG weldments, the hardness profile increases from the weld
center to the fusion line; afterward, it decreases toward the base
metal. The average hardness of FZ, HAZ and base metal for
TIG weldment were 221 ± 24 Hv, 200.8 ± 8 Hv and
176.7 ± 5 Hv, respectively. The average hardness measured
across FZ, HAZ, and base metal for A-TIG weldment were
255 ± 1 Hv, 221.3 ± 12 Hv, and 177 ± 5 Hv, respectively. In
both TIG and A-TIG weldments, FZ exhibits higher average
hardness than HAZ and base metal. The increased hardness of
the FZ could be attributed to the existence of martensite and
acicular ferrite (Ref 26). The presence of cementite in the FZ of
TIG and A-TIG weldments, as witnessed during the XRD
analysis, may also increase the FZ hardness. Relatively higher
hardness of A-TIG FZ compared to TIG FZ could be due to the
proportional change of martensite as observed during the
microstructural study. HAZ of both weldments exhibits higher
hardness compared with the base metal. The presence of
martensite and acicular ferrite in smaller proportions con-
tributes to the enhanced hardness in HAZ (Ref 35). In addition
to this, the weldments produced with A-TIG exhibit higher
hardness than the TIG weldments.

The hardness distribution from the top face to the root face
is presented in Fig. 15(c). In TIG weldments, the hardness was
decreased from the top face to the root face. Since FZ exists to a
certain distance from the top face, followed by HAZ and baseFig. 10 Schaeffler diagram representing fusion zone of A-TIG and

TIG weldments having different Cr-Ni equivalent coordinates

Fig. 11 X-ray diffraction patterns of the A-TIG and TIG fusion zone

Table 4 Relative phase intensities of different phases detected in the fusion zone of A-TIG and TIG weldments

Weldment Phase detected I1 I2 I3 Iback NIR%

TIG Ferrite 4500.98 … … 2 79.37
Martensite … 917.27 … 2 16.17
Cementite … … 264.03 4.65

A-TIG Ferrite 8496.62 … … 2 63.08
Martensite … 4554.87 … 2 33.81
Cementite … … 428.91 2 3.18
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metal, a considerable proportion of martensite and acicular
ferrite in FZ leads to a superior hardness than in the HAZ and
base metal. Hence, a decremental hardness profile is witnessed
from the top to the root face. Whereas, in A-TIG weldments, a
substantial difference in hardness distribution is not noticed

from the top face to the root face. Due to a thorough
penetration, the entire region from the top to the root face is
occupied with FZ. Existence of similar microstructural phases
with minor deviations in their proportion may be attributed to
the marginal variation in the hardness distribution.

Fig. 12 EDS analysis and area mapping of the ferrous oxide precipitates observed in TIG and A-TIG weld fusion zone

Fig. 13 EDS analysis and area mapping of the aluminum oxide precipitates observed in A-TIG and TIG weld fusion zone
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4. Conclusions

In the current work, TIG welding was conducted on IRSM
41 plates with and without the application of fluxes. Based on
the macrostructural, microstructural and hardness study, the
following conclusions are drawn:

• A reduced weld bead width and an enhanced depth of
penetration, depth/width ratio were noticed in weldments

produced with fluxes. The depth of penetration increased
to 226% in A-TIG weldments compared to TIG weld-
ments at the same welding process parameters.

• A full penetration of 8 mm was achieved in a single pass by
applying Flux 6 during the A-TIG welding of IRSM 41 plates.

• Arc constriction and reverse Marangoni convection are the
principal mechanisms contributing to a lower weld bead
width and higher depth of penetration in the A-TIG weld-
ments compared to the TIG weldments.

Fig. 14 (a & b) EDS analysis and area mapping of the inclusions observed in the fusion zone of the weldments
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• Microstructural study reveals the presence of martensite,
widmanstatten ferrite, acicular ferrite and grain boundary
ferrite in the FZ of TIG and A-TIG weldments. HAZ of
all the weldments contains ferrite, perlite, martensite,
GBF, AF, WF.

• Microhardness analysis elucidates that the average hard-
ness of the FZ of both TIG and A-TIG weldments was
higher compared to HAZ and base metal. The increased
FZ hardness was because of the existence of acicular fer-
rite, martensite and a smaller proportion of cementite.
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