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Abstract. NiTi wire coating was preplaced on super austenitic stainless steel (904L) for enhancing the surface
mechanical property. Melting of NiTi wire of 1 mm diameter formed a clad track on the 904L stainless steel
substrate using the TIG cladding process. The inﬂuence of TIG current on microstructure, phase formation,
micro-hardness and abrasive wear resistance characteristics of the clad surface have been investigated. The
maximum average micro-hardness of the NiTi clad layer was 952HV at current of 40 A which is 5.95 times
greater than the substrate material 904L. The EDS and XRD study of the NiTi coating layer conﬁrmed the
formation of NiTi, NiTi2, and B2 (NiTiFeCr) structure as major constituent phases and some intermetallic (CrFe-Ni) which improved the mechanical properties of the clad layer. The pin on disc type sliding abrasive wear of
the NiTi clad layer showed the improvement of wear resistance up to 8.83 times compared to the substrate 904L.
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1. Introduction
Super austenitic stainless steels (904L) are extensively used
in marine, petrochemical and nuclear applications due to its
excellent strength and high corrosion resistance and better
processibility. The component materials used in high speed
machines undergo adverse unfavorable working conditions.
The materials in manufacturing processing which are in
continuous contact with each other undergo huge loss of
energy and reduced component life due to continuous wear
and corrosion. Surface modiﬁcation by cladding process
has gained attention of many tribologist to improve the
surface property for wear and corrosion resistance applications. Stainless steels are prone to premature failure when
exposed to cavitation attack stating that they have low
cavitation erosion resistance [1]. With the presence of Mo,
Cr, Ni and Mn, super austenitic stainless steel 904L exhibit
speciﬁc properties of high corrosion resistance at moderate
and high temperature. 904L has improved material properties like weldability and formability compared to other
conventional stainless steels and nickel based super alloys.
Super austenitic stainless steels (904L) are important as
they bridge the gap between austenitic stainless steels and
*For correspondence

expensive nickel based super alloys when high corrosion
resistant material property required at high elevated temperature [2]. NiTi alloy consist of Ni and Ti in equal ratio
used in engineering and medical applications as they
exhibit speciﬁc characteristics namely shapes memory
effect, super-elasticity, high damping capacity, low stiffness, and high fatigue strength [3, 4]. They are biocompatible and used in medical implants and are widely used
nuclear, mining, aviation and naval industries as they
exhibit excellent corrosion and high wear resistance environmental sustainability [5]. The allurement of NiTi alloys
have increased due to its outstanding characteristics namely
shape memory effect and superelasticity. The market of
NiTi alloy is incommensurate compared with its performance and properties. NiTi alloys are costly materials with
poor machiniability when used as bulk [6].
The surface improvement plays a vital role in cost
reduction and enhancing the surface material properties for
speciﬁc applications of component materials. The advantage of the cladding process is to reduce the manufacturing
cost as the making of new component parts is not needed. It
also overcomes the scarcity of materials because less
material is required to develop coating layers on bulk of
substrate materials as the thickness of cladding layers is
rarely few micrometers. The coating materials exhibit hard
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and stiff metallic alloys, ceramics, polymers, etc. which
provide the designers a variety of choices for durable protection. Cladding enhances different properties corrosion/
wear resistance, enhanced surface hardness, modiﬁed surface texture, thermal/electrical insulation, enhanced wettability, etc. The stainless steel materials are not used in high
wear components as they are less prone to wear resistance.
The solution to the above problem may be the surface
property modiﬁcation of stainless steel like 904L material
components. Numerous works have been reported by many
researchers in the investigation of NiTi cladding on different grades of steel by various coating methods such as
tungsten inter gas (TIG), thermal spraying, plasma arc, high
velocity oxygen-fuel (HVOF), laser cladding, etc. Chiu
et al [7] investigated the coating of NiTi strips on the
substrate 316L stainless steel by laser cladding process and
also compared the clad surface properties with those of
NiTi powder coating on 316L. They observed that the
coated surface exhibits high hardness and high cavitation
erosion resistance. Lin et al [8] studied the cladding of
powder mixture of Ni, TiB2 and Ti on titanium alloys
(Ti6Al4V) by laser cladding. They studied the
microstructure, micro-hardness and fracture toughness of
the clad surface. Ozel et al [9] explored the plasma arc
cladding process of NiTi layer on austenitic stainless steel
(304L). They aimed to investigate the effect of varying
current on the NiTi clad layer microstructure properties
with argon as the shielding gas. Verdian et al [10] explored
the high velocity oxygen-fuel (HVOF) cladding process of
NiTi coating on AISI 1045 steel substrate. They performed
tafel polarization tests which showed that the corrosion
current densities of the HVOF cladding were equivalent to
NiTi alloys. Hu et al [11] investigated the laser coating of
martensitic stainless steel with micro-alloying element
vanadium with varying composition (0–1.0 wt%). They
observed that the vanadium micro-alloying improves the
mechanical properties like hardness and elongation of the
coated specimens and also the corrosion resistance
decreased signiﬁcantly with varying vanadium content.
Lepule et al [12] studied the inﬂuence of ZrO2 particle
dispersion of NiTi laser cladding on stainless steel 316L to
improve the wear and corrosion properties. Stella et al [13]
studied the NiTi cladding for developing the protective coat
on stainless steel substrates using vacuum plasma spraying
and developed the coating using both elemental powder
mixtures as well as pre-alloyed powder and characterized
the modiﬁed clad layer properties. Cheng et al [14] studied
the comparative analysis of Nd:YAG laser and TIG cladding of NiTi wire preplaced on stainless steel 316L in
continuous mode. They found that less defects and better
cavitation erosion and corrosion resistance characteristics
were produced in laser cladding comparatively. Chiu et al
[15] studied surface modiﬁcation of 316L stainless steel by
deposition of NiTi powders using Nd:YAG laser in continuous mode with an objective to enhance the cavitation
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erosion resistance. They found that the clad layer was free
of cracks and pores with improved micro-hardness of
700 HV. Chiu et al [16] also explored the cladding of NiTi
sheet of 1.2 mm thickness on the substrate 316L stainless
steel by microwave-assisted brazing process. They found
that it was economical, and feasible process for NiTi
coating on stainless steel (316L). Jeyaprakash et al [17]
investigated the coating of powders of Cobalt (Co-Cr-WC) and Nickel (Ni-Cr-B-Si-C) individually on stainless
steel 316L by laser cladding process using Yb:YAG laser.
They observed that the wear resistance of the Nickel clad
specimen was more than the Cobalt clad and the substrate
specimen with excellent improvement in the micro-hardness of clad layer with the presence of dendrite structure.
Li et al [18] explored the coating of alloying nitrogen
(0.14 wt%) on martensitic stainless steel by laser cladding
process and found that the coated surface consists of
martensite, austenite and precipitates of M23C6 and M2N
with improved mechanical properties and corrosion
resistance. Skhosane et al [19] studied the surface modiﬁcation of titanium alloy by the deposition of mixture of
powders of Niobium, Titanium and Nickel by laser cladding process to develop a high resistance coating. They
found that the hardness of the clad layer decreases with
increase in niobium content whereas the wear resistance
increases with increase in niobium content. Swain et al
[20] explored the coating of NiTi shape memory alloy on
mild steel substrate preplaced by atmospheric plasma
spray (APS) technique aimed to improve the surface
mechanical properties (hardness and wear resistance).
Khan et al [21] investigated the surface modiﬁcation and
component repair by laser assisted wire cladding process
with better surface ﬁnish and higher rate of material
deposition.
Among the several surface modiﬁcation methods commercially available, laser cladding process have already
been successfully applied for NiTi coating on different
grades of steels. Since the laser cladding becomes quiet
uneconomical in some speciﬁc applications as it is a
costly and complex surface modiﬁcation process whereas
TIG cladding is a cheap and simple coating process. TIG
cladding based welding process has become recently an
alternate and emerging surface modiﬁcation technique for
developing excellent coating characteristics namely wear
and corrosion resistance because it provides an excellent
metallurgical bond on the substrate material with cost
effectiveness and high wear resistance property [22].
Many research works have been carried in the area of TIG
cladding of stainless steel for surface property modiﬁcation of the coated layer. Singh et al [23] investigated the
deposition of WC10Co-4Cr powder on 304L stainless
steel using TIG heat source. They optimized the TIG
process parameters for achieving the high hardness and
wear resistance properties. Azwan et al [24] reviewed the
development of TIG surfacing of metallic materials. They
compared the coating of metallic materials by different
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processes namely TIG cladding, electron beam cladding,
laser cladding and thermal spraying. Raﬁei et al [25]
investigated the inﬂuence of addition of Si during cladding of NiAl and Ni2AlSi compounds on CK45 steel by
GTAW process. They found that the brittle fracture of the
clad layer transforms to ductile fracture with the addition
of Si. Lei et al [26] studied the TIG cladding of Co alloy
preplaced on 304L stainless steel for applications in
hydro-turbines components. They found that the clad layer
exhibit high hardness and better cavitation erosion resistance compared to the substrate due to the presence of
induced martensite and intermetallic compounds of Co.
Cheng et al [27] investigated the beginning trial for the
protection of 316L stainless steel by coating surface with
NiTi wire deposition using TIG heat source with an
objective of improving the cavitation erosion resistance.
Lailatul et al [28] explored the surface modiﬁcation of
duplex stainless steel by deposition of ﬁne SiC powder
preplaced using TIG heat source for making it suitable for
applicable in high temperature conditions and studied the
effect of current on coating properties and found that the
coated surface exhibit maximum hardness of 833.6 HV.
Garbyal et al [29] studied the composite cladding of
NiTi–W preplaced on titanium alloy (Ti–6Al–4V) using
TIG cladding process. They also compared the coating of
NiTi–W composite with the uncoated Ti6Al4V and
observed that the composite cladding showed eleven times
improved wear resistance than uncoated specimens.
Waghmare et al [30] investiagted the thick coating of
mixture of Ni and Ti powders deposited on titanium alloy
(Ti6Al4V) by TIG cladding process. They explored the
effect of processing current on NiTi coating characteristics
during the cladding process. Cameron et al [31] explored
the super elastic NiTi cladding on plain carbon steel
aiming to modify the wear, impact and resistance of
preplaced layer for application in oil and gas industries to
prevent premature failure of working parts. They observed
that the bulk coating of NiTi develops poor formability
and machinability. Wang et al [32] studied coating of
NiTi deposition on Ti6Al4V alloy by wire arc additive
manufacturing (WAAM) using gas tungsten arc welding
(GTAW) heat source. The NiTi layer was formed using Ni
and Ti wire separately supplied through the wire feeder.
They found the clad layer with improved hardness to
about 2.4 times than the substrate material (Ti6Al4V).
Prasad et al [33] investigated the cladding of NiTi deposition on titanium alloy (Ti6Al4V) using TIG heat source
to study the inﬂuence of overlapping of single line clad
and found that surface properties namely hardness and
wear resistance showed better results with higher overlapping percentage. Shi et al [34] studied the comparative
analysis for coating of NiTi with or without Ni interlayer
deposited on stainless steel by TIG cladding process with
an objective to improve the cavitation erosion resistance.
They observed that the coating of NiTi and NiTi-Ni by
TIG cladding process showed excellent cavitation erosion

Page 3 of 16

91

resistance with high micro-hardness and super-elasticity
compared to the substrate.
From the literature review presented so far, it has been
observed that several researchers have attempted to develop
the NiTi coating on different substrate materials but no
speciﬁc efforts have been addressed on TIG cladding of
NiTi wire on super austenitic stainless steel (904L). The
present investigation aims to deposit a NiTi wire clad layer
preplaced on super austenitic stainless steel (904L) by TIG
cladding process for surface property modiﬁcation. The
objective of the present research work is to study the effect
of TIG current on the formation of NiTi clad layer and its
microstructure and mechanical properties namely microhardness, nanoindentation and sliding wear resistance were
analyzed in depth.

2. Experimental details
In the present experimental study, super austenitic stainless
steel (904L) of 1.6 mm thickness was taken as the substrate
material and NiTi wire of 1 mm diameter as the clad
material. The cladding of NiTi wire deposition on super
austenitic stainless steel (904L) was done using tungsten
inert gas (TIG) as heat source. The chemical composition of
904L stainless steel (substrate) and NiTi wire (clad material)
measured by energy dispersive X-ray (EDX) as shown in
table 1. Prior to the cladding process, the substrate material
(904L) and NiTi wire were polished with 420 grit size SiC
emery paper, cleaned and rinsed with acetone to remove the
oxides deposited on surface. For producing high intensity arc
during the cladding process, a TIG machine (Model: HiTech, WSME 315B) was used in the experimentation.
Figure 1 shows the pictorial representation of the TIG
cladding experimental set up. Speed controller PUG machine
was coupled with the TIG torch for providing the scan speed
during the deposition of NiTi wire on 904L. Small pieces of
substrate material (904L) of dimensions 50 mm 9
25 mm 9 1.6 mm were cut and ﬁrmly clamped in a ﬁxture
to reduce the distortion and movement of the specimens
during the cladding process. The feeding of NiTi wire was
done manually to achieve a few mm deposition thickness
over the substrate 904L stainless steel material. For obtaining
the desired TIG process parameters with high intensity arc
suitable for NiTi wire deposition, several trials have been
done. Experimental condition and TIG welding machine
speciﬁcation for the NiTi wire cladding process considered
in the current study is shown in table 2. The deposition of
NiTi wire on substrate (904L) stainless steel were carried out
at constant scanning speed of 7 mm/s, constant voltage of
15 V and with varying TIG current (40–60 A). The melt
pool was shielded with an argon gas (99% pure) with a ﬂow
rate of 10 l/min.
Further the NiTi wire coated specimens were prepared as
per ASTM for metallographic examination. The clad
specimens were cut with wire EDM along the transverse
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Table 1. The chemical composition in wt% of 904L substrate and NiTi wire chemical composition in wt%.
Grade

C (wt%)

Si (wt%)

Mn (wt%)

P (wt%)

S (wt%)

Cr (wt%)

Mo (wt%)

904L
NiTi

0.0710
–

0.1900
–

1.2
–

0.0175
–

0.002
–

20.11
–

4.232
–

Ni (wt%)

Cu (wt%)

23.12
55

1.16
–

Ti (wt%)
–
45

Fe (%)
Bal.
–

Figure 1. Pictorial view of the TIG cladding showing experimental set-up.

Table 2. Experimental condition and TIG machine speciﬁcation.
Cladding Parameters
Electrode Type
Electrode work standoff
distance
Polarity
Scan Speed
Current
Arc Voltage
Shielding gas
Argon gas ﬂow rate

Value
Thoriated Tungsten (2 mm
diameter)
3 mm
Direct Current Electrode Negative
(DCEN)
7 mm/s
40–60 A
15 V
Argon (99%Pure)
10 l/min

section and mounted using cold mounting powder and
liquid hardener and were also polished with different grades
(200–1500 grit size) of silicon carbide. They were further
mirror polished on velvet cloth using abrasives like alumina

and colloidal silica of 0.25 and 0.03 micron size respectively and also cleaned with acetone in an ultrasonic cleaner. The polished specimens were etched with speciﬁc
etchants for analyzing the microstructure of NiTi clad layer,
intermediate zone and the substrate (904L). The Kroll’s
reagent (92 ml distilled water, 6 ml HNO3, and 2 ml HF)
was used for etching the NiTi clad layer whereas the
intermediate zone and the substrate material (904L) were
etched by Glyceregia (15 ml HCl, 2 ml glycerol, 5 ml
HNO3). The microstructural analysis of the NiTi clad layer,
intermediate zone and the substrate layer were examined
using Leica optical microscope (Model: Leica DMLM) and
FESEM (Model: ZEISS EVO 60). The mechanical properties of the modiﬁed surface namely micro-hardness,
nanoindentation and wear resistance of the clad region and
the as-received substrate material were analyzed. The
micro-hardness of the transverse section of clad specimens
were measured by using vicker’s micro-hardness tester
(Model: UHL-VMHT) at constant load of 0.98 N and dwell
time of 15 s.
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The nanoindentation characteristics of the NiTi clad
layer and the as-received NiTi wire and substrate super
austenitic stainless steel (904L) were measured using a
nanoindentation tester (Model: TI-950 TriboIndenter)

Table 3. Operating condition for sliding abrasive wear test.
3.5 mm 9 3.5 mm
10 N
100 rpm
250 mm/s
5 min
Al2O3

Rectangular Pin size
Normal Load
Disc RPM
Sliding velocity
Test duration
Abrasive disc
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with the maximum load of 200 mN and the loading time
of 10 s. The nanoindentation tests were carried out to
measure the super-elasticity behaviour of the clad material. The wear resistance of the clad specimens were
measured through abrasive sliding wear test using pin on
disc type machine. The specimens of dimension
3.5 mm 9 3.5 mm and varying thickness (2.1, 2.2 and
2.3 mm) were cut from the NiTi clad specimens and
pasted on the wooden block of 20 mm 9 4 mm 9 4 mm
and was ﬁxed in the pin holder of the sliding wear test
machine. The NiTi clad specimens were slide against the
Al2O3 abrasive disc of ﬁne grade rotating on pin on disc
type. Table 3 shows the operating condition for the
sliding wear abrasive test performed for measuring the

Figure 2. Optical microstructure of NiTi wire clad specimens on super austenitic stainless steel (904L) substrate at varying welding
current (a) 40 A, (b) 50 A and (c) 60 A.

Table 4. Showing the coating layer, HAZ and interface zone width at varying applied current (40–60 A).
Exp. No.
1
2
3

Applied current (A)
40
50
60

Clad width (mm)

HAZ width (lm)

Interface zone width (lm)

0.464
0.572
0.667

87.32
111.814
132.706

0.554
0.682
0.877
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Figure 3. Showing the optical microstructure for (a) clad specimen showing distinct layer at magniﬁcation of 50X. (b) Substrate 904L
(super austenitic stainless steel). (c) HAZ of clad specimens at 50 A. (d) Interface layer of clad specimens at 40 A. (e) Interface layer of
clad specimens at 50 A. (f) Interface layer of clad specimens at 60 A.

wear resistance property of the NiTi clad layer. The
sliding wear test was performed for both the coated and
uncoated specimens under similar test conditions for the
comparative analysis. The wear value of the clad specimens were analyzed by measuring the height loss during
the wear test using a Vernier Caliper and the progressive
wear against the test time was also recorded using data
acquisition system.

3. Result and discussion
3.1 Microstructure study
The microstructural characterization of the transverse section of the NiTi clad layer on super austenitic stainless steel
904L substrate have been discussed in this section. NiTi
wire melts and deposits over the substrate (904L) using a
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Figure 4. Showing the optical microstructure for bottom surface of NiTi clad layer adjacent to interface zone at varying applied current
(a) 40 A, (b) 50 A and (c) 60 A.

moving TIG heat source. The melt pool rapidly solidiﬁes by
dissipating the heat as a combined result of conduction and
convection and forming a clad layer with NiTi as major
intermetallic constituents. The depth and the width of the
deposited NiTi clad layer varies with varying TIG current
which have been analyzed through microstructural characterization. The microstructure of 904L clad specimens at
varying welding current (40–60 A) and constant voltage of
15 V and scan speed of 7 mm/s is shown in Figure 2. Four
different regions namely clad layer, interface region, heat
affected zone (HAZ) and substrate layer have been observed
in each NiTi clad specimens as shown in Figure 2. Similar
different zones in the clad specimens by TIG cladding process have also been observed by Ozel et al [9] and Shi et al
[34]. Table 4 shows the width of the clad thickness, interface
layer and HAZ width varying applied current. It has been
observed that the width of the clad layer, interface layer and
HAZ width increases with increase in applied current as
shown in table 4. It was found that the width of the NiTi clad
thickness layer was 0.464 mm, 0.572 mm and 0.667 mm for
40, 50 and 60 A respectively.
Figure 3(a) shows the optical microstructure of the clad
specimens showing distinct layer at magniﬁcation of 50X.

The substrate material 904L mainly consists of austenite
phase as shown in Figure 3(b). The HAZ adjacent to the
substrate and interface layer consists of small grains of
tetragonal phase marked as ‘‘A’’ consisting of austenite in
NiTi phase as shown in Figure 3(c). The optical
microstructure of the interface zone in the clad layer at
varying applied current is shown in Figures 3(d) to (f). The
interface zone mainly consists of NiTi phase and B2
structure (NiTiFeCr). The coarse grains have been observed
at high TIG current compared to low current. The
microstructure of the interface zone is fairly homogeneous
distributed. The difference in the grain size of the
microstructure at low and high TIG current is due to the
difference in cooling rate at low and high current. The
cooling rate affects the grain size of the microstructure. Due
to change in the TIG current heat input varies and therefore
the cooling rate changes. The change in heat input affects
the microstructural phase change due to change in the
cooling rate. The cooling rate becomes faster at low heat
input and it becomes slower at high heat input, and
microstructural features change accordingly [35]. At low
heat input, cooling rate is relatively higher with steep
thermal gradients and providing less time for the grains to
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Figure 5. FESEM image showing the microstructure of the NITi clad layer formed by TIG cladding method at applied current of
(a) 40 A, (b) 50 A, (c) 60 A and (d) Microstructure image of the interface zone adjacent to the NiTi clad layer taken at higher
magniﬁcation of 2500X.

grow whereas at high heat input, cooling rate is slow which
allows sufﬁcient time for the grains to grow [36].
Figure 4 shows the optical microstructure for bottom
surface of the NiTi clad layer adjacent to interface layer at
varying TIG current (40–60 A). The presence of leaf like
dendritic structure in the bottom surface of the NiTi clad
layer is clearly visible as shown in Figure 4. The leaf like
structure mainly consists of NiTi and NiTi2 phase as shown
in Figure 4(c). The grain size are smaller in bottom surface
of the NiTi clad layer adjacent to the interface layer. This
may be possibly due to higher cooling rate in this region.
The effect of recrystalization have also been observed
during TIG cladding process at varying current (40–60 A)
as the grains in the bottom surface of the NiTi clad layer are
ﬁne and nucleated at TIG current of 40 A as shown in
Figure 4(a) whereas the grains become coarse at TIG current of 60 A as shown in Figure 4(c). No cracks or pores
and no any inclusions were observed both in the coating
layer and the interface zone indicating the effective
shielding gas and proper joining of NiTi interlayer with the
substrates interlayer. Small pores were found in the NiTi
coating layer developed by TIG cladding process as

reported by Kim et al [37] due to poor shielding gas
applied.
Figure 5 shows the ﬁeld emission scanning electron
microscope (FESEM) microstructure image of the clad
layer-substrate interface of NiTi wire deposition on the
substrate super austenitic stainless steel 904L formed by
TIG cladding process at varying TIG current (40–60 A).
All the four distinct layers (Substrate, HAZ, Interface and
NiTi clad layer) of the clad specimens at varying processing current are clearly visible as shown in Figures 5(a) to
(c). There were no any presence of cracks and pores found
in the clad layer zone which shows the signiﬁcance of
strong bond formed characteristics. The clad layer-substrate
interface developed without having any cracks and pores
showed excellent metallurgical bonding strength have also
been observed by Gao et al [38]. It has been also observed
that the NiTi wire deposition clad layer width also increases
with increase in applied TIG current as shown in Figures 5(a)–(c). Figure 5(d) shows the FESEM microstructure
image of the interface zone adjacent to the NiTi clad layer
taken at higher magniﬁcation of 2500X. The interface layer
consists of eutectic phase, NiTi phase and B2(NiTiFeCr)
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Figure 6. FESEM image showing the microstructure of top surface of the NiTi clad zone formed by TIG cladding process at varying
applied current (a) 40 A, (b) 50 A and (60) A.

structure as shown in Figure 5(d). The FESEM
microstructure image of top surface of the NiTi clad zone
formed by TIG cladding process at varying TIG current is
shown in Figure 6. The top surface of coated layer mainly
consists of NiTi phase and Cr2Fe7Ni as shown in Figure 6(c) and secondary phases of NiTi3 are also present. Ti
rich (Ni,Fe)Ti precipitates are visible in the coated layer.
The grains become coarse with increase in TIG current due
to decrease in cooling rate with increase in applied current.
The phases present in the clad layer have been further
characterized by XRD analysis.
The change in the concentration (wt%) of alloying elements in the NiTi clad layer produced by TIG cladding
have been characterized by energy-dispersive X-ray spectroscopy (EDX). The FESEM micrograph image with EDX
spectrum taken at three points in the NiTi clad zone,
interface layer and HAZ layer of TIG clad specimen at
applied current of 40 A is shown in Figure 7. EDX for NiTi
clad layer as denoted by point 1consists of 29.42% Ti,
10.67% Cr, 36.84% Ni and Fe 21.31% and this composition
correspond to NiTi phase and Cr-Fe-Ni phase. EDX for
interface layer represented by Point 2 consists of 18% Ti,
15.48% Cr,35.48% Ni and 28.45% Fe and correspond to
NiTi Phase and B2 (NiTiFeCr) structure phase whereas the

EDX for HAZ layer represented by point 3 consists of 16%
Ti, 17.39% Cr, 24.33 Ni and 39.85% Fe correspond to
tetragonal phase consisting of austenite in NiTi.
The change in alloying element composition have also
been analyzed at varying TIG current (40–60 A). The NiTi
wire deposit along the transverse section of the clad layer
have been analyzed through the composition proﬁle drawn
from top surface of NiTi clad layer to the substrate. The
main constituents elements present in the clad layer are
uniformly distributed indicating the thorough mixing of the
constituents in the melt pool during TIG cladding process.
Figure 8 shows the composition proﬁle (wt%) of the elements (Ni, Ti, Fe, Cr and Mn) along the transverse section
of the NiTi clad layer formed by TIG cladding method at
varying applied current (40–60 A). Ni, Ti, Fe and Cr are the
major constituent elements present in the clad layer. The
wt% of Ni and Ti decreases from the NiTi clad surface to
substrate 904L whereas Fe increases towards the substrate
along the transverse section of the clad specimens. The
wt% of Mn changes marginally and the wt% of Cr increases
less compared to Ni and Ti. It has been observed that the
wt% of Ni and Ti decreases with increase in TIG current
(40–60 A) in the clad layer whereas the wt% of Fe
increases with increase in current as shown in
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Figure 7. FESEM micrograph with EDS spectrum at three points in the NiTi clad zone, interface layer and HAZ layer of TIG clad
specimen at applied current of 40 A.

ﬁgures 8(a) to (c). On the other hand, the change in the wt%
Cr is very less with increase in TIG current. The variation
in the wt% of element composition along the transverse
section of the clad layer has great inﬂuence in improving
the mechanical properties of the coated specimens.

3.2 XRD study
The X-ray diffraction (XRD) investigation of the as-received NiTi wire, super austenitic stainless steel 904L and
the clad specimens have been carried out in this section to
study the crystallographic structure at various positions
(2h°). The XRD pattern peaks of the base metal NiTi wire,
904L and clad specimens are shown in ﬁgures 9(a), (b) and
(c), respectively measured in the range of 20 to 90°. The
XRD spectrum peaks represents the different phases present in the as-received parent materials and the NiTi clad
layer, characterized by hkl values containing and reﬂections
matched with ICDD PDF-2 reference database of High
Xpert available. XRD pattern peaks of NiTi wire consists of
NiTi and Ni phase characterized by hkl values containing
(011) and (112) reﬂections matched with reference data
available at different angles as shown in ﬁgure 9(a). Super
austenitic stainless steel (904L) shows the peaks of mainly
austenites characterized by hkl values of (111) and (110)

and (220) as shown in ﬁgure 9(b). Figure 9(c) shows the
XRD peaks of NiTi wire deposits on 904L substrate varying TIG current (40–60 A). From the XRD pattern peaks
for the clad specimens at varying current, it has been found
that, peak intensity of the XRD spectrum available
decreases with increase in TIG current as shown in ﬁgure 9(c). The different phases namely NiTi, B2(NiTiFeCr)
structure, titanium rich (Ni,Fe)Ti and Cr2Fe7Ni are already
observed in the TIG clad specimens observed from the
micro-structural characterization. The presence of these
phases have also been conﬁrmed by the XRD pattern peaks
measured at different TIG current and also the peak
intensity varies with change in TIG current as shown in
ﬁgure 9(c).

3.3 Mechanical properties
3.3a Hardness property: The hardness of the clad specimens and the substrate 904L were measured using vicker’s
micro-hardness tester at a constant load of 0.98 N and
dwell time of 15 s. Figure 10 shows the micro-hardness
proﬁle of the coated layer from the top surface of the NiTi
clad layer towards the substrate 904L along the transverse
section formed by TIG cladding process at varying applied
current (40–60 A). It has been observed that the micro-
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Figure 8. Composition variation proﬁle of the elements (Ni, Ti,
Fe, Cr and Mn) along the transverse section of the clad specimens
by TIG cladding process at TIG current of (a) 40 A, (b) 50 A and
(c) 60 A.

Figure 9. XRD spectra peaks for (a) as-received NiTi wire,
(b) as-received substrate 904L and (c) NiTi clad specimens at
varying applied current (40–60 A).
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Figure 10. Variation of micro-hardness proﬁle from the top
surface of the NiTi wire coating towards the 904L substrate of the
NiTi clad layer formed by TIG cladding process at varying applied
current.

hardness of the clad layer along the thickness in the
transverse section decreases gradually from the top layer of
the clad surface towards the substrate and becomes equal to
hardness of the substrate 904L. The micro-hardness of the
NiTi clad layer is improved nearly 5.95 times than the
substrate material 904L. The hardness of the top surface of
NiTi clad region varies in the range (952–854 HV) whereas
for the substrate material 904L is 160 HV. The super austenitic stainless steel (904L) mainly consists of austenites
(c) whereas the NiTi centre clad region basically consists of
B2 (NiTiFeCr), titanium rich (Ni,Fe)Ti, and NiTi phases
which are hard phase and mainly are responsible for the
increase in hardness of the NiTi clad layer. One of the
reason for increasing the micro-hardness of the clad layer
may be the rapid solidiﬁcation of the melt pool during NiTi
wire deposition.
It has also been found that the micro-hardness of the NiTi
clad layer decreases with increase in TIG current as shown
in ﬁgure 10. This may be due to the effect of dilution and
cooling rate. The effect of dilution between the substrate
and clad material may be one of the reasons for change in
micro-hardness with change in TIG current. The dilution of
the substrate material with coated is limited and also distinctly available whereas at high current, the extent of
dilution is reasonably high comparatively, which causes the
gradual change in the composition of the NiTi clad layer
and causing reduction in the micro-hardness value with
increase in applied current. The hardness is also inﬂuenced
by the change in cooling rate with increase in TIG current.
The cooling rate is low at high current which causes lower
hardness whereas the cooling rate is high at low current
which causes higher hardness. The variation of microhardness along the thickness of clad layer is also inﬂuenced

by the different phases present and their size and distribution within the depth of clad thickness.
The embrittlement of the coated surface increases in the
bonding of Ni and Ti alloys to steels with the formation of
brittle intermetallic phases [39]. The formation of cracks
formed at the location of indentation performed can give a
quantitatively or qualitatively idea of brittleness or fracture
toughness [40, 41]. The indentation performed during
micro-hardness test at varying TIG current (40–60 A) for
different locations (clad layer, interface zone and substrate)
is shown in ﬁgure 11. No cracks were observed in the
vicker’s hardness indentation image which shows that the
coating layer exhibit toughness with high hardness and
capable of withstanding heady deformation loads. These
results clearly show that these NiTi clad specimens may be
used as cutting and grinding tool. The change in microhardness in different regions of clad surface have been also
observed from the indentation image showing the NiTi clad
surface having the maximum hardness with minimum size
of indent whereas the substrate region having minimum
hardness with maximum indent size as shown in ﬁgure 11.
3.3b Nanoindentation tests: The nanoindentation test
have been carried out for as NiTi wire, substrate 904L and
clad specimens at varying TIG current with a maximum
load of 200 mN and loading time of 10 s for comparative
analysis of deformation properties. The load displacement
curves in nanoindentation tests for as-received NiTi wire,
substrate 904L, NiTi coated specimens at varying TIG
current are shown in ﬁgure 12. With the maximum displacement reached in the load displacement curve showed
that the NiTi clad specimens were much harder than the asreceived NiTi wire and substrate 904L. The elastic recovery
(fraction of maximum displacement recovered during
unloading) measured for as-received NiTi wire was 0.42
and for substrate 904L was 0.1. whereas for the NiTi clad
specimens varied in the range of 0.24–0.29. It has been
observed that the elastic recovery decreases with increase
in applied TIG current.
3.3c Abrasive Wear behavior: The wear characteristics
of the NiTi clad layer developed on substrate 904L have
been analyzed through sliding abrasive wear test. The
coated specimens and the as-received 904L were slide
against the abrasive disc of Al2O3 and the reduction in the
height loss of the clad specimens were measured for analyzing the wear resistance. Figure 13 shows the comparative analysis of wear value (height loss) of as-received
904L substrate and the NiTi clad layer formed by TIG
cladding process at varying TIG current (40–60 A). The
plot shows that wear height loss for the NiTi coated specimens are signiﬁcantly lower than as-received substrate
material (904L). The wear loss for the NiTi clad layer is
8.83 times less than the 904L substrate material. The wear
loss of NiTi clad layer is found in the range of
0.078–0.280 mm whereas wear loss for 904L is 0.693 mm.
It has been also found that the wear height loss of the clad
specimens gradually increases with increase in applied
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Figure 11. Shows the images of indentation performed at different locations (clad layer, interface zone and substrate) during microhardness testing with load of 0.98 N at varying applied current (a1-c1) for applied current of 40 A, (a2-c2) for applied current of 50 A and
(a3-c3) for applied current of 60 A.

current (from 40 to 60 A) during the TIG cladding process.
In the sliding wear test against the abrasive disc, the
induced force exerted by the Al2O3 abrasive particles
removes the materials from the test specimen by scratch
indentation and hence the height of the wear test specimen
reduces signiﬁcantly. Therefore more the hardness or
indentation scratch resistance value of a material, lower
will be the wear height loss. The NiTi clad layer has lower
wear height loss due to high indentation scratch resistance
whereas substrate (904L) has greater wear height loss due
to low indentation scratch resistance because the microhardness of the NiTi clad layer is comparatively very high
than substrate (904L). Further with increase in TIG current,
the percentage of Ni and Ti decreases in the clad layer and
produces a solid solution of NixTiy or some intermetallic
having relatively lower hardness value. Consequently the

wear loss of the coated specimens increases with increase in
TIG current during the cladding process.
The progressive wear value (height loss) of the clad
specimens have been measured through a data acquisition
system attached with sliding wear pin on disc set up and the
curve for combined height loss against sliding time was
plotted as shown in ﬁgure 14. The cumulative wear or
height loss of NiTi clad layer produced by TIG cladding
process at varying applied current (40–60 A) and as
received 904L substrate against abrasive disc with 10 N
normal load, sliding speed of 250 mm/s, and time duration
of 5 min is shown in ﬁgure 14. From the plot it has been
also observed that the ﬁnal wear loss values for all cases are
almost concurrent with the wear height loss measured by
the Vernier caliper as shown in ﬁgure 13 as wear loss
increases with increase in TIG current. The plot also shows
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Figure 12. Showing the Load–displacement curves in nanoindentation tests for as-received NiTi wire, substrate 904L, NiTi
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Figure 14. Cumulative wear or height loss of NITi clad layer
formed by TIG cladding process at varying applied current and as
received 904L substrate against abrasive disc with 10 N normal
load, sliding speed of 250 mm/s, and time duration of 5 min.
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Figure 13. Comparative analysis of abrasive wear value (height
loss) of the NiTi clad layer formed by TIG cladding process for
varying applied current (40–60 A), and as-received 904L
substrate.

Figure 15. Variation of wear value (height loss) of the NiTi clad
layer formed by TIG cladding process for varying normal load (5,
10, 15 and 25 N).

the uniform and steady enhancement in the wear value for
all the clad specimens which indicates the presence of
uniform wear for the clad specimens.
The effect of normal load on the wear characteristic of
the NiTi clad specimens have been also analyzed for the
selected coated specimen at 50 A at varying normal load (5,
10, 15 and 25 N) and at constant sliding speed of 250 mm/s
and time of 5 min conditions with other wear test parameters remaining unchanged. The variation of wear value
(height loss) of the NiTi clad layer under different load
conditions is shown in ﬁgure 15. It has been observed that

the wear rate of the clad samples increases with increase in
applied normal load because the NiTi clad layer removes at
faster rate with increase in abrasion effect at high load
conditions. The cumulative height loss of the NiTi coated
specimens, measured by the data acquisition system during
the TIG cladding process at different normal loads (5, 10,
15 and 25 N) is shown in ﬁgure 16. The plot shows the
linear wear trend with increase in applied normal load.
With increase in normal load, the abrasion effect (removing
of coated layer by abrasive particles) enhanced and the
abrasive wear rate increased drastically.
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6) The wear height loss of NiTi clad layer increases with
increase in TIG current and the wear rate of the NiTi
clad layer increases with increase in normal load.
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Figure 16. Cumulative height loss of the NITi clad layer formed
by TIG cladding process at applied current of 50 A and variable
normal load 5,10, 15 and 25 N).

4. Conclusion
In the present study, cladding of NiTi wire preplaced on
super austenitic stainless steel (904L) by TIG cladding
process have been carried out. The investigation aimed to
study the effect of TIG current on the formation of NiTi
clad layer at different TIG process parameters to improve
the surface property. With the improved signiﬁcant results,
NiTi clad specimen can be used as a cutting and grinding
tool for industrial applications. These results clearly show
that these NiTi clad specimens may be used as cutting and
grinding tool. Based on the experimental work performed
the following observation can be concluded:
1) Uniform and defect-free NiTi clad layers have been
successfully preplaced on substrate 904L using TIG
cladding method. The clad layers formed were dense
without the presence of any cracks, pores, and
inclusions.
2) The mechanical property of the clad layer have been
improved signiﬁcantly due to the presence of Ti rich (Ni,
Fe) Ti precipitates and B2 phase consisting of NiTiFeCr
in the centre region of the NiTi clad layer.
3) The micro-hardness of NiTi clad layer is improved 5.95
times than the substrate material 904L. The hardness of
the top surface of NiTi clad region varies in the range
(952–854 HV) whereas for the substrate material 904L
is 160 HV.
4) The average micro-hardness of the NiTi clad layer
decreases with increase in TIG current.
5) The wear loss for the NiTi clad layer is 8.83 times less
than the 904L substrate material. The wear loss of NiTi
clad layer is found in the range of 0.078–0.280 mm
whereas wear loss for 904L is 0.693 mm.
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