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https://doi.org/10.18280/acsm.480614 ABSTRACT

Nowadays, surface modification of austenitic stainless steels has become a necessity for
the scientific and industrial communities. Cladding made of tungsten inert gas (TIG) is
one efficient way to modify the surfaces of these steels. The study aims to probe the
influence of TIG cladding current intensities (80-160A), and thus heat energy input on
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microstructures of NiTi coatings deposited on AlISI-316 austenitic stainless steel. 1 mm
diameter pre-placed NiTi wires with a cladding travel speed of 87 mm/min. were used to
deposit a distinct clad layer-substrate interfacial bonding in all the coated samples.
Scanning electron and optical microscopies revealed different microstructures
throughout the clad layers, mostly NiTi-based solid solution dendrites with minor phase
precipitates distributed through the matrix. The energy dispersive spectroscopy proved
that the amounts of chromium and iron elements diluted from the substrate into the
molten NiTi layer increase (53.9 wt.% and 13.7 wt.% respectively) with increasing
cladding current intensity at the expense of Ni and Ti contents. The diluted elements can
lead to the formation of a B2 (NiTiFeCr) dendritic structure during solidification. X-ray
diffraction testing revealed the presence of different phases and compounds forming the

Keywords:
dendritic solidification, TIG cladding, NiTi
coatings, 316 austenitic stainless steel

coating layers mainly NiTi solid solution, y(Fe,Ni), Cro.1gFeo.7Nio.11 and Cri.3sF€o.52.

1. INTRODUCTION

Stainless steels are important alloys because of their special
and demanding qualities. Their significance is demonstrated
by the range of uses they have, from straightforward ones like
furniture and Kkitchenware to highly intricate ones like
spacecraft and construction applications. The three main
microstructure types of stainless steels are ferritic, austenitic
and martensitic. These three main microstructures can be used
to categorize stainless steels into a number of major classes.
Precipitation hardening, duplex, martensitic, ferritic, and
austenitic stainless steels are among them [1, 2]. Their
mechanical, chemical and physical characteristics differ
according to their chemical compositions. However, austenitic
stainless steels are characterized by their ability to produce a
self-protective oxide layer and resist corrosion, as well as by
having a higher chromium content that improves resistance to
oxidation and corrosion [3].

Austenitic stainless steels contain a minimum of 16%
chromium and 6% nickel. 18/8 is the most often used
austenitic stainless steel that contains 18% Cr and 8% Ni.
Additional elements such as molybdenum, titanium, and/or
copper can be added to modify or enhance their properties,
making them suitable for many critical heat and corrosion
resistance applications [4]. However, there are also many
industrial components work continuously in severe conditions
such as high temperatures and stresses, cyclic forces, high
pressure and impacts, which can result in components wear
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and damage. In order to improve the efficiency and increase
service life, surface modification of austenitic stainless steels
has recently become necessary for the scientific community
because the surface properties of wettability, adhesion,
hardness, corrosion and wear resistance of new materials are
frequently inadequate. Furthermore, it is difficult to find an
alloy with a different surface behavior than the bulk for
various reasons. In order to improve properties in metals and
alloys to be suitable for severe environments, strategies of
surface modification depend on a direct action on the
metal/alloy or incorporating coatings provide these properties
or functionalize its surface for complex requirements have to
be applied [5].

NiTi (also named as Nitinol) is an intermetallic compound
consists of Ni and Ti in almost equal ratio. It has been used in
numerous non-medical and medical applications [6-8]. This
broad range of uses may be due to one or more of NiTi's unique
characteristics, including its shape memory effect, super
elasticity, high fatigue strength, high damping capacity, high
corrosion resistance and strong biocompatibility [9]. In
addition to having corrosion resistance similar to that of
austenitic stainless steels, NiTi has been shown to have very
good cavitation erosion resistance [9-13]. When utilized in
bulk, NiTi alloys are expensive materials that are difficult to
machine [14]. For certain component material applications,
surface enhancement is essential for improving surface
material qualities and lowering costs. Because no new
component parts need to be made, the cladding process has the
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advantage of lowering production costs. Additionally, because
cladding layers are rarely thicker than a few micrometers, less
material is needed to create coating layers on large quantities
of substrate materials, overcoming the material shortage [9].
Cladding improves a number of qualities, such as increased
surface hardness and resistance to corrosion and wear. Due to
their lower wear resistance, stainless steel materials are not
utilized in high-wear components. Modifying the surface
properties of stainless steel material components could be the
answer to the aforementioned issue. Researchers investigating
NiTi cladding on various grades of austenitic stainless steels
using tungsten inter gas (T1G) and laser cladding have reported
a number of works [15-18].

The TIG coating procedure builds up or adds a new layer to
the substrate surface is commonly used to improve a
substrate's surface qualities, including hardness and wear
resistance. Other popular coating techniques, such electron
beam coating and laser coating, alter the surface characteristics
by simultaneously melting the coating and substrate. However,
the usage of laser cladding is limited by the varied rate at
which the laser beam is absorbed by various coatings, and the
complicated parts created by laser cladding are costly and
require sophisticated machinery. Fortunately, compared with
other cladding processes, TIG cladding offers reduced
equipment and maintenance costs, lower dilution ratio, greater
deposition rate and ease of use. It is also suitable for a wide
range of materials, easy to transport and widely available. In
addition, both manual and automated operations can be
employed [19]. Figure 1 shows the TIG cladding's primary
function [20].

To the best of the author's knowledge, the only work that
has employed the TIG approach to deposit NiTi clad layers on
AISI 316 austenitic stainless steel substrates is Cheng et al.'s
2003 study [21], but manually using a 2 mm diameter NiTi
filler wire. The deposit was mainly composed of a NiTi-based
alloy with Fe and Cr in solid solution, together with some
second phase particles.

In 2021, Kumar et al. [18] applied a 1 mm diameter NiTi
wire coating to super austenitic stainless steel (904L) using the
TIG cladding process. The feeding of NiTi filler wire was done
manually to achieve a few mm deposition thickness. The effect

of TIG current on the microstructure and phases formation of
the clad surface were investigated. The EDS and XRD study
of the NiTi coating layer confirmed the formation of NiTi,
NiTi2 and B2 (NiTiFeCr) as major constituent phases in
addition to some intermetallic (Cr-Fe-Ni).

The study aims to explore the effect of using various TIG
cladding current intensities (80-160A), and thus heat energy
input on the microstructures of NiTi coatings automatically
deposited on AISI-316 austenitic stainless steel using 1 mm
pre-placed NiTi wires.
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Figure 1. TIG cladding's primary function [21]

2. SPECIFICATIONS OF THE MATERIALS

Austenitic stainless steel AISI 316 plates of 10 <70 mm
were used in this experiment. Table 1 displays the chemical
composition of the austenitic stainless steel plates that were
utilized as substrates in this investigation in accordance with
The American Institute of Iron and Steel (AISI) [22]. The
components (substrates) that would be coated were made from
the raw material, each piece had a length of 100 mm. The
Spectro Max Metal Analyzer instrument was used to analyze
the raw material's chemical composition. The chemical
composition of the raw material utilized as a substrate is
shown in Table 1 (averaged across three readings); it complies
with the nominal AISI.

Table 1. The substrate material's chemical makeup, both nominal and actual

Alloy Chemical Composition (wt.%) Spec.
C Mn Si Cr Ni Mo P S Symbol (AISI)
ASS Nominal (Maximumor Range) 0.08 2.0 0.75 16-18 10-14 2-3  0.045 0.03 316
T Actual 0.044 15 0474 17.23 10.09 2.28 0.0143 0.0005

2.1 Cladding materials

Materials used are AISI 316 stainless steel plates, 1 mm
diameter NiTi (55,45) wire, polyvinyl alcohol (PVA).

2.2 Material for binding

PVA, or polyvinyl alcohol, was utilized as a binder to
temporarily bind NiTi wires to the substrates surfaces. Table 2
shows the specifications of PVA.

2.3 Steps taken prior to the cladding procedure

Prior to the cladding procedure began, the following steps
were accurately completed:
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1. Grinding the surfaces of the substrates being coated by the
use of a surface grinding machine to obtain the required
roughness value.

2. Eliminating oils, grease, as well as other contaminants
from the substrates' surfaces. The substrates were then
ultrasonically washed with acetone and ethanol before
being dried in warm air.

3. A magnetic stirrer was used to dissolve 4% PVA in 96%
hot distilled water (50°C) for 15 minutes in order to create
the binder. To maintain the NiTi wires under Ar gas flow
during TIG cladding, the NiTi wires were bonded to the
substrates surfaces using a binder of 4% PV A solution to
create pre-placed NiTi wires to be subsequently deposited
on the substrate (Figure 2).

4. Drying the components by an electric oven at 100°C for
30 minutes.



Table 2. Specifications for polyvinyl alcohol

PVA Molecular L
Product Code Formula Viscosity
0,
MESE  8-88  (CaHeO.C:H.O)x M@ 4% agueous

solution, 8 mPa.s

10

N

NiTi wires

AISI 316 stainless
steel plate

Figure 2. NiTi wires bonded to the surface of the AISI 316
stainless steel substrate

2.4 Tungsten inert gas cladding of NiTi wire coating on a
substrate made of austenitic stainless steel

In order to move the tungsten arc over the clad layers at
automatic and consistent rates, A TIG welding equipment and
a lathe machine were used to complete the cladding procedure.
For every coating layer, the substrate was where the arc
igniting and extinguishing occurred (Figure 3). Table 3
displays the TIG cladding parameters derived from former
research [23] and the trial-and-error approach.

After cladding, specimens were cut from the resulting
samples (Figure 3b) with dimensions of 10 % 10 % 10 mm
using Wire-EDM for micrography and XRD tests.

Tool Post

Figure 3. (a): a lathe machine with a TIG torch, (b): samples
prior to test specimen preparation
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Table 3. TIG cladding parameters of 316 stainless steel
substrates

Cladding by the Use of 1 mm dia. Preplaced NiTi Wire

Current Value (A) 80 100 120 140 160
Travel speed (mm/min.) 87
Voltage (V) 15
Position Flat
Polarity DCEN
Thickness of layer (mm) 1
Flow rate of Ar gas (I/min) 10
Purity of Ar gas (%0) 99.999
Length of arc (mm) 3
Tungsten electrode dia.(mm) 24
Type of tungsten electrode Tungsten '(,t\}(_nl_rzlzted ESAB-

3. RESULTS AND DISCUSSION

With the aid of the EDS, microanalysis of NiTi coatings
deposited on 316 stainless steel substrates have been assessed
by the OM and SEM. The phases and compounds made up the
coating layers were also verified using the XRD test.

3.1 Macroscopic metallography

Understanding the AISI 316 austenitic stainless steel
substrate material's microstructure is essential before talking
about the microstructural differences among the coated
samples. OM and SEM reveal in Figure 4 that the substrate
alloy's microstructure consisted of austenite grains with
twinning. As austenite stabilizers, the high concentrations of
Ni (up to almost 10 weight percent) and Mn (up to 1.5 weight
percent) in this steel's chemical composition are displayed in
Table 1. This explains the appearance of austenite grains under
the microscope [24]. Twinning in AISI 316 austenitic stainless
steel is primarily affected by stacking fault energy (SFE) and
crystallographic orientation, in addition to some other
parameters such as strain rate, temperature and grain size. SFE
is generally considered the most significant factor. 316
stainless steel has a relatively low SFE. This characteristic
promotes twinning because it requires less energy to form a
twin compared to materials with higher SFE. The orientation
of the crystal lattice can also influence twinning, with certain
orientations being more favorable for twin formation [25, 26].

Austenite

grain \

Twinning Twinning

Figure 4. The substrate material's microstructure utilizing an
OM (A) and SEM (B)

Under high strain rate conditions, twinning becomes more
prevalent as a deformation mechanism. This is because
twinning can occur more rapidly than dislocation slip at high
strain rates. Twinning is however more likely to occur under



complex stress states, such as those encountered in forming
processes. Lower temperatures make twinning a more
favorable deformation mode, where the mobility of
dislocations reduces. Moreover, smaller grain sizes can
promote twinning, as there are more grain boundaries where
twins can nucleate [25].

Each sample's microscopy revealed differences in the clad
layer's and the substrate's surrounding areas' microstructures.
These changes are explained by the wide thermal gradients
that the sample is subjected to temperatures that range from
the melting point to the substrate's temperature that is
unaffected by heat, as well as the variations in the chemical
composition of the coating layers. Usually, a fast rate of
cooling follows, mostly due to the environment and the
comparatively cold substrate.

Figure 5 demonstrates microstructures of the C1 sample
coated with NiTi using the TIG cladding process at a travel
speed of 87 mm/min and a current of 80 A. Three zones at
different depths were micro-graphed along the cross sectional
centerline of the clad layer.
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Figure 5. The C1 sample's microstructural map created using
(A) OM and (B) SEM at different depths along the clad layer
cross section's centerline

Figure 5 exhibits that the scanning electron and optical
microstructures of Zone 1 (which is close to the coating
surface) consist mainly of NiTi-based solid solution dendrites
with minor phase precipitates (micrometers or less) distributed
through the matrix. Figure 6 shows this zone's microstructure
at greater magnifications.
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Figure 6. Microstructures of Zone 1 of C1 sample at greater
magnifications

During the TIG cladding process, elements like chromium
and iron from the AISI 316 stainless steel substrate can diffuse
into the molten NiTi layer. Depending on their solubility in the
NiTi solid solution, these elements might lead to the formation
of a B2 (NiTiFeCr) dendritic structure during solidification.
This is in line with the findings of Cheng et al. [21].

The matrix surrounding the NiTi-based dendrites is
essentially a NiTi solid solution, similar in composition to the
dendrites themselves. NiTi is the main material being
deposited during cladding process. Although some
intermixing with the stainless steel substrate occurs, the nickel
and titanium from the NiTi feedstock material will remain key
elements in the solidified layer. Most elements diluted from
the stainless steel substrate have limited solubility in NiTi at
high temperatures [27]. This means that they will not readily
dissolve throughout the molten NiTi pool. Therefore, the
matrix will essentially be a continuation of the NiTi solid
solution that forms the dendrites, with possible traces of
elements like chromium and iron based mainly on the specific
diffusion and reaction rates. This is in agreement with that
reported in 2005 by Chiu et al. [16]. There might be slight
variations in the exact composition of the NiTi solid solution
matrix compared to the dendrites. This could be due to factors
like segregation and diffusion gradients.

During solidification of the clad layer molten pool, some
elements might have a tendency to segregate towards the
dendrite boundaries, slightly altering the local composition in
the matrix. In addition, inter diffusion with the stainless steel
substrate might not be completely uniform, leading to minor
variations in the concentration of elements like chromium and
iron within the matrix. These elements might react with Ni and
Ti to form insoluble intermetallic compounds like NiCr or
FeTi as minor phase precipitates at the dendrite boundaries or
distributed through the matrix (SEM in Figure 5 and Figure 6).
This is consistent with what Ozel et al. [28] revealed in 2008.
These intermetallic compounds can also act as nucleation sites
for the solidification of the NiTi-based dendrites. The presence
of these solid intermetallic compounds within the molten NiTi
pool lowers the activation energy required for NiTi crystal
growth, promoting the formation of dendrites around them
[29].

Microscopic examination revealed in Figures 5, 7 and 8 that
Zones 2 and 3 have a similar microstructure to Zone 1,
consisting of a mixture of equiaxed and columnar grains.
However, it appears from observation of the microstructure of
Zone 3 (Figures 5 and 8) that the dendrite content was greater.
This could be attributed to the fact that the dilution effect in
this zone is greater, as it is closer to the substrate. This leads
to an increased possibility to form insoluble intermetallic
compounds, which can serve as nucleation sites for dendrites,
as mentioned above. Another reason is that because it is closer



to the cooling surface, the clad layer's bottom cools more
quickly. Figure 9 exhibits the presence of an increased amount
of intermetallic compounds at the interface between the clad
layer and the substrate. This could be due to the greater
Dilution's effect on the substrate material at this region. Such
dilution was sufficient to obtain a good bonding with the
substrate, which can be easily introduced by the TIG cladding
technique [30]. It is clear from the figure that the grains of the
clad layer in the region adjacent to the interface were a mixture
of equated and columnar as well. The optical and scanning
electron microscopy shows in Figure 9 that the austenitic
grains of the substrate in the region close to the interface
experienced substantial recrystallization, due to the heat
generated during TIG cladding process.
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Figure 7. Microstructures of Zone 2 of C1 sample at greater
magnifications
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Figure 8. Microstructures of Zone 3 of C1 sample at greater
magnifications
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Figure 9. The microstructure of the C1 interface utilizing an
OM (A) and SEM (B)

Energy-dispersive spectroscopy was conducted for the
substrate material made of AISI 316 stainless steel, for zones
A, B and C indicated in Figure 5, and along the C1 clad layer's
cross sectional centerline. Table 4 shows the EDS examination
of elemental composition for the substrate material, where it is
clear that the substrate material's chemical composition is very
similar to the nominal and actual composition that appeared in
Table 1. Therefore, the EDS analysis can be considered a very
good means for validation of the chemical composition of
materials.
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Table 4. EDS chemical composition analysis for AISI 316
steel substrate material

Chemical Composition (wt.%)
Mn Si Cr Ni Mo
16 061 1725 10.01 3.22

Table 5 and Figure 10 show the EDS elemental composition
for the referred three different zones, and along the C1 cross
section’s centerline respectively.

Table 5. The C1 sample's elemental composition analyzed
using EDS at different depths along the clad layer cross
section's centerline

Element Zone 1l [wt.%] Zone 2 [wt.%] Zone 3 [wt.%]
Ni 34.87 36.84 23.40
Ti 27.66 28.57 18.44
Cr 7.72 7.15 11.68
Fe 29.75 27.44 43.29
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Figure 10. The EDS elemental composition along the C1
cross section's centerline

It is evident from Table 5 that there are significant contents
of iron and chromium elements at the three test points (33.5
wt.% and 8.9 wt.% on average respectively), even though the
preplaced NiTi wire consists of 55 wt.% Ni and 45 wt.% Ti,
and is free of Fe and Cr. This is owing to the influence of
dilution with the substrate material (AISI 316 austenitic
stainless steel). The average nickel and titanium element
contents across the clad layer are 31.7 wt.% and 24.9 wt.%
respectively, with a ratio similar to that of NiTi feedstock wire
(55:45).

It is also worth noting that the proportions of Fe and Cr
elements in Zone 3, compared to those in Zones 1 and 2, are
markedly higher at the expense of Ni and Ti contents. This is
due to the fact that this zone is closer to the substrate, and
therefore more dilution occurs. However, the chemical
composition of Zones 1 and 2 is comparable.

Figure 10 shows fluctuations in weight percentages of the
elements composing the clad layer while advancing along a
line from the coating surface towards the substrate. This could
be attributed to fact that this line passes through
microstructures with different compositions as a result of
segregation that takes place during solidification, including
dendrites, intermetallic compounds and matrices.



XRD testing, which was conducted on the coating surface
revealed the presence of different phases and compounds
forming the coating layer. The analysis of the XRD graph with
the help of analytical cards showed in Figure 11 that the main
constituents of the C1 clad layer are NiTi solid solution,
v(Fe,Ni) and Cro.19Feo 7Nio.12 compound. This is in agreement
with what was revealed in previous works [18, 28, 31]. A
structure very similar to CroigFeo7Nig11 intermetallic
compound (CrzFe;Ni), present as minor phase precipitates at
the dendrite boundaries, was detected by XRD examination
carried out in 2008 by Ozel et al. [28]. Another study achieved
in 2020 by Shi et al. [31] revealed using XRD test the presence
of a NiTi-based solid solution as a major phase and y(Fe,Ni).
This NiTi-based solid solution, along with CroFesNi
intermetallic compound was also detected in the XRD
examination conducted in 2021 by Kumar et al. [18].
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Figure 11. XRD graph of the surface of the C1 clad layer
3.2 The effect of cladding current value

Microscopic examination of the C2 sample produced by
increasing the TIG cladding current value to 100 A with the
travel speed of 87 mm/min. revealed in Figure 12 that the
microstructure is noticeably finer. This could be attributed to
the fact that increasing the cladding current value definitely
increases the dilution with the substrate, which in turn
increases the content of elements (diluted from the substrate)
that form intermetallic compounds, which can serve as
nucleation sites for dendrites. For the same reason, dendrite
proportions across all three zones appear to be greater than that
in the C1 sample's corresponding zones, as shown in Figures
13, 14 and 15. It can also be observed from Figures 12 and 15
that the dendrite content in the microstructure of Zone 3 is
greater. This is because the dilution effect in this zone is
greater due to its vicinity to the substrate, which can lead to an
increased opportunity to form intermetallic compounds, and
thus nucleation sites for dendrites. Figure 16 reveals that these
intermetallic compounds at the interface of this sample are also
greater than those appeared in the C1 sample.

In comparison with the C1 sample, the EDS chemical
examination of composition at the three test points of the C2
sample exhibits in Table 6 that the average content of iron and
chromium elements is significantly higher (42.3 wt.% and 10.6
wt.% respectively) at the expense of average nickel and
titanium element contents (26.4 wt% and 19.7 wt%
respectively). This proves that the dilution with the substrate
in this sample was greater.

The proportions of Fe and Cr elements in Zone 3, compared
to those in Zones 1 and 2, are also noticeably higher at the

expense of Ni and Ti contents, because this zone is close to the
substrate, and thus more dilution takes place.
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Figure 12. The C2 sample's microstructural map created
using (A) OM and (B) SEM at different depths along the clad
layer cross section's centerline

Figure 13. Microstructures of Zone 1 of C2 sample at greater
magnifications
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Figure 14. Microstructures of Zone 2 of C2 sample at greater
magnifications



Figure 15. Microstructures of Zone 3 of C2 sample at greater
magnifications
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Figure 16. Scanning electron microstructure of the C2
interface

Table 6. The C2 sample's elemental composition analyzed
using EDS at different depths along the clad layer cross
section's centerline

Element Zone 1 [wt.%] Zone 2 [wt.%] Zone 3 [wt.%]
Ni 27.38 27.84 23.95
Ti 21.27 21.08 16.87
Cr 10.20 10.07 11.58
Fe 41.14 41.01 44.59
E| Cr0.19Fe0.7Ni0.11
2 “1 Cr1.36Fe0.52
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Figure 17. XRD graph of the surface of the C2 clad layer
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XRD examination of the C2 surface revealed in Figure 17
that the main constituents of this clad layer are NiTi solid
solution and y(Fe,Ni), in addition to CrgigFeo7Niga1,
Cr1.3sFeos2and Feo.g3Nio.0ss cOmpounds. Increasing the fraction
of compounds present compared to those revealed in the XRD
test of the C1 sample could be due to the increased dilution
with the substrate as a result of using a higher cladding current
value.
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Figure 18. The C3 sample's microstructural map created
using (A) OM and (B) SEM at different depths along the clad
layer cross section's centerline

Microscopy of the C3 sample resulting from raising the TIG
cladding current value to 120 A showed in Figure 18 a
significant increase in the dendritic content at the matrix's
expense in the microstructure of this sample at the three test
points. This is because increasing the cladding current value
increases the elements diluted from the substrate that form
intermetallic compounds, which can serve as nucleation sites
for dendrites. Another reason is that the increased cladding
current value certainly increases the amount of heat energy
input, reducing the cooling rate, which in turn gives the
dendrite enough time to grow at the expense of the matrix [28,
32]. Figures 19-21 show the microstructure of the three zones
through the cross section of this clad layer at greater
magnifications. As expected, the amount of intermetallic
compounds at the interface (Figure 22) and Zone 3 of the clad
layer (closer to the interface) was greater than that in Zones 1



and 2. This is because the dilution influence is more as a result
of the vicinity to the substrate.

The EDS chemical analysis of composition at the three test
points of the C3 sample demonstrates in Table 7 that the
average content of iron and chromium elements, compared to

the C2 sample, is substantially higher (49.6 wt.% and 11.7 wt.%

respectively) at the expense of average nickel and titanium
element contents (22 wt.% and 16.7 wt.% respectively). This
is because the dilution with the substrate in this sample was
greater.

The Fe and Cr content elements in Zone 3, compared to
those in Zones 1 and 2, are also noticeably higher at the
expense of Ni and Ti contents, due to the proximity of this
zone to the substrate, and thus more dilution occurs.

Table 7. The C3 sample's elemental composition analyzed
using EDS at different depths along the clad layer cross
section's centerline

Element Zone 1 [wt.%] Zone 2 [wt.%] Zone 3 [wt.%]
Ni 22.67 21.74 21.71
Ti 16.95 18.97 14.22
Cr 11.56 10.88 12.50
Fe 48.82 48.41 51.57
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Figure 19. Microstructures of Zone 1 of C3 sample at greater
magnifications
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Figure 20. Microstructures of Zone 2 of C3 sample at greater
magnifications
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Figure 21. Microstructures of Zone 3 of C3 sample at greater
magnifications
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Figure 22. Microstructure of scanning electrons of the C3
interface

The main constituents of the C3 sample that appeared in the
XRD examination (Figure 23) were similar to those of the C2
sample, except that the Feg.e3Nio.0se compound did not clearly
appear.
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Figure 23. XRD graph of the surface of the C3 clad layer

Figure 24 demonstrates the microstructures at different
depths along the centerline of the cross section of the C4 clad
layer, and Figures 25-27 show these microstructures at higher
magnifications. It is clearly observed that the size of the
dendrites and their distribution in the microstructures along the
centerline of the cross section of this clad layer are somewhat
similar to what appeared in the C3 clad layer.

Table 8 exhibits that the average content of iron and
chromium elements at the three test points of this sample,
compared to the C3 sample, is notably higher (53.9 wt.% and
13.7 wt.% respectively) at the expense of average nickel and
titanium element contents (20.2 wt% and 12.2 wt%
respectively). This is due to the increased cladding current
value to 140 A, which in turn leads to increased dilution with
the substrate.

The contents of Fe and Cr elements in Zone 3, compared to
those in Zones 1 and 2, are slightly higher at the expense of Ni
and Ti contents, due to the proximity of this zone to the
substrate, and thus more dilution occurs.
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Figure 24. The C4 sample's microstructural map created
using (A) OM and (B) SEM at different depths along the clad
layer cross section's centerline
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Figure 25. Microstructures of Zone 1 of C4 sample at greater
magnifications
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Figure 26. Microstructures of Zone 2 of C4 sample at greater
magnifications

Figure 27. Optical microstructures of Zone 3 of C4 sample at
increased magnification

Table 8. The C4 sample's elemental composition analyzed
using EDS at different depths along the clad layer cross
section's centerline

Element Zonel[wt.%] Zone2[wt.%] Zone 3 [wt.%]

Ni 19.86 21.46 19.37
Ti 12.44 12.93 11.16
Cr 13.57 13.65 13.91
Fe 54.13 51.97 55.56

Figure 28 reveals that the main constituents of the C4
sample appeared in the XRD examination were somewhat
similar to those of the previous clad layers.

Cr1.36Fe0.52

Lin (Counts)

Cr0.19Fe0. 7Ni0.11

E J(Fe. N]) T i
TEMMMWMWW W / MM]’,’W&&#LWMM
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Figure 28. XRD graph of the surface of the C4 clad layer

Compared to the C4 sample, increasing the TIG cladding
current value to 160 A at the same travel speed of 87 mm/min.
in the C5 sample, resulting in a finer structure, as shown in
Figure 29. Figures 30-32 show the microstructures at different
depths along the centerline of the C5 cross section with higher
magnifications. Figure 33 exhibits a reliable bonding with the
substrate due to the relatively higher dilution with the substrate
material as a result of the increased value of the cladding
current.

The EDS analysis exhibits in Table 9 that the average
content of iron, chromium, nickel, and titanium elements at the
three test points of this sample (52.8 wt.%, 13.4 wt.%, 20.2
wt.% and 13.6 wt.% respectively) is close to that of the C4
sample.

The contents of Fe and Cr in Zone 3, compared to those in
Zones 1 and 2, are also slightly higher at the expense of Ni and
Ti contents, due to the proximity of this zone to the substrate,
and thus more dilution occurs.

XRD examination of the C5 surface revealed in Figure 34
that the main constituents of this clad layer are NiTi solid
solution and (Fe,Cr) and vy(FeNNi), in addition to
Cro.19Feo.7Nig.11, Cri.36F€o.52 and Feo.e3Nio.0ss compounds.
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Figure 29. The C5 sample's microstructural map created
using (A) OM and (B) SEM at different depths along the clad
layer cross section's centerline

Figure 30. Microstructures of Zone 1 of C5 sample at greater
magnifications
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Figure 31. Microstructures of Zone 2 of C5 sample at greater
magnifications
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Figure 32. Microstructures of Zone 3 of C5 sample at greater
magnifications
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Figure 33. Scanning electron microstructure of the C5
interface

Table 9. The C5 sample's elemental composition analyzed
using EDS at different depths along the clad layer cross
section's centerline

Element Zone 1 [wt.%] Zone 2 [wt.%] Zone 3 [wt.%]
Ni 20.75 19.94 19.90
Ti 15.28 13.46 12.13
Cr 12.32 13.76 14.02
Fe 51.66 52.83 53.94
Cro19Feo Nio

Cri3¢Feos

Y(Fe.Ni)
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Figure 34. XRD graph of the surface of the C5 clad layer



4. CONCLUSIONS

This research investigated the impact of using various TIG
cladding current values (80, 100, 120, 140 and 160 A) on
microstructure of NiTi coating layer deposited on substrates
made of austenitic stainless steel. The following conclusions
can be drawn from the study's most significant findings:

1. Microstructures throughout the clad layers were mainly
NiTi-based solid solution dendrites with minor phase
precipitates (micrometers or less) distributed through the
matrix.

2. The cladding current value, and hence heat energy input,
had a significant influence on the grain size of the structure.

3. Increasing the cladding current value resulted in a
significant increase in the dendritic content at the expense of
the matrix in the microstructure of the clad layers

4. The increase in the cladding current value resulted in a
significant increase in the proportion of intermetallic
compounds at the clad layer-substrate interfaces.

5. Increasing the cladding current intensity resulted in a
notable increase in the amount of chromium and iron elements
diluted from the AISI 316 stainless steel substrate into the NiTi
layer at the expense of nickel and titanium contents.

6. The diluted elements led to the formation of a B2
(NiTiFeCr) dendritic structure during solidification. Different
phases and compounds, mainly NiTi solid solution, y(Fe,Ni),
Cro.19Fe07Nig.11 and CryzsFeqs, formed the coating layers.

5. RECOMMENDATIONS

This study provides valuable insights for future cladding
research. To further enhance this work, the following areas are
recommended for exploration:

1. Corrosion examination for the clad layers can be
conducted.

2. Laser cladding technology can be utilized with the clad
layers.

3. Studying the influence of TIG cladding travel speed on
the microstructure of the clad layers.

4. Investigating the mechanical characteristics of the clad
layers.
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