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ABSTRACT

The scientific and industrial communities now consider surface modification of steel-based alloys to be essential.
One effective method of altering these alloys’ surfaces is tungsten inert gas (TIG) cladding. The purpose of this study
is to investigate how the surface characteristics of austenitic stainless steel substrates are affected by TIG-deposited
composite coatings made of tungsten carbide and nickel (WC-Ni). The study also intends to investigate the influence
of the WC-Ni composite coatings’ travel speed, and as a result, the heat input usually has significant effects on the
microstructure. The coating layers were deposited at different travel speeds (67, 107, and 122 mm/min) using pre-
placed composite pastes that were 1 mm thick and contained the same weight percentage of WC (65). The clad lay-
ers showed a variety of microstructures in optical and scanning electron microscopy, primarily nickel solid solution
dendrites with WC particles scattered throughout the matrix. The dendrites at various locations across the clad layers
were few or dense, finer or coarser, equiaxial or columnar, densely or less densely branched, depending on the cooling
rates and the density of WC in the composite. Energy dispersive spectroscopy demonstrated that the Fe element that
was transferred from the substrate material to the molten pool was primarily concentrated in the matrix, not the den-
drites, while the dendrite locations and orientations were amply demonstrated by the distribution of the W element.

Keywords: surface modification, TIG cladding, Ni/WC composite coatings, travel speed.

INTRODUCTION

Stainless steels are important alloys owing to
their distinctive and demanding characteristics.
The variety of applications based on their use
demonstrates their importance from simple ones,
such as kitchenware and furniture, to extremely
complex ones, like spacecraft and construction
applications. Because of their durability and re-
sistance to corrosion, thinner and more robust
constructions are now conceivable. They are
strong, hygienic, versatile, and recyclable while
also offering a wide variety of shape, color, and
form options [1, 2].

Three main types of microstructures exist
in stainless steels, i.e., ferritic, austenitic, and
martensitic. Out of these three main microstruc-
tures, stainless steels may be categorized into

several main classes. These are ferritic, austen-
itic, martensitic, duplex and precipitation harden-
ing stainless steels [1]. Their physical, chemical,
and mechanical properties vary depending on the
chemical composition but each is characterized
by the ability to form a self- healing protective
oxide layer providing corrosion resistance, and
a higher chromium content enhancing corrosion
and oxidation resistance [3]. For instance, regard-
ing these various properties, fully austenitic stain-
less steels are non-magnetic, but their martensitic
and ferritic counterparts possess ferromagnetism
[1]. The iron-based AISI 18-2Mn alloy, known as
NITRONIC 32 (Nitrogen-strengthened austenitic
stainless steel) contains primarily chromium and
manganese. To attain particular qualities, varying
amounts of nickel, molybdenum, niobium, vana-
dium, and/or silicon are also added. NITRONIC
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32 offers about twice the yield strength of type
304, strong elevated-temperature strengths, low
magnetic permeability, and excellent cryogenic
properties [4]. Recently, surface modification has
become necessary for the scientific community
since the surface properties of new materials are
usually inadequate in terms of wettability, adhe-
sion, corrosion resistance, or even drag reduction.
Moreover, for various reasons, it is difficult to find
an alloy with a surface behavior different from
that of the bulk. Surface modification has become
an essential for more resistance to corrosion and
wear, higher mechanical and fatigue resistance,
better thermal (for low or high-temperature ex-
posure), magnetic, electrical or specific optic or
light exposure behavior. It is also vital for hydro-
phobicity, oleophobicity, or to create biocompat-
ibility or (bio) fouling or even their combined ef-
fect. In order to achieve and improve these prop-
erties in metals and alloys, it is necessary to apply
a surface modification strategy based on direct
action on the metal, to build a coating provides
these properties or to functionalize its surface for
complex requirements [5].

Surface modification falls under two catego-
ries: physical and chemical. Physical modifica-
tion results in a change in the topography or mor-
phology of the surface with little or no change in
the chemistry, such as etching, grit-blasting, and
machining. Well-established chemical techniques
include plasma and chemical vapor deposition,
atomic layer deposition, and electro-chemical de-
position. Chemical treatment can result in surface
oxidizing/nitriding/carbiding, ion infusion, single
layer coatings, or coatings comprising many lay-
ers of different compositions [6].

TUNGSTEN INERT GAS WELDING

In contrast to other arc welding techniques,
gas tungsten arc welding (GTAW) — sometimes
called as TIG-creates the arc using a non-consum-
able tungsten electrode. In GTAW, the weld pud-
dle and heat input can be controlled considerably
more precisely, because the arc and filler wire are
independent of each other. In addition, there is
less spatter with this technique, since the proce-
dure does not require the molten filler metal to
pass through the arc. It may produce better quali-
ty welds since it typically employs an inert gas for
shielding. It can also give the option of welding
without filler metal in specific circumstances [7].
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This technique is a versatile and precise welding
process that has found wide applications in vari-
ous industries from aerospace to automotive. Its
ability to weld thin and delicate materials with
minimal distortion makes it a popular choice for
demanding welding applications [8]. Because it
can be used at very low current and without the
addition of a filler metal, it is often used for small
components where heat generation is a problem.
The medical devices and electronic industries use
GTAW extensively for final closure welds on sen-
sitive products such as pacemakers and batteries.
It can also be used to make pipes, and common-
ly used in the manufacture of heat exchangers.
GTAW is a popular process for a variety of re-
pair welds because the heat input can be precisely
controlled and directed, such as in the gas turbine
engine industry. In general, GTAW is often the
process of choice when high quality welds and
precise heat control are required [7].

TUNGSTEN INERT GAS CLADDING

The TIG coating process (Figure 1) is typically
used to increase hardness, wear resistance and en-
hance the surface properties of a substrate by ac-
cumulating or adding a new layer on the substrate
surface. There are some other common coating pro-
cesses such as electron beam coating and laser coat-
ing, which modify the surface properties by melting
the substrate layer and powder coating layer at the
same time. However, the variable absorption rate
of laser beam in different coating powders limits
the use of laser cladding, and complex components
made by laser cladding are expensive and require
advanced equipment. Fortunately, TIG cladding of-
fers a higher deposition rate, ease of operation and
lower equipment and maintenance costs than other
cladding techniques [9].

Advantages and limitations
of the TIG cladding

The TIG cladding technique features high-
level precision control, low health risks and less
spattering. It also produces good bead appear-
ance, has great flexibility of application and is rel-
atively low cost. Compared with carburizing and
nitriding, the TIG arcing technique has the ability
to alter the surface to a higher depth (mm range)
[11]. It however has a low travel speed compared
to other techniques such as laser coating [11, 12].
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Figure 1. Schematic representation of the principle work of the TIG cladding [10]

METAL MATRIX COMPOSITE COATING

In any engineering component, surfaces are first
exposed to friction, thermal, mechanical, chemical
and/or electrochemical effects, leading to damage
the components in industry. This damage cannot be
repaired if the tribological and corrosion phenom-
ena are not adequately controlled using the right
surface technique; the damage can be avoided or at
least delayed. Therefore, surface coating technique
is more effectively used to increase hardness, wear
resistance, corrosion resistance and high tempera-
ture resistance without changing the properties of
the substrate. Nowadays, coatings that exploit the
high hardness and strength of the ceramic phase,
and sound toughness of the matrix to produce a
metal matrix composite (MMC) layer are widely
used for repairing of surface and strengthening of
engineering metal components. The MMC coat-
ing technique of adding reinforcing particles can
be easily achieved using the TIG cladding [13].
The reinforcement phases within the matrix phase
might resemble fibers, whiskers, sheets or particles.
Ceramic carbides, nitrides, borides and oxides are
examples of reinforcing materials. MMCs are of-
ten fabricated from lightweight, low-density metals
such as Al, Mg, Cu, Ni, or Ti, which are superior
to unreinforced metals in terms of specific stiffness
and strength-to-weight ratio, service temperature,
wear and corrosion resistance [14].

TUNGSTEN CARBIDE REINFORCED
METAL MATRIX COMPOSITES

In general, compared to unreinforced met-
als, MMC:s reinforced with particles or fibers of a

ceramic material such as silicon carbide or graph-
ite offer higher specific strength and hardness,
higher service temperature, and greater wear re-
sistance, in addition to the ability to tailor these
properties to a specific application [15]. However,
fabrication of entire MMCs is considered waste-
ful and uneconomical due to the complexity of
manufacturing in addition to the high cost of the
reinforcement ceramic particles [16]. Surfaces
can be coated with non-metallic or metallic com-
pounds to improve adhesion (wettability) and me-
chanical properties. Adding the optimal quantity
of hybrid reinforcements increases hardness and
tensile strength by up to 30% and 40% respective-
ly, when compared to a composite with the same
quantity of single reinforcement [17].

Despite the fact that various hard ceramics have
been successfully used as particle reinforcement in
MMCs, tungsten carbide (WC) has been shown
to be a promising choice as a coating in various
structural components. This is due to its interesting
physical and mechanical properties such as high
melting point, exceptional hardness, low coeffi-
cient of friction, chemical inertness and resistance
to oxidation [18]. WC occupies a leading position
in industrial applications as it is one of the most
suitable reinforcements for iron matrices because
of its availability, high hardness (HV0.1~2280)
and good thermodynamic stability [19].

Recently, laser cladding has been used to
produce wear-resistant layers based on metallic
and composite materials such as MMCs based on
nickel matrix reinforced by WCs [20]. The higher
scan speed of the laser cladding means that less
metal powder is injected into the weld pool, so
the cladded track is thinner with reduced HAZ
depth, but the clad micro-hardness increases [21].
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Although these particular advantages, applying la-
ser surface modification is improper in industries
due to the complexity of the technique, high initial
capital expenditure, demand for skilled operators
and necessity for surface preparations in challeng-
ing terrain [22]. Alternatively, TIG cladding is a
low cost technique for depositing thick coating
layers, due to its ease of use and low setup cost
[23, 24]. It is evident that in addition to laser clad-
ding technique, TIG cladding has received popu-
larity to produce a hard clad layer on different
graded substrate materials [25]. However, the lay-
er deposited by the TIG cladding has a thickness
of almost twice that deposited by laser [26, 27].
The main problem with laser deposition is the
formation of defects such as cracks, spalling, holes,
porosity and thin interface. This can be reduced by
using the TIG technique. Preheating the base sub-
strate is generally used to reduce the risk of crack-
ing [28, 29]. Abrasive wear is a common problem
in industrial components, reducing the life and per-
formance of equipment and machinery. Therefore,
WC-based cermet coatings have been used in criti-
cal applications to overcome this problem [30].
TIG cladding was used to deposit the WC coat-
ing on AISI 4340 steel and for the Ni-WC powder
coating on AISI 1010 steel [31, 32]. To improve
the hardness and wear resistance of AISI 1050
steel, TIG cladding was used to deposit the multi-
pass coating of WC on the substrate. The results
revealed that the hardness was improved, where-
as the wear performance was reduced due to the
transfer of the metastable phase to a stable phase
under specific sliding conditions [33]. Ni was usu-
ally added to WC coating to improve crack resis-
tance [34], as Ni and Fe have excellent compat-
ibility [35]. Due to the poor electrical conductiv-
ity of carbides, a pre-applied coating layer of pure
carbide ceramic particles such as (WC, TiC, SiC,
etc.) may induce arc interruption during the TIG
coating process, decreasing the process efficiency
[36]. The adding the right bonding metal to the
carbide particles, the overall amount of heat input
to the substrate is reduced, potentially minimizing
the heat affected zone (HAZ) width and thermal
stress induction in the substrate [37]. The increased

solubility of carbides in the nickel matrix at higher
temperatures (in the molten state) improves the
bond strength between the carbide particles of the
coating and the substrate, further increasing wear
resistance [38]. Several studies have been carried
out to improve the strength of the WC reinforced
MMC coating by Ni or Ni-based matrix as a bind-
ing material for various high energy density tech-
niques [39, 40]. The combination of Ni with the
hard carbide particles improves the surface charac-
teristics of the generated components, because of
the Ni greater wettability [41]. The microstructure
and mechanical behavior are significantly impact-
ed by the current and scan speed of the arc when
using TIG cladding technique in Carbide-Ni com-
posite coatings produced [42].

MATERIALS AND THEIR SPECIFICATIONS

In this experiment, an austenitic stainless steel
AISI 18-2Mn plates with the dimension of (10x70)
mm. The chemical composition of the austenitic
stainless steel plates used in this study as sub-
strates according to the American Iron and Steel
Institute (AISI) [4] is shown in Table 1. The pieces
(substrates) to be coated were prepared from the
raw material with a length of (100 mm) for each
piece. The chemical composition analysis for the
raw material was carried out using OXFORD in-
strument at Al-Razi Metallurgical Research Cen-
ter-Tehran/Iran based on RMRC-WI-560-112-04.
Table 1 shows the chemical composition (with an
average of three readings) of the raw material used
as a substrate. This composition conforms to AISI
18-2Mn Nitronic 32 (nominal).

CLADDING MATERIALS

Pure nickel powder

Table 2 showing the chemical composition
analysis performed using XRF at Al-Razi Metallur-
gical Research Center-Tehran/Iran based on ASTM
E 1621-21 revealed that the purity of Ni powder

Table 1. Nominal and actual chemical composition of the substrate material

Chemical composition (wt.%) Spec.

Alloy - - symbol

C Mn Si Cr Ni N P S (A|S|)

ASS Nominal |0.15 max. | 11.0-14.0 | 1.0 max. | 16.5-19.0 | 0.5-2.5 |0.2-0.45| 0.045 max. | 0.03 max.| 18-2Mn
7| Actual 0.065 10.45 0.43 13.5 1.2 0.18 0.044 0.005 | (Nitronic 32)
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Table 2. Chemical analysis of nickel powder
Element Ni Mg Si
wt. % 99.64 0.2 0.16

was 99.64 wt.%. The particle size of Ni powder was
analyzed using a Bettersize 2000 laser particle size
analyzer located in the laboratories of Ceramic Engi-
neering and Building Materials Department/Faculty
of Materials Engineering/University of Babylon.
The particle size was 3.7-63.4 um.

Tungsten carbide powder

The particle size of WC powder analyzed us-
ing the Bettersize 2000 laser particle size analyz-
er was 3—6 um. Table 3 shows the chemical com-
position analysis of WC powder conducted using
XRF at Al-Razi Metallurgical Research Center
based on ASTM E 1621-21. The weight percent
of C element in XRF analysis has been calculated
by stoichiometry according to the XRD result.

Binding material

Polyvinyl alcohol (PVA) was used as a binder
material to make a pre-placed WC-Ni composite
paste. Table 4 shows the specifications of PVA,
according to ME Scientific Engineering Ltd.
product of Germany, packed in the UK.

PROCEDURES BEFORE THE
CLADDING PROCESS

The following procedures have been carefully
carried out before the start of the cladding process:
1. Cleaning the substrate surfaces from oils,
grease and other impurities.

2. Eight slots with dimensions of (1xX6x30 mm) were
made in the substrates (Figure 2a) using a univer-
sal milling machine, inside which the pre-placed

Table 3. Chemical analysis of tungsten carbide powder
Element W C
wt. % 93.87 6.13

Table 4. Polyvinyl alcohol specifications

WC-Ni composite coatings were deposited.

3. To prepare the binder, 4.0% of PVA was dis-
solved in 96% of hot distilled water (50 °C) for
15 min. using a magnetic stirrer located in the
laboratories of the Metallurgical Engineering
Department/Faculty of Materials Engineering/
University of Babylon.

4. Different wt.% of WC powder (35, 50, 65, 80
and 95) and Ni powder were weighed using a
sensitive balance in the laboratories of the Met-
allurgical Engineering Department to be then
mixed as WC-Ni mixtures.

5. To keep the powder mixtures under the flow of
Ar gas during TIG cladding, these mixtures were
blended with a 4.0% PVA solution binder to
form a pre-placed WC-Ni composite paste to be
subsequently deposited in the slots (Figure 2b).

TUNGSTEN INERT GAS CLADDING

OF TUNGSTEN CARBIDE-NICKEL
COMPOSITE COATING ON AUSTENITIC
STAINLESS STEEL SUBSTRATE

The cladding process was carried out using a
TIG welding machine combined with a lathe ma-
chine to make the tungsten arc travels along the
composite layers at automatic and constant speeds.
The arc ignition and extinguishing were on the
substrate for each coating layer (Figure 3). Table 5
shows the TIG cladding parameters based on the
trial and error method and previous literature.

RESULTS AND DISCUSSION

The results of the experimental work were
presented and discussed. Microanalysis of MMC
coatings deposited on austenitic stainless steel
substrates have been evaluated by the OM, SEM
with the assistance of the EDS.

Macroscopic metallography

Before discussing the microstructural varia-
tions across the coated samples, it is necessary
to get acquainted with the microstructure of the

Product PVA code

Molecular formula Viscosity

MESE 8-88

(C,H.0,.C,H,0)x

,H:O,.C,H, 8 mPa.s (in 4% aqu. Solution)
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Figure 2. (a) Dimensions of slots machined in the substrates in mm
(b) WC-Ni composite paste deposited in the slots

Figure 3. (a) Samples under cladding (b) samples before preparing test
specimens (c) the TIG torch combined with a lathe machine
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Table 5. TIG cladding parameters of austenitic stainless steel substrates

Pure WC powder of (wt.%)
Cladding by the use of
65
Clad symbol C1 Cc2 C3
Travel speed (mm/min.) 67 107 122
Current value (A) 130
Arc voltage value (V) 15
Position Flat
Polarity DCEN
Thickness of layer (mm) 1
Ar gas flow rate (I/min) 10
Ar gas purity (%) 99.999
Arc length (mm) 3
Tungsten electrode diameter (mm) 2.4
Tungsten electrode type Thoriated tungsten ESAB-WT20

substrate material prepared from AISI 18-2Mn
austenitic stainless steel. OM and SEM show in
Figure 4 that the microstructure of the substrate
alloy was austenite grains noting the appearance
of twinning. Table 1 shows the chemical compo-
sition of this steel possessing high contents of Mn
(up to 10.45 weight percent) and N (up to 0.18
weight percent), which partly replace Ni as aus-
tenite stabilizers. This is the reason why austenite
grains appear on microscopic examination [43].
Since N has more solubility than carbon in aus-
tenitic iron and is a stronger austenite stabilizer
and solid solution strengthener without signifi-
cantly reducing fracture toughness, it has advan-
tageous properties [44].

According to studies [45, 46, 47], as the con-
centration of N increases, single and polycrystal-
line austenitic stainless steels exhibit a greater
propensity to form planar dislocation structures.
These structures lead to enhanced strain hard-
ening through slip band formation and, in some

cases, deformation twinning by reducing the ma-
terial’s ability to cross-slip [48]. So twinning can
be clearly shown in the Figure 4.

Microscopy of each sample showed varia-
tions in microstructures of the clad layer and
adjacent regions of the substrate. These varia-
tions are attributed to the differences in chemical
compositions of the coating layers and the large
thermal gradients to which the sample is exposed
from the melting temperature to that of the sub-
strate unaffected by heat. This is typically fol-
lowed by a rapid cooling rate caused mainly by
the relatively cold substrate and the atmosphere.

The effect of cladding travel speed

With the carbide-nickel composite coatings
produced by the TIG cladding technique, the
travel speed and as a result the heat input have
typically significant effects on the microstructure
[49]. Macroscopic examination was carried out

Figure 4. Microstructure of the substrate material using an (a) OM and (b) SEM
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on three specimens of austenitic stainless steel
substrates coated with WC-Ni composite by the
TIG cladding technique using the same wt.% of
WC (65%) and various travel speed values (67,
107 and 122 mm/min.).

Microscopy revealed in Figure 5 that den-
drites are present at the different zones along the
cross section of the C1 clad layer. This could be
due to the wt.% of WC in the composite to 65%,
which in turn presents the dendrite nuclei. The
SEM also revealed equiaxed grains in Zone 1,
and a mixture of equiaxed and columnar grains
in Zone 2, while the columnar grains were pre-
dominant in Zone 3. The proportion of columnar
grains increases while approaching the cooling
surface of the clad-substrate interface. Figure 6
shows microstructures of the different zones at

A

ZONE1

ZONE2
ZONE 3,

ZONE NO.

BASE

Ay
IR
S

e

Figure 5. Microstructural map of the C1 sample
at different depths along thecenterline of the cross
section of the clad layer using an (a) OM and (b) SEM

higher magnifications. Table 6 exhibits that the
EDS elemental composition analysis along the
centerline of the cross section of the C1 clad layer
was (53.9% Fe, 8.2% Ni, 20.0% W, 7.4% Mn and
10.5% Cr on average). It is noted that the aver-
age W content in this clad layer significantly in-
creased. This is the reason behind the proportion
of dendrites in this sample. However, the average
contents of Fe, Mn and Cr in the clad layer were
less. This confirms that the dilution with the sub-
strate material in this sample was lower.

Figure 7 shows the EDS chemical composi-
tion analyzes of A and B regions indicated in the
scanning electron microstructure of the Zone 1 of
the C1 sample. It is clearly observed from the fig-
ure that there is a large discrepancy in the chemical
composition analyzes of A and B regions due to

Figure 6. Microstructural map of the
C1 sample at higher magnifications
using an (a) OM and (b) SEM

Table 6. The EDS elemental composition analysis of the C1 sample at different depths along the centerline of the

cross section of the clad layer

Element Zone 1 [wt.%] Zone 2 [wt.%] Zone 3 [wt.%]
Tungsten 19.93 21.69 18.30
Nickel 8.55 8.38 7.62
Iron 54.01 52.47 55.36
Manganese 7.06 717 7.89
Chromium 10.45 10.30 10.83
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Element Aregion [wt.%)] B region [wt.%)]
Tungsten 15.29 39.30
Nickel 9.66 2.81
Iron 59.31 34.34
Manganese 6.76 6.56
Chromium 8.98 16.99

Figure 7. EDS elemental composition analysis of A and B regions indicated in

the scanning electron microstructure of the Zone 1 of the C1 sample

the apparent heterogeneity in the microstructures
of these different regions. The higher W element
content at B region (dendrites) is due to the fact
that the WC particles serve as nuclei for the den-
drites, as mentioned earlier. On the contrary, the
contents of Fe and Ni elements are greatly higher
at A region (Ni-based matrix) indicating that the
iron element is mainly concentrated in the matrix
rather than the dendrites. However, the Cr wt.%
in the dendrites region was much higher than in
the matrix, while the Mn wt.% was similar.

The effect of increasing the cladding speed
value to 107 mm/min on the microstructures of
the clad layer (C2) at all three zones is shown
in Figures 8 and 9 using OM and SEM. There
was a marked increase in dendrites. The figures
also show that the dendrites were mostly colum-
nar in all three zones. The reason behind these

observations could be the higher cooling rates
due to the lower heat input resulting from the
higher travel speed used with this sample. It is
clearly observed from the figures that the struc-
ture in Zone 2 is slightly finer than that in Zone
1, and that the columnar structure significantly
increases while advancing towards the bottom of
the clad layer. This might be due to the proximity
of the cooling surface (clad-substrate interface).
The EDS elemental composition analysis along
the centerline of the C2 cross section shows in
Table 7 that the content of each element has no-
ticeably varied at the three test points with aver-
ages of 51.5% Fe, 9.2% Ni, 21.6% W, 7.3% Mn
and 10.4% Cr. Obviously, the average iron con-
tent is still more than half of the total constitu-
ents of the clad layer due to the effect of dilution
with the substrate material. However, compared

Table 7. The EDS chemical composition analysis of the C2 sample at different depths along the centerline of the

cross section of the clad layer

Element Zone 1 [wt.%] Zone 2 [wt.%] Zone 3 [wt.%]
Tungsten 24.16 23.34 17.39
Nickel 9.50 9.30 8.69
Iron 48.98 50.15 55.54
Manganese 7.07 7.07 7.60
Chromium 10.29 10.14 10.77
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ZONE NO.

Figure 8. Microstructural map of the C2 sample
at different depths along thecenterline of the cross
section of the clad layer using an (a) OM and (b) SEM

with C1 which has the same preplaced compos-
ite paste (65% WC-Ni), but with a travel speed
of 67 mm/min, the dilution ratio in C2 sample is
lower. This is due to the fact that increasing trav-
el speed leads to a decrease in heat input [50].
Therefore, the dilution ratio of the substrate ma-
terial elements (iron, chromium and manganese)
decreases with increasing those of the coating
(tungsten and nickel). It can also be noted from
Table 7 that the substrate material elements in
Zone 3 are clearly higher than those in Zones
1 and 2 at the expense of the coating elements.
This is due to the dilution effect with the sub-
strate material due to the proximity of this zone
to the substrate.

With the increased TIG cladding travel
speed value to 122 mm/min, the microstructure
at each of the three zones along the cross section
of the C3 sample is affected, where Figures 10
and 11 show the optical and scanning electron
microstructures of this sample. It is clearly ob-
served that the dendritic structure increased sig-
nificantly at the expense of the matrix, and the
columnar dendrites were generally more than
those that appeared in the C2 clad layer. The rea-
son for this might be that increasing the cladding

186

speed value definitely reduces the amount of
heat introduced into this sample, which leads to
increased cooling rates.

The figures also exhibit a distinct heterogene-
ity in the microstructures of the three zones. The
microscopy generally showed densely branched
dendrites of nickel solid solution with tungsten
carbides segregated at the dendrite boundar-
ies due to the growth of the dendrite branches,
which all are distributed through the matrix. In
Zone 3, the density of dendrite branches was
higher, and the columnar dendritic structure was
more. This is due to the effect of increased cool-
ing rates to which this zone is exposed by the
adjacent colder substrate material. Microstruc-
tural examination also showed in Zone 3 that the
matrix noticeably increased at the expense of
dendrites. The reason for this is that the dilution
effect is greater in this zone due to its proximity
to the substrate material.

Figure 10 and Table 8 show the EDS map and
chemical composition analysis at different depths
along the centerline of the C3 cross section. It is
clearly observed from the table that the content
of each element has also varied noticeably at
the three test points with averages of 38.5% Fe,
16.6% Ni, 34.6% W, 5.2% Mn and 5.1% Cer.

Figure 9. Microstructures of the C2 sample
in the different zones at highermagnifications
using an (a) OM and (b) SEM
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ZONE NO.

J“?S&%

ARG,

&

Figure 10. Microstructural map of the C3 sample
at different depths along thecenterline of the cross
section of the clad layer using an (a) OM and (b) SEM

This variation is accompanied by the het-
erogeneity in the microstructures of the dif-
ferent zones shown in Figures 10 and 11. The
distribution of the W element at the three test
points (Figure 12) clearly indicates the shapes,
sizes and locations of the dendrites shown by
SEM in Figure 11. While moving from Zone 1
towards Zone 3, the decrease in W content was
associated with an increase in Fe content. This
was accompanied by a noticeable increase in the
matrix at the expense of the dendrites shown in
the microstructural examination as a result of the
increased dilution effect in this zone due to its
proximity to the substrate material.

The distribution of the Ni, Fe and Mn ele-
ments clearly indicates (especially in Zone 3) the
Ni-based matrix shown by SEM in Figure 11. The
average iron content for the three test points is ap-
proximately 38.5% of the total constituents of the
clad layer, proving that the dilution that occurred
with the substrate material for this sample was
lower than that occurred with the other samples
discussed before. This is due to reduced fusion
as a result of the increased TIG cladding travel
speed used with this sample.

ZONE 1

ZONE 2

ZONE 3

Figure 11. Microstructures of the C3 sample
in the different zones at highermagnifications
using an (a) OM and (b) SEM

EL Zone 1 Zone 2 Zone 3

Figure 12. The EDS map of the C3
sample at different depths along the
cross sectionof the clad layer
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Table 8. The EDS chemical composition analysis of the C3 sample at different depths along the centerline of the

cross section of the clad layer

Element Zone 1 [wt.%] Zone 2 [wt. %] Zone 3 [wt. %]
Tungsten 37.94 34.89 30.95
Nickel 17.99 15.14 16.66
Iron 34.75 39.13 41.59
Manganese 4.66 5.28 5.63
Chromium 4.67 5.56 5.16

CONCLUSIONS

This study explored the effect of using wt.%

of WC (65) and various travel Speeds (87, 107,

and 122A) on WC-Ni composite coatings depos-

ited on austenitic stainless steel substrates using

TIG cladding technique. The most important re-

sults of this study can be concluded as follows:

e as a result of the travel speed that the TIG
cladding technique produces, the heat input
usually has a big impact on the microstructure;

e the microstructures of the C1 sample clad lay-
er (65% WC-Ni and 87 A) were mainly com-
posed of Ni solid solution grains with WC par-
ticles distributed through the matrix. There is
are notable increase in the proportion of the Ni
solid solution dendrites, which became some-
what mostly columnar while moving towards
the bottom of the coating layer;

e increasing the travel Speeds to 107A. led to
the formation of finer and mostly columnar
dendrites across C2 clad layer;

e with C3 sample (122A. of travel Speed), the
proportion of dendrites and carbides clearly
increased at the expense of the matrix. The
dendrites were also more densely branched.

Lessons learned from this study can be taken
into consideration in studies on cladding, and
some fields covered in this study could be further
improved. The following is a summary of recom-
mendations for further work.

1. A corrosion test can be carried out for the coat-
ing layers.

2. Laser cladding technique can be used.

3. More wt.% of WC might be in pre-placed com-
posite pastes.

4. Studying the effect of the mass fraction of WC
in WC-Ni composite coatings and welding cur-
rent on the microstructure and properties of the
clad layers.

5. Investigating the influence of particle size of
pre-placed composite powders on the charac-
teristics of the clad layers.
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6. Cladding other substrate materials such as low
alloy steel.
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