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Abstract In the present study, mixed powders of 95 % Ni
and 5 % WC were coated on the surface of AISI 1010 steel
by plasma transferred arc process. The effect of current
variation on the microstructure and hardness of the alloyed
surfaces was investigated. After deposition, microstructural
analyses including metallographic examination and micro-
hardness measurements of the coatings were performed. The
alloyed surfaces showed an increase in hardness when cur-
rent was increased and this was attributed to the formation
of hard phases. Upon solidification of the coating, different
microstructures formed depending on the processing parame-
ters. The microstructures of the alloyed surfaces consisted of
widmanstatten ferrite, grain boundary ferrite, acicular ferrite,
bainite and martensite.
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1 Introduction

Low carbon steels are generally preferred due to their
low cost and easy machinability. However, due to low
mechanical properties, hardness and corrosion resistance,
their usage and application are restricted. The surfaces of
these materials are coated to improve these properties [1].
There are several methods used in surface coating, one of
which is plasma transferred arc (PTA) process. Recently,
PTA weld surfacing has been applied to improve proper-
ties such as mechanical strength, wear, corrosion and heat
resistance of material’s surface due to its high deposition
rate and lower heat input. With this method, it is possi-
ble to obtain metallurgical bonding between the coating
layer and substrate material with very low dilution and dis-
tortion in numerous materials. The process provides such
advantages as low cost surface, minimal dilution from the
base metal, use of a lesser quantity of material and easy
automation. Carbon, chromium or complex mixtures of
metals and compounds may be used as alloying materials
[2–8].

In this study, a mixture of tungsten carbide (WC) and
Ti powders was used. WC used in this study is generally
employed as a tool or die material. WC combines positive
properties, such as high hardness, good wear resistance, a cer-
tain amount of plasticity and good wettability by molten met-
als considering other carbides. However, the brittleness and
low formation heat make WC easily dissolvable by molten
metals, which limits its usage as a structural material. Fur-
thermore, clad tungsten carbide particles on a ductile material
which are aimed to improve the wear performance of sur-
face have the toughness of base material. The brittleness of
WC-base composites restricts their usefulness in wear appli-
cations when a combination of high hardness and toughness
is needed [6,7].
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Bourithis et al. [1] studied the surface treatment of a tool
steel by a PTA process. They showed that the wear resistance
and hardness of specimens treated by PTA were better than
the conventional heat-treated steel and the microstructure
was mostly fine. Ozel et al. [2] investigated coating layer and
interface coated with NiTi powder mixture on the surface of
AISI 304 steel by PTA and observed that the coating thickness
increased with current density and that the coating layer was
poor in NiTi alloy with higher arc current densities. Hou et al.
[3] studied microstructure and wear characteristics of cobalt-
based alloy deposited by PTA weld surfacing. They observed
that the as-welded coating consisted of a cobalt-based solid
solution with face-centered cubic crystal structure and hexag-
onal (Cr,Fe)7C3. Bourithis and Papadimitriou [4] investi-
gated the microstructure and the wear resistance of four
different coatings (MMC-TiC, AISI M2, Fe–B, Fe–Cr–B)
fabricated with PTA alloying technique. They observed that
MMC-TiC coating showed good performance. Deuis et al. [5]
reviewed a study on ferrous and non-ferrous base materials
with metal-matrix composite coatings using different coating
methods (PTA surfacing, laser cladding and thermal spray-
ing). Alian and Jalham [8] performed a comparative work
among three different types of coating materials to improve
wear resistance of steel using plasma spray process. They
investigated the effect of velocity, load and surface roughness
for each coating type. Bourithis et al. [9] produced a metal
matrix composite tool steel with TiC as reinforcing particles
by PTA surface alloying of a construction carbon steel and
investigated microhardness, microstructure and wear resis-
tance of this alloyed surface. Bourithis and Papadimitriou
[10] synthesized a high speed steel on the surface of a plain
steel using PTA alloying technique. They observed layers
with a fine cast microstructure consisting of a dendritic matrix
of martensite/residual austenite embedded in a duplex M6C
and M2C eutectic. Sudha et al. [11] investigated microchem-
istry and microstructure in a PTA weld overlay of Ni–Cr–Si–
B alloy on AISI 304L stainless steel. They observed changes
in microstructure, microchemistry and hardness based on
the phase transitions of the Ni rich alloy during solidifica-
tion and cooling on the base metal. Huang et al. [12] stud-
ied microstructure and properties of Cr3C2-modified nickel-
based alloy coated with PTA process. They found that the
γ (Ni, Fe), M7(C,B)3, Ni4B3, and (Cr,Fe)2B phases formed in
the Cr3C2-free nickel-based alloy coating obtained with PTA
process. Skarvelis and Papadimitriou [13] investigated PTA
composite coatings with self-lubricating properties based on
microstructure and tribological behavior of Fe and Ti sul-
fides. They observed that both TiC and MoS2 ingredients dis-

solve completely in the melt under the plasma arc and that
new compounds were formed during solidification. Liyan-
age et al. [14] studied microstructures and abrasive wear
performance of Ni–WC coatings using different Ni-alloy
chemistries by PTA. They observed the Ni–WC coatings with
microstructures consisting of γ Ni dendrites with interden-
dritic Ni-based eutectics, borides and carbides. Xibao et al.
[15] analyzed the thermal behavior of ceramic powders on
the surface of a melting pool during PTA powder surfacing.

In this study, the surface of AISI 1010 steel was coated
with a preform consisting of tungsten carbide/nickel powder
mixture by using PTA. EDX, XRD and SEM analyses were
employed to assess the compositions and microstructure of
coating layer. The effects of the current on microstructure
and microhardness of the coatings were also investigated.

2 Experimental Procedure

AISI 1010 steel with the dimensions of 100 × 20 × 10 mm
and an initial hardness of 120–130 HV was chosen as the

Table 2 Characteristics of WC and Ni powders

Feature of coating material Ni WC

Purity (%) 99.8 99.5

Specific gravity (g/mol) 58.71 47.9

Powder dimension (mesh) −325 70 µm

Melting temperature (◦C) 1,453 2,870

Specific weight (g/cm3) 8.9 4.507

Boiling temperature (◦C) 2,832 6,000

Fig. 1 Schematic drawing of the PTA powder surfacing [15]

Table 1 The chemical
compositions of AISI 1010 steel

Element C Si Mn P S Cr Ni Cu Nb Ti Fe

% 0.0807 0.3 0.347 0.0108 0.0146 0.0181 0.0196 0.0216 0.0009 0.0033 Remaining
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Table 3 The experimental parameters and their values

Parameters Values

Current, I (A) 120, 140, 160

Scan speed (mm/s) 1.2–1.5

Gas flow rate (l/min) 11

Shielding gas 99.9 % pure Argon

Electrode 2 % thorium tungsten

Electrode diameter (mm) 4.7

Voltage (V) 20

Plasma gas (m3/h) 0.5

The distance between torch
and material (mm)

2–4

Fig. 2 Optic micrograph of coating layer, substrate, interface and HAZ

substrate material. The chemical compositions of AISI 1010
steel are shown in Table 1. Prior to cladding process, the sub-
strate was polished with 400 grit SiC emery paper, cleaned
and finally rinsed by acetone. The mixed powders of Ni and
WC with 95 at.% Ni 5 at.% WC were blended for 12 h. The
characteristic features of powders used are shown in Table 2.
Later, the mixed powder layers in thickness of 1 mm were
covered with a paste of the alloying powder by adding pure
alcohol for the binding of powders. The binder was restricted
within a limit to eliminate pore formation [16] and keep the
powders on the surface under the flow of argon during the
arc melting. The coated specimens were dried in a furnace
at 60 ◦C for 1 h to enhance the adhesion effect between the
coating material and the substrate. The operating principle of
PTA melting used is schematically shown in Fig. 1. Surface
coating procedure was realized in three different welding
currents. The experimental parameter settings are shown in
Table 3.

Specimens for metallographic examinations were taken
from the cross section of the modified surface of coating
areas. The metallographic specimens obtained were ground

Fig. 3 Optical micrograph of HAZ microstructure, a 120 A, b 140 A,
c 160 A

with 80–1200 mesh sandpaper; as a result, their surfaces were
cleaned and then cross-sectional surfaces were polished by 3
µm diamond paste and solvent. For microstructural examina-
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Fig. 4 a SEM micrograph of the specimen alloyed with I = 120 A, b EDS analysis taken on the point of number 4, c X-ray diffractogram

tion, the specimens were etched with 2 % Nital. Conventional
characterization techniques such as optical (COIC XJP-6),
scanning electron microscopy (SEM) and energy disper-
sive spectrograph (EDS) (JEOL JSM 7001F) were employed
for studying the microstructure and elemental analysis of
the alloyed zone. In addition, the microstructure, the effects
of the current value on microhardness of the coatings were
also investigated. Microhardness measurements were con-
ducted by Leica microhardness tester under a load of
200 gf.

3 Results and Discussions

An almost uniform alloyed layer free of cracks and porosi-
ties was produced after the PTA melting process. It was
observed that substrate layer with alloyed layer was per-

fectly adhered to each other. During coating process, four
different regions occurred, namely coating layer, interface
region, heat affected zone (HAZ) and substrate [2], which
can be seen in Fig. 2. The diffusion coefficient of carbon in
the carbide is much more than metal-forming carbide. There-
fore, carbon diffuses much faster out of the carbide-forming
metal carbide. Thus, if the diffusion activation energy is
reached due to the difference in the rate of diffusion, the
carbide undergoes decarburization and an interfacial region
occurs [17].

During coating process, the surface is subjected to high
temperatures which also affects both substrate material and
coating material. The energy of PTA melts the surface of
the substrate and the powder layer together and provides an
alloyed surface. Therefore, liquation can be seen along the
grain boundary in a region very close to the fusion bound-
ary. Probably, the liquid formed solidifies in two directions,
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Fig. 5 a SEM micrograph of the specimen alloyed with I=160 A, b EDS analysis taken on the point of number 4, c X-ray diffractogram

parallel and perpendicular to the heat flow [3,9,15]. Element
transitions occurred in both sides. The elements from the sub-
strate changed the composition and structure of the transition
zone in the proximity of the substrate [18]. Alloyed layer
joined as a result of the melting of a thin layer of the sub-
strate material. As a result, the variations in microstructure
occurred. In addition, from the microstructures of the layers
with Ni/WC after the process, it was seen that microstructures
solidified in varying composition by the process parameters
such as energy input values.

When the low current is chosen, heat input decreases,
implying a high cooling rate, which is concluded by
rapid solidification. As a result, martensite phase occurred.
The bainitic structure around the larger martensite islands
occurred along the grain boundaries, which were sur-
rounded by ferrite grains. As a result, acicular ferrite was
observed (Fig. 3a). Similar results can be found in the
literature [19].

It was observed that the dendritic structures occurred per-
pendicular to the welding axis on coating side at all coat-
ings. A reason for the occurrence of the dendritic structure
is the huge difference between the melting points of Ni and
other phases formed by tungsten carbide dissolution [16].
The amount of W in the dendrites was low. Since dendrites
are the first to be solidified; the extra W in the melt gener-
ally solidifies in only eutectic areas. The dominant phases
in microstructure of substrate material were martensite and
bainite. Depending on the rate of cooling, grain boundary fer-
rite (GBF), widmanstatten type ferrite (WF), acicular (need-
like) ferrite (AF) and a negligible amount of martensite with
austenite and decomposed pearlite phase occurred. In low
carbon steels, it was not demanded that presence of WF and
GBF caused grain coarsening in HAZ. The presence of GBF
which depends on the amount of WF is the reason for the loss
of toughness and brittle cracking in the weld. The nucleation
of AF, usually due to the non-metallic inclusions, improves
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the material toughness and strength. The bainite microstruc-
ture in steel with low carbon is very similar to that of AF
and, therefore, it is very difficult to distinguish between these
phases [19].

It was observed that, when current increased to 140 A from
120 A, amount of widmanstatten type ferrite, bainite, AF and
GBF increased and amount of martensite decreased (Fig. 3b).
In coating side, refined dendritic structures were observed.
When current increased to 160 A from 140 A, the amount of
WF and martensite decreased, the amount of AF and bainite
increased and pearlite occurred. Furthermore, it was observed
that AF and bainite islands occurred. Dendritic structures on
coating side were refined with higher current (Fig. 3c). When
the current increased, a slower solidification occurs with heat
input increased. The more heat is incorporated into the MMC,
the longer it takes to cool down. Higher cooling rate is based
on the higher energy input during welding process which
resulted in grain refinement [5,18].

Considering W–Fe–C phase diagram, it can be asserted
that WC + α-Fe + hexagonal (M6C) phases can be prob-
ably formed. In the microstructure of the surface modi-
fied material, WC and W2C types, most of which were
M6C (M = W, Fe) carbides, were determined together with
austenitic hypoeutectic structure. The formation of FeW3C
and Fe6W6C (Fig. 4) indicates the significance of a small
amount of melted iron from the substrate in the microstruc-
ture of the coating. The XRD analysis of the alloyed sur-
face at low current was given in Fig. 4. It was observed that
Fe3C, Fe2W, Fe6W6C, CW3, WC, FeW3C phases occurred.
Whereas, it was also viewed that a lot of Fe, Ni, CW3, WC,
Fe2W, Fe3C, FeNi3, Fe3W3C, Fe2W2C, FeW3C, Fe6W6C,
W2C occurred at high current rates (Fig. 5).

Through the coating layer, hardness varied between 195
and 302 HV and decreased progressively in depth (Fig. 6).
Hardness increased with the increasing current. When current
is increased, it is expected to decrease the level of hardness,
which can simply be attributed to WF, considerable amount
of AF and some bainite formation [19]. The refinement of

Fig. 6 Effect of current on the microhardness

grain structure showed improvement in the hardness. It is
expected that hardness would decrease with bainite forma-
tion. The hardness increased with the formation of acicular
ferrite islands in the structure.

4 Conclusions

• In this study, AISI 1010 steel was coated with Ni–WC
powder by PTA successfully.

• At low current, bainitic structure around the larger
martensite islands occurred along the grain boundaries
which were surrounded by ferrite grains and acicular fer-
rite was observed. When the current was increased to
140 A from 120 A, amount of widmanstatten type ferrite,
bainite, AF and GBF increased and amount of marten-
site decreased. When the current was increased to 160 A
from 140 A, the amount of WF and martensite decreased,
amount of AF and bainite increased and pearlite occurred.
Furthermore, it was also observed that AF and bainite
islands occurred.

• Fe3C, Fe2W, Fe6W6C, CW3, WC, FeW3C phases
occurred at low current value, whereas a consider-
able amount of Fe,Ni, CW3, WC,Fe2W, Fe3C, FeNi3,
Fe3W3C, Fe2W2C, FeW3C, Fe6W6C, W2C occurred at
high current value.

• When the current was increased, the hardness increased
due to formation of acicular ferrite islands in the structure.

• Through the coating region, the hardness increased with
the increasing energy input.
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