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Abstract. CoWC composite coatings were produced on AISI 430 steel by the plasma transfer arc cladding.
Three different powder mixtures containing WC (90%, 85% and 80%) and Co (10%, 15% and 20%) were used.
Phase composition, microstructural characterization and coating properties were investigated by using scanning
electron microscope (SEM), energy dispersive spectrometry (EDS), X-ray diffraction (XRD), elemental
mapping, hardness and wear test. The wear shape morphology of coatings was determined by SEM. The
increased ratio of WC in CoWC powders reduced the degradation of CoWC. The substrate hardness of 180 HV
gained a coating hardness value of approximately 462 HV. An increase in the hardness of the coating alloy
compared to the substrate was achieved. W2C, WC, CoC and Co6W6C phases were determined on the coating
surface. The high levels of WC concentration on the coating surface increased the wear resistance.
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1 Introduction

Normal unalloyed and low-alloyed steels are not resistant
to corrosive effects. Stainless steels (SS) are generally
suitable for such applications. SS have qualities such as
corrosion resistance, availability of types with different
mechanical properties, use at low and elevated temper-
atures, longevity, ease of shaping, environmental friendli-
ness and aesthetic appearance [1–3]. In the plasma transfer
arc welding (PTA), a plasma with high energy density
directly compressed in a short arc plasma torch is obtained.
Double gas is applied in the plasma torch. The gas given
from the wolfram cathode environment is called plasma
gas. This gas both protects the tungsten cathode copper
nozzle and ionizes ensuring the conductivity and stability
of the plasma. The inert gas, argon, is usually utilized as the
plasma gas. The second gas is the shielding gas. This gas is
transferred between the workpiece and the torch in a way
that surrounds the plasma. Duties of shielding gas:
Focusing the plasma from the outside with thermal
compression, increasing the energy power, also protecting
the electrode and welding place from atmospheric effects.
The material melted at the weld, easily solidifies as the
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plasma progresses, due to surface tension behind the
plasma [4–7]. Surface engineering techniques manufacture
different types of composite and coating materials.
Electroplating claddings, thermal sputtering, plasma and
laser remelting have been reported in the literature [8–10].
Metal matrix composites (MMCs) are materials that have
the superior hardness, toughness of ceramic reinforcement
materials such as WC, SiC and Cr3C2. CoWC-MMC alloys
are selected as hardfacing in oil, gas and agricultural
industry tools due to their exceptional wear and corrosion
resistance. CoWC alloys are applied for plating machine
parts where corrosion and strength performance is required
[11–13]. Zhou et al. reported changes in the microstructure
and properties of Cr3C2 alloyed with PTA on AISI 310.
When the Cr3C2 quantity was little, (Fe, Ni) solid solution,
carbides, columnar crystal and cellular crystal appeared
[14]. Deng et al. investigated the Fe-Mo alloying on AISI
1045 steel with PTA. The hardness and wear performance
of the coating was greater than that of the substrate. The
wear mechanism was abrasive and oxidation [15]. Jin et al.
performed electro-thermal explosion directional spraying
technology for WC/Co coatings. WC/Co coatings have
found that it provides exceptional wear resistance [16].
Rajinikanth and Venkateswarlu reported sliding wear of
mild steel sample with and without WC coating. WC
coated samples exhibited excellent wear performance [17].
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Table 1. Experimental conditions used in PTA coating.

Current intensity (A) Shielding gas flow (l/min) Plasma gas flow (l/min) Welding speed (m/min)

130 20 0.8 0.01
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Yang et al. investigated carbide influence of grain size on
the wear strength of WC-Co coatings [18]. Mutairi et al.
studied coating microstructures with reactions of
WC-12Co powder having micro and nano-sized. [19].

The purpose of this investigation is to determine the
microstructure, hardness and wear features of the coatings
produced fromCoWC powder mixture on AISI 430 steel by
the PTA method.

2 Materials and methods

AISI 430 steel (Fe: Bal., C: 0.047, Cr: 16.04, Ni: 0.21; Si:
0.42; Mn: 0.60, wt.%) specimens of 10� 10� 10 mm3 were
selected as substrate. The weight percent of Co and WC
particles was selected as follows: (S1) 90%WCand 10%Co,
(S2) 85% WC and 15% Co, (S3) 80% WC and 20% Co.
Tungsten carbide (WC) and cobalt (Co) powders were
mixed. CoWC powders including dimensions between 45
and 100mm were used as a coating material. The powders
were homogenized in a ball mill for 2 h and were dried at
120 °C for 3 h. Before the PTA process, the surfaces of
stainless steel samples were polished, and then cleaned with
alcohol. The experimental conditions used in PTA coating
are shown in Table 1. The PTA cladding was carried out by
PTA-Thermal Dynamics PS 3000 system. Standard
metallographic procedures were applied for preparation
of the samples. The samples were flatted using 180–
1200mesh SiC sanding papers and polished in the polishing
device using diamond paste of 3mm. AISI 430 substrates
and the coating layers were electrolytically etched with a
10% oxalic acid solution at 5V for 12 s. The phase
composition of all samples was defined by Bruker D8
Advance X-ray diffraction (XRD) with Cu-Ka, 40 kV,
40mA, l=1.54050 A

�
. The microstructural changes

occurring in the welded joints were identified by using a
ZEISS LEO EVO LS10 scanning electron microscope
(SEM), energy dispersive spectrometer (EDS), elemental
mapping. Microhardness values were measured at QNESS
Q10 brand device by applying a load of 50 g for 10 s. The
wear performance of the samples was measured on a pin-
on-disc wear machine (Model: UTS-Tribometer T10/20)
with a load of 30N and 1000m according to ASTM-G65
standard. The wear morphology of the coatings was
determined by SEM.

3 Results and discussion

3.1 Microstructure analysis

WC and cobalt powder mixture were alloyed on AISI 430
steel with the high density PTA coating. SEMmicrographs
of S1-S3 coatings are presented in Figures 1a–1c. The
current density of PTA was taken as 130 A, and the
thickness of themodified surface layer wasmeasured for the
concentration of WC in cladding power. The thickness of
modified surface was decreased with increase of WC
concentration as approximately 10% for 5wt.% WC
addition. The melt solidified on the substrate surface with
a high cooling rate, and a large temperature gradient
occurred when the high-temperature molten pool came into
contact with the matrix. On the other hand, the
solidification rate of the alloy melt was low when the alloy
melt started to solidify at the underside of the molten pool
[20,21]. Columnar grains formationmechanism was strictly
related to the temperature gradient/solidification rate.
Therefore, many fine columnar grains appeared in the
lower zone due to the higher temperature and lower degree
of solidification rates [22,23]. The microstructure of CoWC
coatings displayed mostly columnar grains in the matrix.
The highest temperature gradient occurred between the
bottom zone of molten pool and the substrate. The
principles of solidification explain the relation of tempera-
ture gradient/solidification rate value with the grain
morphology. According to these principles, the growing
direction of the columnar grains was opposite of the heat
diffusion. It was perpendicular to the substrate surface. On
the other hand, the equiaxed grains were gradually
replaced with columnar grains in the top region of the
coating due to decrease of heat diffusion [24]. All samples
indicated parabolic style bond line between the coating and
the matrix which was an image of PTA coating, and this
suggested that the applied PTA processing parameters
were appropriate.

The high PTA power completely melted the powder
particles on the surface and reduced the surface roughness.
Cracks and pores were not revealed in macroscopic
examinations. Since the coating did not delaminate, there
was a good bond between the coating and the steel.
Macroscopic evaluations of sample surfaces and sections
showed that the matrix powder was completely dissolved
during the settling operation and the WC were partially
melted for especially sample S1 having high level of WC.
The PTA force caused the formation of parabolic shaped
bond lines between the coating and the substrate (Fig. 1).
Due to heat density, the temperature gradient slowly
declined. The heat radiated parallel to the upper zone of the
coating layer. This changed the growth direction of
columnar grains. Also, increasing the WC powder ratio
for sample S3 to S1 made the columnar grains finer, where
the WC powders form nucleation zones within the
columnar grains in the matrix [25,26]. The carbides were
distributed relatively evenly throughout the entire coating.
It was seen that the XRDmodel of the samples was similar.
Hence, the XRD model of S3 coating is demonstrated in
Figure 2. The microstructure of the cladding layer
consisted of WC,W2C, CoC and Co6W6C phases dispersed
in the g-Co matrix. The micrograph of EDS analysis points
of sample S3 and the elemental analysis of object 1–4 the



Fig. 1. SEM micrographs of (a) S1, (b) S2, (c) S3 coatings.
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points are presented in Figures 3a and 3b. Object 1
composed of 45.34wt.%Fe, 8.94wt.%W, 29.56wt.%Cr,
2.68wt.%Ni, 11.87wt.%C and 1.60wt.%Co. Object 2
consisted of 46.15wt.%Fe, 7.90wt.%W, 26.30wt.%Cr,
3.39wt.%Ni, 14.26wt.%C and 1.99wt.%Co. Depending
on the EDS analysis, it was thought that the spherical
inclusions at grain boundaries of the modified surface were
likely carbides with (Co,W)C content as labeled object 1
and 2. The tungsten rate decreased as the measuring points
moved away from the carbide particles. Tungsten slowly
dissolved in cobalt. Higher carbon and lesser cobalt
quantity were obtained in the eutectic than in the dendritic
structure (Fig. 3). It was aimed to detect the concentration
of transition zone by EDS analysis of object 3–4 (Fig. 3).
Object 3 included 71.37wt.%Fe, 15.56wt.%Cr, 2.50wt.%
W, 3.95wt.%Ni, 3.22wt.%Co and 3.40wt.%C. Object 4
consisted of 71.39wt.%Fe, 15.03wt.%Cr, 1.32wt.%W,
10.51wt.%C, 0.71wt.%Co, 0.41wt.%Ni and 0.64wt.%Si.
The spherical inclusions were likely carbides with (Co,W)C
content. The W rate decreased as the measuring points
moved away from the carbide particles.

Elemental mapping analysis of sample S3 is displayed in
Figure 4. A transition zone was formed between the
modified surface layer and the steel substrate. Tungsten
(W), cobalt (Co), carbon (C) and iron (Fe) were the
elements detected by EDS examination. A strong connec-
tion between theWC and the cobalt matrix was achieved in
the coating. The carbide zone was predominantly com-
posed of elementsW and C. The substrate zone consisted of
the main element Fe. The main elements of the carbide and



Fig. 2. XRD analysis of S3 coating.
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binder compound formed the W and Co matrix. Co and
WC elements migrated to the substrate material by
diffusion. C, Fe from the substrate diffused into the alloy of
the coating. The investigation of the cross-sectional
mapping showed that the distribution of WC was not
homogeneous in modified surface. The concentration of
WC increased from surface to the transition zone due to the
density of WC carbide (Fig. 4).

3.2 Hardness

Microhardness curves of CoWC powder coatings are
presented in Figure 5. The hardness of the CoWC coating
was considerably higher than that of AISI430 steel (180
HV) due to theWC addition and the fine grained structure
formed. The melting point of the carbides was dissimilar.
This difference was related to the rate and type of carbide
in the matrix. The thermal conductivity of Co powder was
14.82W/(mK) and tungsten carbide was 84.02W/(mK)
[27]. This allowed greater heat transfer to the substrate and
better mixing with additives. The coating was separated
dendrites that occurred at various cooling rates across the
cross section of the coating. WC primary carbides enriched
the matrix with carbon and tungsten by diffusion. High
microhardness was accomplished by reducing the carbide
particles in the matrix to a relatively small shape by the
force of the plasma. In the lower part of the coating, the
substrate and coating products alloyed with each other.
The hardness of the fabricated coating decreased. Under
the influence of the heat provided by the PTA power, WC,
Co and primary carbides melted in the surface layer.W and
C found in the WC diversified the element ratio of the
matrix. Throughout solidification, the matrix crystallized
and spherical precipitates containing W and C were
identified. The hardness, increased as the W2C level rised.
Hardness was greater when the Co6W6C replaced Co which
was a the matrix.

3.3 Wear

The wear rates of the samples are shown in Figure 6. The
high levels of WC powders concentration on the coating
surface increased the wear resistance. These results were
consistent with widely varying coating hardness. The
distribution and rate of WC particles were very important
in WC-Co composite coating. Due to the mixing effect in
the melt pool, WC particles settled to the underside of the
coating. The amount of wear increased with increment of
sliding distance. Cracking and chipping of WC particles
were observed in the coatings. The metallic cobalt matrix
in the coating was soft and ductile. It formed a thin coating
on smooth interfaces that acted as a lubricant, reducing
wear rates [28,29]. Carbide fragmentation and shrinkage
rates were high. Surface damage caused by deformation of
Co was less at high shear speeds. As a result, the WC
caused the particles to break, making wear more difficult.
Hard phases such as WC and W2C in the coating were
brittle. Normal and tangential stresses took place once the
wear occurred. During wear, the cobalt matrix firstly
deformed and then it formed a thin lubricant layer that
increased wear resistance. As the slip distance increased,
matrix removal, microcracks, and carbide particle separa-
tion occurred. It caused increment of wear resistance at high
speeds, as the frictional heat formed a protective oxide film.



Fig. 3. (a) The micrograph of EDS analysis points of sample S3. (b) Elemental analysis of object 1–4 the points.
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Fig. 3. Continued
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The wear shape morphology of S3 coating is demon-
started in Figure 7. The wear was greater as the contact
pressure of the load increased. Surface roughness consisted
ofWCpowders and cobalt binder. During wear, a high local
stress occurred at the contact points [30,31]. Removing the
roughness led to the formation of chips. The soft Co matrix
between theWC particles was deformed and removed from
the coating. Micro-cracking and/or shrinkage occurred in
WC particles and wear residues were seen.

4 Conclusion
Microstructural characterization and wear properties of
different CoWC powder concentration coatings produced
with PTA on AISI 430 steel was investigated.
The CoWC powder mixture was successfully coated on
AISI 430 steel by PTA technique.

The microstructure of the coating layer consisted of
WC, W2C, CoC and Co6W6C phases dispersed in the g-Co
matrix.

A seamless bond was obtained between WC and g-Co
matrix in the coating surface.

The increased WC ratio in the powder mixture
increased the hardness of the coating layer.

The increase of the tungsten carbide ratio changed the
matrix limits where spheriform or irregularly shaped
precipitates were concentrated.

The cobalt matrix, which formed a thin layer of
lubricant caused increment of wear resistance.



Fig. 4. Elemental mapping analysis of S3 sample.

Fig. 5. Microhardness curves of coated surface and substrate for sample S-Ref, S1, S2 and S3.
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Fig. 6. Wear rates of test samples.

Fig. 7. Wear shape morphology of S3 coating.
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