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Microstructure properties of HVYOF-sprayed
NiCrBSi/WCCo-based composite coatings on AISI 1040

steel
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NiCrBSi/WCCo-based composite coatings were produced on the surface of AlSI 1040 steel using high velocity oxygen fuel
(HVOF) thermal spraying technique. In the coatings produced, the WCCo quantity added to the NiCrBSi was chosen as 10,
30 and 50 wt. % percentages. The coatings were compared in terms of their phase composition, microstructure, and
hardness. Phase composition and microstructure of the coatings were characterised using X-ray diffraction and scanning
electron microscopy. The results indicated that the as-prepared NiCrBSi/WCCo-based composite coatings were mainly
composed of y-Ni, WC, W>C, Cr,3Cs, Cr;Cs, CrB,, CrSi, and Co phases. Microhardness values of coating layer varied
according to the addition of the powder. The highest microhardness value of the coating was measured as 1300 HV .
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1. Introduction

Nickel based alloys, especially NiCrBSi alloys, have
high bonding strength, perfect corrosion and wear
resistances and thus they are widely used in various
industrial areas as coating materials via thermal spray
methods [1,2]. Boron in the chemical composition of
NiCrBSi based coating powder decreases the melting point
of the alloy and provides the formation of hard phases.
Silicon is added to improve the self-fluxing properties of
alloy powder. Chromium provides high resistance against
oxidation and high temperature corrosion. Carbon in the
alloy develops carbides with high hardness values and thus
increases the wear resistance [3-5].

Ni-based coatings are widely used in the improvement
of the surface properties of machines and machine
components that are exposed to wear and high temperature
corrosion such as chemical industry, petroleum industry,
glass form industry, hot working punches, fan paddles,
heat exchangers, turbines, extruders, pistons, and
agricultural machines [6,7]. Sidhu et al., [8] produced
NiCrBSi-based coatings on energy conversion system
materials via HVOF spraying method and investigated
corrosion behaviour of the coatings. It is determined that
in molten salt bath at 900 °C environment; NiCrBSi-based
coatings improve the corrosion resistance because it
increases the oxide density of nickel, silicon, chromium
and boron and such coatings are appropriate for energy
conversion systems. NiCrBSi-based coatings, which are
produced by thermal spraying methods, are also produced
as an alternative to the electrolytic chromium coatings.
The expensiveness of electrolytic coating method and the

disadvantages such as the safety and health weakness of
the chromium coatings that are also produced in the same
way have necessitated the formation of chromium coating
via different techniques. Compared to the electrolytic
coating, harder coatings are produced by thermal spraying
methods. The reinforcement of the chromium-rich
nanoparticles to the matrix and the formation of hard
phases such as NisB (nickel boride) in the coating provide
the hardness of the NiCrBSi coatings that are produced by
thermal spraying [9-11].

In order to improve the hardness, wear and corrosion
performances of Ni-based alloys; ceramic powders such as
TiC [12,13], B4C [14,15], CrsC, [16], SiC [17], TiN [18],
Zr0O, [19] and Al,O3 [20] are added at specific ratios and
metal-matrix composite (MMC) coatings are produced.
WC-Co based coatings are generally recommended for
wear applications under 500°C. At extensive high
temperatures, brittle phases that reduce the wear resistance
occur. The cobalt in its composition acts as a matrix and
provides a toughness property in the coating.

In this study, NiCrBSi/WCCo based composite
coatings were produced by HVOF thermal spraying
method. The effect of WC-Co on the microstructure and
microhardness was experimentally examined. The
microstructure and phase compositions of the coatings
were determined via scanning electron microscope (SEM),
energy dispersive spectrometer (EDS) and X-ray
diffraction (XRD) analyses.
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2. Experimental studies

High-velocity oxygen fuel (HVOF) spraying method
was used in the production of NiCrBSi/WC-12Co based
coatings on the surface of AISI 1040 steel. The
composition of the NiCrBSi powder was 74.36 % Ni, 4.73
% Si, 3.97 % Fe, 2.76 % B, 13.68 % Cr, and 0.50 % C.
The composition of the WC-12Co powder was 82 % W,
12 % Co, and 6 % C. Nickel based powders had spherical
particle size of -53+15 um and WC-12Co powders had a
nearly spherical structure and the average particle size was
-45+15 pm. 10%, 30% and 50% WC-Co powder by
weight were added to the NiCrBSi powder. Morphology of
NiCrBSi and WC-Co powders is present in Fig. 1.

After cleaning the substrate, used in @20x100 mm
sizes, in an acetone solution, it was exposed to
sandblasting process with Al,Ozsand having a particle size
between 24-35 mesh in order for the coating layer to have
a better bonding. Coatings were obtained in the TAFA JP-
5000 spraying system which is designed to burn the
kerosene, produced by distilling from oxygen and
petroleum (Fig. 2). During the spraying process; the
kerosene and oxygen pressures were fixed at 7.5 bar and
12 bar, respectively. The flow rate of the oxygen was
adjusted to 940 I/min and the flow rate of kerosene was
adjusted to 0.3 I/min. As the carrier gas; nitrogen gas with
3.5 bar pressure and 12 I/min. flow rate was used. In all
the coatings; the spraying distance throughout the coating
was selected as 380 mm and powder feed quantity was
selected as 152 gr/min.

Fig. 1. SEM images of the powders used in the coating
process: (a) NiCrBSi and (b) WC-Co.

For metallographic examinations, samples were taken
from the section area perpendicular to the coating
direction. The metallographic samples obtained were
treated with 80-1200 mesh sandpaper and their surfaces
were cleaned. Then, side section surfaces were polished by
means of 1 and 6 um diamond paste and diluter. Samples
were electrolytically etched in HNO3; and alcohol mixture
solution for microstructural examinations. In each coating,
scanning electron microscopy (SEM) and X-ray diffraction
(XRD) analyses were used for microstructure and phase
analysis. Porosity and average coating thickness were

measured using the image analyzing software. Hardness
measurement was performed in loading period of 10
seconds under a load of 200 g using Future-Tech FM 700
brand microhardness device along a line from the top
surface of the coating towards the substrate.
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Fig. 2. Principle scheme of HVOF-sprayed process.

3. Results and discussion

Fig. 3 illustrates SEM images of NiCrBSi-WCCo
coatings which were fabricated using high velocity oxygen
fuel (HVOF) method. The coatings consisted of two zones
as coating layer and substrate. A third layer was not
formed because the bonding layer powder wasn’t used.
For the HVOF sprayed NiCrBSi-WCCo coatings, the
coating thickness was in the range of 100-150 um. All
coatings were completely crack-free. However, a very
small amount of pores in the coatings was observed. The
maximum value of porosity, measured along the cross-
sectional area using image analyzer software, was found to
be less than 1.1%. Amount of pore increased with
increasing WCCo content. The WCCo particles were
relatively homogeneously distributed in the NiCrBSi
matrix. According to the SEM images, there was an
increase in the distribution amount of WCCo in the
microstructure in parallel with the increase in the mixture
rate of WCCo. The bonding between substrate and coating
layer seems to be good. Some dark-coloured areas
appearing in the coating structure or at the coating-
substrate interface may be the inclusions. The SEM
images in Fig. 3 illustrate that NiCrBSi particles on the
coating layer completely melted at the spraying time.
Completely melting of the NiCrBSi particles contributed
to the uniformity of the coating [21]. Also from the
microstructure images of the coatings; it was understood
that the coating layer had a laminar structure. This was
caused by re-solidification of molten or semi-molten
coating powders [22].
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Fig. 3. SEM images of HVOF sprayed NiCrBSi-WCCo
coatings: (a) NiCrBSi-10 wt.% WCCo, (b) NiCrBSi-30
wt.% WCCo and (c) NiCrBSi-50 wt.% WCCo.

Fig. 4 illustrates the SEM micrographs showing
surface and the EDS analysis at the selected points on the
NiCrBSi-50 wt.% WCCo coating. The dark grey area
(point 1) contains higher amount of Ni with minor content
of Cr, C, B, Fe, Co, Si, and W. Results of this analysis
showed that WC grains dissolved partially. The light grey
area (point 2) indicates higher amount of W and Co. Point
2 represents WC-Co splats. WC-Co particles striking to
the substrate were oriented parallel to the substrate.

Fig. 5 illustrates the XRD graph of NiCrBSi-WCCo
coatings produced using HVOF. y-Ni, WC, W,C, Cr,3Cs,
Cr;Cs, CrB,, CrSi, and Co phases formed in the coatings.
Principal phases in the coatings were y-Ni and WC. WC
phase transformed to W,C during spraying. The formation
of W,C phase was regarded as a product of
decarburisation in the thermal spraying [22]. As addition
quantity of WCCo increased, the intensity of W,C peak
increased. The hard carbides such as Cr,3Cg and Cr;Cs
were formed in the coatings because coating powders
contained sufficient amount of Cr and C. The reason
behind why Ni-B based compounds did not form or
formed in small quantity in the coatings is that Cr quantity

exceeded 8% and B was susceptible to form a compound
with Cr. Therefore, CrB, phase formed.
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Fig. 4. (a) SEM imagine and EDS results of NiCrBSi-50
wt.% WCCo coating (b) point 1 and point 2.
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Fig. 5. XRD graph of NiCrBSi-WCCo coatings.

Fig. 6 illustrates the microhardness profile along the
depth of the cross-section in the NiCrBSi-WCCo coatings.
The microhardness of the substrate was in the range of
350400 HV,,. The microhardness of the coatings was
variable depending on the distance from the coating—
substrate interface. The increase in hardness was observed
based on the increase in the addition of WCCo powder.
The measured average microhardness of NiCrBSi-10
WCCo, NiCrBSi-30 WCCo and NiCrBSi-50 WCCo
coatings were 908 HVg,, 1115 HV,,, and 1300 HV,,
respectively. A 2.5-3.5 times increase was determined in
the hardness values of the coatings compared to the
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substrate. This significant increase in the microhardness of
the coatings might be associated with to the distribution of
the hard phases such as WC, W,C, Crs;C; and Cr,3Cg in Ni-
based matrix. Furthermore, a significant increase in the
microhardness values (400-500 HV,,) was measured on
the substrate region closer to the coating. This increased
hardness might be partially due to both the high speed
impact of the coating particles during the HVOF
projection and the work hardening effect of the
sandblasting of the substrate prior to the coating process
[23,24].
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Fig. 6. Microhardness profile of NiCrBSi-WCCo coatings.

4. Conclusions

NiCrBSi-WCCo coatings were successfully produced
using HVOF method on AISI 1040 steel. It was
understood from SEM images that the WC-Co particles
had a relatively homogeneous distribution in the NiCrBSi
matrix. NiCrBSi particles on the coating layer completely
melted at the during of spraying. Also from the
microstructure images of the coatings, it was understood
that the coating layer had a laminar structure. XRD
analysis results indicated that the NiCrBSi/WC-Co
coatings were mainly composed of y-Ni, WC, W,C,
Cr,3Cs, Cr,Cs, CrB,, CrSi, and Co phases. A 2.5-3.5 times
increase was determined in the hardness values of the
coatings compared to the substrate. The highest hardness
value was measured as 1300 HV,, in coatings produced
with 50 % WC-Co addition.
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