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In this study, the effect of the coating process and heat-treatment cycles on the microstructural, mechanical,
and tribological properties of NiCrBSi coatings deposited by High-Velocity Oxygen Fuel (HVOF) and High-
Pressure High-Velocity Oxygen Fuel (HP-HVOF) techniques were investigated. The metallographic
assessments, Energy Dispersive x-ray Spectroscopy (EDS), x-ray Diffraction (XRD), microhardness mea-
surements, and nano-indenter tests were run on the as-sprayed and heat-treated coatings. The tribological
properties were assessed using ball-on-disk wear test. The worn surfaces were observed using Scanning
Electron Microscopy (SEM) and Atomic Force Microscopy (AFM). The results of the nano-indentation test
indicated that the Young’s modulus of the coatings increased through the heat-treatment up to 20%. The
tribological measurements indicated that the wear resistance of the as-sprayed HP-HVOF coating was 60%
greater than that of the HVOF due to improved metallurgical properties and optimal hardness to Young’s
modulus ratio. Moreover, heat-treatment of the HVOF coatings at 950 �C for 1 h increased the wear
resistance up to 50%, while increasing temperature up to 1000 �C caused a decrease in the wear resistance
because of the considerable reduction in the microhardness. The worn surface studies revealed the existence
of tribo-oxidation and abrasion as the main wear mechanisms involved in all samples.
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1. Introduction

Nickel-based coatings are mainly applied on the surface of
the engineering components exposed to wear, corrosion, and
oxidation from medium to high temperatures. These alloys are
widely used in chemical, aerospace, oil, and automotive
industries (Ref 1, 2). NiCrBSi is a well-known self-flux
nickel-based alloy with desired properties and characteristics.
This alloy is formed by adding Cr, B, Si, and C to Ni, the parent
metal. Laser cladding and thermal spraying are the two
common procedures for applying these alloys. Industrial
applications of thermally-sprayed NiCrBSi and Ni–B-Si coat-
ings accompanied with post treatment initiated in 1955 (Ref 3-
5). High-Velocity Oxygen Fuel (HVOF) is a thermal spraying
technology to deposit coatings with high resistance to wear and
corrosion. The High-Pressure HVOF (HP-HVOF) is another
coating technology with higher particles� shot speed compared

to HVOF to develop coatings with modified microstructural
features.

These two processes are categorized as the thermal spraying
processes with the same coating mechanism, but different
spraying parameters. The combustion chamber pressure in the
HP-HVOF process reaches a value of 3 MPa which is much
more than that of the HVOF. This parameter can dramatically
influence the particles� temperature and velocity which affects
the microstructure followed by the coatings characteristics. In
general, high particles� velocity results a dense deposit with low
porosity and good adhesion to the substrate. In this technology,
the particles are less exposed to air because of their high
velocity. It is expected that the HP-HVOF technique leads to
the formation of a dense coating with less oxidation, decar-
burization, and decomposition (Ref 6).

Post heat-treatment enhances the performance of thermally-
sprayed coatings by decreasing the porosity and increasing the
cohesion and the adhesion strength, and thus an improved wear
resistance (Ref 7, 8). The three methods, namely furnace, flame
and laser are adopted in post treatment (Ref 9-14). Among
these, the flame method is of low accuracy and the repro-
ducibility, and the results strongly depend on the operator’s
precision and skill. In contrast, the laser method is of high
accuracy with narrow heat-affected zone, but less cost effective.
Finally, the furnace is the simplest method with both accept-
able precision and reproducibility compared to the two others.

There are many studies on the effect of the coating process
and thermal treatment on the tribological properties of the
coatings through furnace method. As it is expected that changes
in spraying parameters would yield a more quality coating,
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some efforts have been made to obtain coatings with better
characteristics, in terms of both microstructural and mechanical
properties. The temperature of heat-treatment in the range of
1025-180 �C with duration of 5-30 min has been assessed by
many researchers (Ref 8-13). It has been found that improving
the coatings� properties cannot be achieved thoroughly with
short cycles of heat-treatment. On the other hand, the metal-
lurgical properties and wear behavior of nickel-based HVOF
and HP-HVOF coatings have not yet been assessed and
compared in the available studies.

The researchers in this article seek to propose re-melted
coatings with improved metallurgical properties and wear
resistance through heat-treatment. Moreover, the effects of
microstructure, hardness, and Young�s modulus on the tribo-
logical properties of NiCrBSi coatings deposited by HVOF and
HP-HVOF techniques have been assessed by considering the
coating parameters and thermal-treatment cycles.

2. Experimental Procedure

2.1 Sample Preparation and Coating Process

Disk-shaped specimens made of AISI 316L stainless steel
with 50 mm diameter and 5 mm thickness were prepared as the
substrates. The chemical composition of the substrate is 18%Cr,
14%Ni, 2.5%Mo, 1.5%Mn, 0.5%Si, 0.1%n and Fe as Bal. The
specimens were sand blasted by Al2O3 particles of 0.9-1.1 mm
diameter. The Colmonoy88 NiCrBSi powder with an average
particle size of 45 lm, the particle size distribution of 25-
60 lm, and chemical composition is 15.2%Cr, 4%B, 4.8%Si,
4.45%Fe, 4.5%W, 0.05%C and Ni as Bal.

HVOF and HP-HVOF techniques were employed to deposit
the powder on the substrates. The samples were named using
the following scheme: Technique/Temperature/Time. For exam-
ple, H950-1 denotes the sample made with HVOF, and heat
treated at 950 �C for 1 h, H950-2 denotes the sample made
with HVOF, and heat treated at 950 �C for 2 h, H1000-1
denotes a sample made with HVOF, and heat treated at 1000 �C
for 2 h. Likewise, HP950-1 denotes a sample made with HP-
HVOF, and heat treated at 950 �C for 1 h, and HP1000-1
denotes a sample made with HP-HVOF, and heat treated at
1000 �C for 1 h. After coating process, the first group were
heat-treated at 950 �C for 1, 2 and 4 h and the others at
1000 �C for the same time intervals in a tube furnace with an
inert atmosphere followed by being air cooled. The specimens
were labeled based on the spraying technique and heat-
treatment according to Table 1.

2.2 Coating Characterization

The cross-sectional microstructure and elemental analysis of
the coatings were characterized using the scanning electron
microscopy (SEM Philips, model M130) equipped with the
energy dispersive spectroscopy (EDS). The specimens were
grounded by SiC sand-paper numbered from 120 to 1200 and
polished by alumina slurry and then etched in the solution of
1HCl:10HNO3:10H2O (vol.%) to appear the microstructure.
The phase composition analysis of the original powder, as-
sprayed HVOF and HP-HVOF samples, and heat-treated
coatings were assessed using the x-ray diffraction (XRD)
analysis (Philips, model Xpert-MPD). The XRD analysis was
run by applying the copper x-ray tube (k-K,
a1 = 0.1540598 nm) within 2h range of 30�-100�.

The microhardness measurement was made on the cross
section of the coatings by applying the Buehler microhardness
tester (HV0.1 with a 15 s dwell time). The reported hardness
numbers were the average values of ten indentations in different
points of the samples. Coating stiffness along the cross section
was evaluated using the nano-indentation test with a maximum
load of 0.1 N, by applying the compact platform of NHT B-j87
Berkovich indenter. The reported results were the average
values of five tests performed.

The tribological behavior of both as-sprayed and heat-
treated coatings were assessed by running the ball-on-disk test
(Wear co., model WP50) according to ASTM G99 standard test
method. Each test was repeated for three times on all of the
specimens and the average value was reported. The coated
disks were subjected under load of 50 N, the sliding distance of
1000 m, and the linear velocity of 0.1 m/s to evaluate wear
resistance. The Al2O3 ball with a hardness of 1800 Hv was
selected as the counterpart due to its high wear resistance. It is
worth to mention that in some pumps; the NiCrBSi-coated
plunger is subjected to wear against the cylinder. Next to
determining the wear rate, the wear track of the worn surfaces
was studied by SEM/EDS and atomic force microscope (AFM),
by applying the Bruker model NHTXS/N: 01-03,119. A
thickness of 100 lm from the original coating thickness of
350 lm was shaved in tribological assessments.

3. Results and Discussion

3.1 Microstructural Observations

Figure 1(a) and (d) represents the splat boundaries, porosity,
and some un-melted particles in the cross-sectional microstruc-
ture of the as-sprayed coatings. These defects are more apparent
in the coatings sprayed by HVOF than those in the HP-HVOF
due to the lower particles� velocity. The porosities (dark
contrast spots) at the coating/substrate interface of the as-
sprayed specimens result lower adhesion strength. Some
differences in the size and distribution of the porosities in the
as-sprayed H and HP coatings were observed. The porosity size
in the HVOF as-sprayed coating was far bigger than that of the
HP-HVOF. It is evident that the HP-HVOF process leads to
coatings with a more uniform porosity distribution. The pores
with long horizontal orientation were formed due to the impact
of both molten and semi-molten particles next to their
deformation and contraction (Fig. 1a and b). These pores
represent the brittle lamellar microstructure nature that corre-
sponds to the coating�s performance (Ref 9).

Table 1 Spraying process parameters

Parameters HVOF HP-HVOF

Gun HV-2000 JP-5000
Oxygen flow rate, l/min 1000 1800
Fuel flow rate, l/min 22 45
Spray distance, mm 300 300
Carrier gas Argon Argon
Powder feed rate, g/min 60 80
Combustion pressure, bar 7 28
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The splat boundaries and porosities raised from the forma-
tion of the melt phase and diffusion process during heat-
treatment have been decreased significantly in the heat-treated
coatings compared to the as-sprayed specimens. It has been
reported that the formed molten phase during heat-treatment is
the Ni-Ni3B (known as a low-temperature eutectic). The
wettability and the surface tension of such a low-temperature
eutectic can be efficiently controlled by the boron, as forming
the hard phases, and silicon, acting as a deoxidizing and fluxing
agent (Ref 15, 16).

In the first stage of the heat-treatment, a reduction in
porosity could occur through the capillary motion of the low

viscosity melt (eutectic) in the mixed zone along the solidus
and liquidus. This melt motion could sufficiently wet and fill
the voids� surface (Ref 9). Porosity percentage was calculated in
the CLEMEX image analysis s/w environment. The porosity
percentage of the as-sprayed H and HP coatings were
approximately 3.0 and 1.0%, respectively. Shrestha et al.
estimated the porosity percentage of the fused NiCrBSi
coatings to be 0.2-0.3% (Ref 17), while other researchers
revealed that the same was around 2% (Ref 11). Their results
indicated that the complete densification could not occur even
after heat-treatment. The porosity percentage may decrease
considerably due to the formation of porosities near the regions

Fig. 1 Cross-sectional microstructure of H (a), H950-1 (b), H1000-1 (c), HP (d), HP950-1 (e), and HP1000-1 (f), EDS analysis of WC in the
coating’s microstructure (g)
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with the high volumes of carbides and the porosities being
surrounded by the precipitates.

As observed in Fig. 1(b), (c), (e), and 1f, three distinct
regions could be pin-pointed in the cross section of the heat-
treated coatings, namely: (1) the upper layer, (2) the interme-
diate layer, and (3) the layer named the dilution zone, near the
coating/substrate interface, which can enhance the adhesion
strength of the coating to the substrate.

The diffusion of the elements due to the existence of
concentration gradient between the coating and the substrate
forms the dilution zone. This phenomenon, that occurs between
the substrate and the heat-treated coatings, has been described
by Gonzalez et al. (Ref 18).

The white areas in the microstructure indicated tungsten
carbide particles, the existence of which would be proved by
the EDS and XRD analyses, Figs. 1g and 2, respectively.

3.2 XRD Analysis

The structural features and phase composition of the powder
and as-sprayed specimens were compared with those of the
heat-treated specimens through XRD patterns (Fig. 2). The
phase composition of the powder Fig. 2(a) consisted of the Ni
solid solution, the eutectic phase Ni3B, carbides like Cr23C6

and Cr3C2 and CrB, and Ni16Cr6Si7. These borides and
carbides are the strengthening phases in the matrix. These
phases enable the coatings to resist against the counterpart and
tend to narrow the wear grooves (Ref 19). According to the
XRD patterns of the as-sprayed specimens shown in Fig. 2(a),
it is assumed that a certain volume of WC is originated from the
spraying process due to the high temperature of the coating
process and also, the presence of tungsten and carbon in the
powder composition. In this study, it was found that the
changes in the coating process had no effects on the phase
composition.

XRD patterns of the as-sprayed specimens revealed a
curvature appeared at 2h = 40�-50� and broader XRD lines,
indicating the formation of the amorphous phases during the
coating processes. The results reported by Chen et al. indicated
that the cooling rate of the particles in thermal spraying was
within the range of 10–6-10–8 s�1, which could lead to the
formation of the amorphous phase, influencing the Young’s
modulus and hardness, and thus, affecting the wear resistance
(Ref 20). Based on the theory of kinematic, the XRD peaks
could be broadened due to the presence of the lattice defects in
great count or reduction in the crystallites� size to less than
1 lm (Ref 21).

The attenuation and broadening of the diffraction peaks
could be associated with adding boron and the increase in the
glass-forming ability (GFA) of the Ni-based alloys. Adding
boron decreases the melting temperature and increases the
GFA, leading to an enhanced stability of the super-cooled liquid
against the crystallization process. The diffraction broadening is
also probable, because both HVOF and HP-HVOF spraying
processes could be considered as a rapid heating and cooling
process (Ref 22).

The critical transition temperature for NiCrBSi coatings falls
within the range of 300-500 �C (Ref 23). Heat-treatment at 950
and 1000 �C for one hour transformed some of the CrB to Cr2B
in all as-sprayed coatings. Boron and nickel could form Ni3B
due to the formation of the molten phase and increase the
diffusion rate during the heat-treatment.

A contraction of curvature in the heat-treated specimens can
be related to the crystallization during the heat-treatment
(Fig. 2b and c) (Ref 23). Different levels of crystallinity due to
the heat-treatment could be one of the possible reasons for the
slight curvature shift in the as-sprayed and re-melted coatings
(Ref 12, 24). The peak intensity of the c-Ni solid solution and
Ni3B compositions due to the equilibrium reaction in the heat-
treated specimens was tenfolds greater than that of the as-
sprayed ones.

3.3 Microhardness Test

The measured microhardness along the thickness of the
coatings is shown in Fig. 3, where all coatings are of similar
behavior. Compressive stress, cohesion and microstructure
would affect the microhardness, and consequently the tribo-
logical properties (Ref 25). Precipitates of Ni3B and Cr2B can
influence the microhardness. The results indicated that the

Fig. 2 XRD patterns of the powder and as-sprayed specimens (a),
as-sprayed and re-melted specimens developed by HVOF (b), and
as-sprayed and re-melted specimens obtained from HP-HVOF (c)
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specimen microhardness of the HP coating was 1.1 times
greater than that of the H specimen due to the superior
compressive stress and cohesion obtained from the HP process.
Heat-treated coatings had lower hardness compared to the as-
sprayed ones, which is explained by the finer microstructure
and higher compressive stress of the as-sprayed coatings
compared to the heat-treated ones. Researchers have revealed
that the heat-treatment coarsens the microstructure and relieves
the compressive stress. Where the applied load for the hardness
measurement (100 g) is light, indicating the absence of coating
porosity effect on the as-sprayed zone (Ref 25, 26).

Stress relieving phenomenon during heat-treatment could be
another reason for the decrease in hardness in the re-melted
specimens. Heat-treatment at high temperatures commonly
corresponds to the significant decrease in the microhardness. As
observed in Fig. 3, the alteration trends of as-sprayed coatings
are stepwise at the coating/substrate interface, while this trend
occurred by a gentle and gradual decrease in the case of the re-
melted coatings. These gradual changes are due to the
formation of the dilution zone at the coating/substrate interface
during the heat-treatment.

The high re-melting temperatures correspond to the smooth
rate of change in the microhardness as a result of more
diffusion at the coating/substrate interface (see Fig. 3). The
dilution layer hardness, depending on its chemical composition,
is somewhat between the coating and the substrate hardness,
indicating that the closer the chemical composition of the
substrate, the closer the hardness of the substrate. It is obvious
that the heat-treatment can reduce the substrate microhardness.

3.4 Nano-Indentation Test

Hardness and Young’s modulus� values of the coatings were
determined by adopting the Nano-indentation method. The
Young�s modulus was determined by measuring the force and
displacement of the indenter, simultaneously. Young�s modulus
depends on the chemical composition, microstructure, cohe-
sion, and anisotropy (Ref 27). Young�s modulus of the heat-
treated coatings were estimated at least 1.2 times greater than
that of the as-sprayed coatings due to the cohesion enhance-
ment through the re-melting process (Ref 24).

The grain boundary strength may increase the Young’s
modulus. The presence of the amorphous phase in the as-
sprayed coating could decrease the Young�s modulus. The
coatings� wear behavior cannot be interpreted solely by their

hardness or Young�s modulus. The wear resistance of the
coating could be predicted efficiently by the ratio of hardness to
Young�s modulus (H/E), which usually has an optimal value,
where the wear resistance is the highest (Ref 28).

According to Table 2, the heat-treatment at 950 �C for 1 h
leads to an increase in HVOF coatings� Young’s modulus up to
20%, while this heat-treatment cycle tends to increase the HP-
HVOF coatings� Young’s modulus only up to 3%. This increase
is due to the presence of more structural defects after heat-
treatment in the HVOF coating compared to the HP-HVOF
one. Thus, the heat-treatment of the HVOF coating could
reduce the defects volume, leading to more enhancement in the
Young’s modulus.

The results revealed that the heat-treatment at 950 �C for 1 h
decreased the HVOF and HP-HVOF coatings� hardness up to
21 and 42%, respectively. This decrease could be due to the
reduced compressive stresses. It is assumed that the coatings
sprayed through the HP-HVOF process is of high compressive
residual stress as a result of the high velocity of the particles
and also, the high cooling rate. In their thermodynamic sense,
these coatings are of high driving force to relieve the residual
compressive stress during the re-melting process. The thermal
energy released from the heat-treatment leads to the enhance-
ment of cohesion and splat boundaries� elimination (Ref 29),
next to degrading the compressive stresses. As observed in
Fig. 1, the HP-HVOF coating is of high cohesion in compar-
ison with the HVOF coating, consequently, the thermal energy
resulting from the heat-treatment could be more contributive in
decreasing the compressive stresses. These facts could explain
the reason why the HP-HVOF coatings are of lower hardness
after the re-melting process.

3.5 Tribological Assessment

The weight loss diagrams of both as-sprayed HVOF and
HP-HVOF coatings are shown in Fig. 4(a), where the HVOF
heat-treated coatings at 950 �C undergo less weight loss,
consequently, more wear resistance in comparison with the as-
sprayed coatings. The H950-1 specimen exhibited the best wear
resistance among the coatings through the HVOF technique,
while heat-treatment at 1000 �C, reduced this wear resistance
due to the high decrease in hardness after heat-treatment
because of stress relief (Fig. 3).

Unlike the coatings sprayed by the HVOF technique, that
the heat-treatment at either 950 �C or 1000 �C decreased the
wear resistance of the coatings deposited through the HP-
HVOF technique, is evident in Fig. 4b. As observed in
Figs. 4(a) and (b), the wear resistance was decreased with an
increase in the heat-treatment temperature, where time was
fixed and vice versa.

The weight loss results of all specimens in both techniques
is shown in Fig. 5(a), where the coating technique affects the

Fig. 3 Microhardness variation of H, H950-1, H1000-1, HP,
HP950-1, and HP1000-1 specimens corresponding to the coating
thickness

Table 2 Mechanical properties of as-sprayed and re-
melted coatings

H/E E, GPa H, GPa H, Hv Specimen

0.067 170.20 ± 8.5 11.5 ± 1.1 1000 ± 56 H
0.055 218.14 ± 9.2 12.2 ± 0.7 1100 ± 49 HP
0.044 205.27 ± 3.5 9 ± 1.0 800 ± 34 H-950–1
0.031 225.67 ± 6.8 7 ± 0.2 720 ± 12 HP-950–1
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wear characteristics, and the heat-treatment conditions can
enhance/weaken the tribological behavior. According to this
figure, the as-sprayed HP coating revealed the best wear
resistance among all specimens, and the weight loss of the H
specimen was five times more than that of the HP one. The
heat-treatment of HVOF coatings at 950 �C for 1 h would
increase the wear resistance up to 50%, indicating superior
wear resistance in comparison with similar heat-treated HP
coatings of HP950-1. According to the comparison in Table 2
and the diagrams presented in Fig. 5(a), the deviation from the
optimal value of H/E ratio reduces the wear resistance. This
makes the as-sprayed H specimen to have the maximum H/E
ratio with the lowest wear resistance. Due to the lack of
sufficient cohesion, the splat delamination and deep grooves
cannot be avoided at high hardness of the coating, thus, more
weight loss. Presence of the high volumes of porosities and
non-uniform distribution therein in the H specimen corresponds
to its poor performance and low wear resistance. The HP,
HP950-1 and H950-1 coatings were of a similar H/E ratio,
which corresponds to their similar weight loss volume.

The coefficient of friction (COF) values of all coatings in
both approaches of as-sprayed and heat-treated are shown in
Fig. 5b. Compared with the weight loss volumes (Fig. 5a), it
was found that the COF increases with an increase in the wear
resistance that corresponds to the decrease in the weight loss.
This increase in COF could be related to the stable oxide layer
formation that protects the surface from potential damage.

The ascending trend of the weight loss diagram in Fig. 4
(associated with the increase in the wear rate) corresponds to
the decrease in the COF values. The high gradient in the weight
loss diagram indicated that either the oxide layer was unsta-
ble or the oxide layer formation rate was less than that of the
destruction rate (Ref 30, 31). These oxides act as the transfer
layer that hinders the direct contact between the counterpart and
the coating during the wear test (Ref 19).

It is notable that the presence of the oxide layers cannot
necessarily generate the low frictional forces leading to less
surface damage. The oxide layers determine the COF at the
wear front (Ref 18). Another parameter influencing the COF
value is the coatings’ hardness, which can also affect the
tribological performance (Ref 20).

The wear track micrographs related to the as-sprayed
HVOF, heat-treated H950-1 and H1000-1 NiCrBSi coatings
at two magnifications are shown in Fig. 6. Scratches with splats
delamination are presented by the arrows in Fig. 6a. The AFM
analysis of the as-sprayed H coatings� wear track (Fig. 7a)
revealed the parallel scratches, by introducing the micro-
cracking as the abrasive wear mechanism.

The pores and splat boundaries in the as-sprayed H coating
represent a low cohesion strength, allowing the crack growth to
pull out the whole splat from the coating’s surface (Ref 22).
This could reduce the wear resistance. The fatigue damage
mechanism controls the wear behavior in thermally-sprayed
coatings, especially when the poor cohesion energy is produced
(Ref 32, 33). This process, named splat delamination, is unique
to fatigue damage mechanism.

The wear track shown in Fig. 6b is of dominantly smooth
surface with less scratches. The AFM analysis image of the
H950-1 coating (Fig. 7b) exhibits parallel narrow and shallow
grooves. The weight loss (Fig. 5a) and wear track (Fig. 6)
comparisons indicate the existence of matrix micro-cutting
which is assumed as the main abrasive wear mechanism, where
the low count of the scratches and the parallel smooth grooves

Fig. 4 Weight loss diagrams of as-sprayed HVOF (a) and HP-
HVOF (b) coatings after the ball-on-disk wear test at 50 N load and
the sliding velocity of 0.1 m/s, in comparison with the Al2O3 ball
counterpart

Fig. 5 Weight loss (a) and COF (b) comparison of all specimens
after the ball-on-disk wear test at 50 N load and the sliding velocity
of 0.1 m/s
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indicate high wear resistance of this specimen. Comparing the
figures of the as-sprayed H coating with those of the heat-
treated coating reveals that the depth and the wear grooves�
count decrease in the heat-treated specimen. The heat-treated
coating had a smoother surface, confirmed by the low weight
loss in this specimen (Fig. 4).

Deformation, micro cracks, and wear grooves evident in the
wear track marked by the arrows in Fig. 6 revealed the
existence of both adhesive and abrasive wear mechanisms.
Also, the formation and propagation of micro cracks among the
splats could be indicative of the delamination wear (Ref 23).
The cyclic loading during the wear test does increase the
dislocations density beneath the exposed surface, leading to the

Fig. 6 SEM micrographs of the wear tracks on the HVOF coatings: as-sprayed H (a), H950-1 (b), and H1000-1 (c)

Fig. 7 AFM analyses of the wear track of the HVOF coatings: (a) as-sprayed specimen H, (b) H950-1 specimen
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local increase in the hardness. The high increase in the local
hardness in the near surface regions and the accumulation of
dislocations could lead to the formation of some pores just
beneath the worn surface, the concentration of which, form
subsurface cracks, leading to possible lamellar wear (Ref 34).

The results of the EDS elemental analysis run on the debris
accumulated form the wear of the as-sprayed H, heat-treated
H950-1 and H1000-1 specimens accompanied with the XRD

pattern of the debris gathered through the wear of the as-
sprayed H coating are shown in Fig. 8. These data correspond
to the wear tracks are shown in Fig. 6. A close look on the
contents of Fig. 8 reveals the existence of a considerable
volume of nickel oxide (NiO) and iron oxide (Fe2O3) in the
debris. The findings here correspond to those obtained by some
researchers (Ref 5, 11, 12, 35-37). As to HVOF coatings, the
scratches on the wear tracks form an abrasive wear mechanism.

Fig. 8 EDS analyses of the debris of the as-sprayed H (a), heat-treated H950-1 (b), and H1000-1 (c) coatings. XRD pattern of the debris
gathered through the wear of the as-sprayed H coating (d)
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According to the EDS results (Fig. 8a-c) and the XRD pattern
(Fig. 8d) of the debris, the tribo-oxidation mechanism has been
occurred during the sliding contact, indicating the three-body
wear mechanism occurred. In fact, oxide particles stuck
between two surfaces cause abrasion.

The wear track morphologies of the as-sprayed HP, heat-
treated HP950-1 and HP1000-1 NiCrBSi coatings are shown in
Fig. 9. The wear track of the as-sprayed coating exhibited
scratches, smooth wear grooves and some pulled out particles,
presented by the arrows in (Fig. 9a). In the AFM analysis, the
images of scratches are observed in small quantities. On the
worn surface of the HP specimen, the parallel narrow and
shallow wear grooves are observed, which could be attributed
to the abrasive mechanism as the main controlling mechanism.
In comparison with the heat-treated HP coating, the wear tracks
were very smooth (Fig. 10).

Either of the heat-treated HP950-1 or HP1000-1 coatings
exhibited more severe grooves on their wear tracks (as shown

by the arrows in Figs. 9(b) and (c)) in comparison with the as-
sprayed specimen. In HP950-1 sample, the abrasive wear due to
the parallel grooves could be regarded as the dominant wear
mechanism.

The worn surfaces revealed that the grooves� size and
volume in the HP1000-1 coating were more than those of the
HP950-1 coating. In HP1000-1 sample, the particles pulled out
from the worn surface could be attributed to the presence of
porosity beneath the surface. The considerable weight loss of
the heat-treated HP1000-1 coating indicated delamination as
the main abrasive wear mechanism.

The EDS elemental analysis results of the HP-HVOF
coatings� wear debris are shown in Fig. 11, where the presence
of oxygen is evident. Surface oxidation could be due to the
presence of oxygen and the high temperature at the wear front
(Ref 28). These lead to the hypothesis that the tribo-oxidation
phenomenon is present in the specimens.

Fig. 9 SEM micrographs of the wear tracks on the HP-HVOF coatings: as-sprayed HP (a), HP950-1 (b), and HP1000-1 (c)
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4. Conclusions

In this research, the effect of the coating process and heat-
treatment on the microstructural, mechanical and tribological
properties of NiCrBSi HVOF and HP-HVOF coatings were
evaluated. The main results were as follows:

1. As the result of heat-treatment, the porosity volume and
splat boundaries were reduced and the dilution zone was
formed due to the diffusion and formation of the molten
phases. The cohesion and adhesion strengths were en-
hanced which subsequently increased the coatings�
Young�s modulus. The results obtained from the nano-in-
dentation test revealed that the heat-treatment increased
the coatings� Young�s modulus up to 20%.

Fig. 10 AFM analyses of the wear track of the HP-HVOF coatings (a) as-sprayed specimen HP (b) HP950-1 specimen

Fig. 11 EDS analyses of the debris related to the as-sprayed HP (a), heat-treated HP950-1 (b), and HP1000-1 (c) coatings
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2. The XRD analysis revealed that there was no significant
difference between the phase composition of the coatings
deposited by two different techniques, namely HVOF
and HP-HVOF. An amorphous phase was formed during
spraying mainly due to the high cooling rate after colli-
sion.

3. 3. The as-sprayed HP-HVOF coating revealed better wear
resistance compared to the as-sprayed HVOF due to its
optimal H/E ratio.

4. The heat-treatment of the HVOF coatings at 950�C for
1 h increased the wear resistance up to 50%, while
increasing temperature up to 1000�C caused a decrease
in the wear resistance because of the considerable reduc-
tion in the microhardness.

5. 5. The SEM and EDS analyses of the wear scars and
debris revealed that the abrasion and tribo-oxidation were
the main wear mechanisms involved in coatings.
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