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A B S T R A C T

NiCrBSi alloy coatings deposited by atmospheric plasma spray technology were heated at 440 °C, 460 °C, and
480 °C for a short-time respectively to achieve a better understanding of the relationship between their micro-
structures and properties. Optical microscopy, scanning electron microscopy, X-ray diffraction, transmission
electron microscopy and tribological tests were conducted to evaluate the microstructures and wear performance
of the coatings. Both the hardness and wear resistance of the coatings increase at the initial stage of short-time
heat treatment followed by decreasing. The heat-treated coatings show 15.4% higher maximum hardness and
60% lower minimum wear volume than the as-sprayed one. The as-sprayed NiCrBSi coating possesses a mixed
microstructure mainly composed of the crystalline phases and the amorphous phase (about 10 vol%). After 3-
min heat treatment at 480 °C, the volume fraction of the amorphous phase decreases to 1.6 vol%, while the
fractions of compounds (such as Ni3B and Cr3B4) and γ-Ni increase correspondingly. The precipitates of Ni3B and
Cr3B4 are responsible for the hardening of the coatings. As heat treatment proceeds, the γ-Ni grains coarsen,
leading to a deceasing tendency in the hardness and wear resistance of the coatings. As the abrasive modes of the
coatings are not varied after short-time heat treatment, the hardness of the coatings plays a dominant role in the
wear resistance of the coatings.

1. Introduction

Surface engineering plays an important role in minimizing wear-
induced damage and corrosion-induced damage in many industries
[1–6]. It is well known that atmospheric plasma spray technology (APS)
can produce reliable coatings with low-cost and high efficiency from a
variety of materials to provide suitable performance [7–13]. Among the
coatings, NiCrBSi alloys have been widely used in various industrial
fields thanks to their favorable wear and corrosion resistance properties
[14–17]. However, the shortcomings like porosity, inhomogeneous and
poor bonding between splats in the as-sprayed NiCrBSi coatings by APS
make the coatings insufficient properties to meet some severe industrial
demands [17].

Many researchers have devoted to further improve the properties of
NiCrBSi coatings. Post-heat treatment is known as the one of the useful
methods [18–22]. Bergant et al. [18, 19] investigated the effects of
post-heat treatment and remelting on the quality of the flame sprayed
NiCrBSi coatings and found that heat treatment at 900 °C for 1 h could
significantly enhance the hardness and wear resistance of the coatings.

Nicolas et al. [20] adopted the combination of APS and in situ laser
remelting by diode laser process to modify the structural characteristics
of NiCrBSi and NiCrBSi-WC coatings. The results showed that a den-
dritic structure was induced and the porosities of as-sprayed coatings
were decreased, thereby improving the mechanical properties of the
coating. Houdková et al. [21] discussed the mechanical properties of
NiCrBSi coatings processed by flame remelting, furnace remelting,
electric resistance remelting and laser remelting. These four remelting
technologies successfully eliminated the splat boundaries, thereby im-
proving the abrasive wear resistance and corrosion resistance proper-
ties. Liu et al. [22] prepared the NiCrBSi coatings by hybrid plasma
spray/in situ laser remelting process and found that the longitudinal
component of the residual stress was the highest. It is noted that most
previous studies focused on the effects of the temperatures of post-heat
treatments near or above the melting point of NiCrBSi alloy [18–22].
However, the success of applying these methods was significantly re-
stricted on the conditions of the facilities and operators, in addition to
the high cost of remelting.

In fact, NiCrBSi is a self-flux alloy and its melting point is about
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1110 °C, much lower than the temperature of plasma arc (about
3000–12,000 °C depending on distance from the nozzle) [19, 23].
Hence, flight particles become molten or partially molten during de-
position. When the particles are deposited on the substrates the amor-
phous phase is inevitably generated due to the rapid cooling rate [24].
The amorphous phase is always in a metastable state and would crys-
tallize once external energy is high enough to trigger the transformation
from amorphous phase to crystalline phases, that is nucleation and
growth of the new crystalline phase [25–28]. Many studies [24, 25,
29–31] have reported that the crystallization of the amorphous phase in
the NiCrBSi coating takes place during heat treatment at a relative low
temperature (such as 400 °C). Considering the transformation of the
amorphous phase to crystalline phases, the alteration in microstructure
of NiCrBSi coatings would take place during heat treatment, thereby
changing the properties of the coatings. Therefore, further under-
standing of the evolution in the microstructures and resultant proper-
ties of NiCrBSi coatings during heat treatment can guide the optimi-
zation of processing in order to improve the performance of NiCrBSi
coatings.

This work aimed to study the effect of short-time heat treatment on
the microstructural evolutions and properties of the atmospheric
plasma sprayed NiCrBSi coatings. To make a better understanding of
the microstructural evolution in the as-sprayed NiCrBSi coatings during
the short-time heat treatment, furnace heat treatments for only several
minutes were carried out at 440 °C, 460 °C and 480 °C respectively. As
suggested by Li et al. [25], the crystallization of the amorphous phase in
NiCrBSi coating took place at 400 °C. Therefore, annealing at the se-
lected temperatures would manipulate the microstructures of the as-
sprayed NiCrBSi coatings. Then the microstructures, phase constituents
and hardness of the as-sprayed and heat-treated coatings were sys-
tematically characterized. The tribological behavior of these coatings
was also investigated.

2. Experimental

2.1. Sample preparation and short-time heat treatment

NiCrBSi alloy powder from the North of New Material Science and
Technology Co. Ltd. was chosen as the feedstock material. The particle
size of the powder ranges between 45 and 109 μm. The 2Cr13 steel was
used as substrates with the dimensions of 40mm×40mm×5mm.
The chemical compositions of the NiCrBSi alloy powder and the sub-
strate are given in Table 1.

Since the roughness of the substrates has a significant influence on
the adhesion between the coating and the substrate, before spraying,
the substrates were polished to a mirror surface and then blasted by
alumina grits for about 15 s to ensure a similar surface roughness
among the substrates used in this experiment. The NiCrBSi powder was
kept in a holding oven at 200 °C in air for 2 h for drying. The spraying
parameters adopted in this work are listed in Table 2. The coatings were
air cooled to room temperature at the end of the spraying process. The
thicknesses of the as-sprayed NiCrBSi coatings were about 400 μm.

The NiCrBSi alloy was a kind of Ni-based alloy and the Ni content of
the NiCrBSi alloy powder in this work was about 70 wt%. The melting
point of pure Ni is 1453 °C, hence the recrystallization temperature of
Ni (i.e. 0.4Tm, where Tm is melting point) is about 417 °C in theory.
Considering the face-centered cubic (FCC) γ-Ni phase is the primary

phase of the NiCrBSi coating [1], the microstructural manipulation of
the NiCrBSi coating after heat treatment should take the behavior of the
Ni phase into account. Hence, selecting a suitable heat treatment tem-
perature above the recrystallization temperature of Ni is necessary to
investigate the effect of the recrystallization of Ni grains on the per-
formance of the NiCrBSi coatings. In this work, the short-time heat
treatments were selected at 440 °C, 460 °C and 480 °C (all were higher
than the recrystallization temperature of Ni), and were held for 0.5min,
1.5 min, 3min, 5min and 15min at each temperature, respectively. The
heat-treated samples were named after their heat treatment tempera-
ture and dwelling time; for example, S440-3 stood for the sample
treated at 440 °C for 3min. All the samples were furnace heat treated.
After heat treatment, the samples were air cooled.

2.2. Coating characterizations

The test pieces were mechanically ground with SiC paper up to 2000
grits and then polished to a mirror surface by a diamond paste with a
particle size of 1.5 μm. The polished samples were etched by a mixed
solution composed of HCl:HNO3:H2O=1:10:10 (in vol%). Optical
Microscopy (OM, ZeissAxioskop2-MAT) was used to observe the mi-
crostructures of the coatings. The porosities were obtained by OM
images of the non-etched coatings. To reduce the influence of random
error, the porosities were all randomly selected and measured from ten
OM images which were binarized by the software Image J2X. In binary
images, the pores would be represented by a single color. Then the
porosity was obtained by calculating the percentage of the area of this
single color in the binary image in accordance with the ASTM Standard
E2109-01 [31]. Furthermore, a high-resolution transmission electron
microscopy (TEM, JEM-2100F) with energy dispersive spectrometer
(EDS) was used to analyze the microstructures of the coatings. The
specimens prepared for TEM characterization were ground to approx-
imate 100 μm thick. Final thinning to electron transparency was ac-
complished by using a twin jet polisher with a mixed solution composed
of HClO4:C4H9OH:CH3OH=6:39:55 (in vol%) at a temperature of
−30 °C. The phase analysis was carried out by X-ray diffraction (XRD,
D8 Advance A25X diffractometer) with a monochromatic Cu Kα source,
the scanning range of 30–80°, scanning speed of 2°/min and scanning
step of 0.02°. The Jade 6.5 software was used to analyze the XRD data.
The integrated areas for each diffraction peak in the XRD patterns were
determined by using the peak-fitting program Origin with Pearson VII
function [26, 32, 33]. Based on the integrated areas, the volume frac-
tion (Vf) for each phase was calculated in a similar manner to the Ref.
[26, 32, 33] using the equation below:

=V A
AΣf i

i

i
, (1)

where Vf, i is the volume fraction of a phase, Ai is the total integrated
area of this phase and ΣAi is the total integrated area for all phases
detected in an XRD pattern.

The Vickers hardness of the coatings was measured by German
automatic hardness tester (KB30S). The load for indentation was 5 N on
the surface of the coating with the dwell time of 15 s. The reported
Vickers hardness of each sample was averaged from ten individual
tested points.

Table 1
The chemical compositions of NiCrBSi powder and 2Cr13 steel substrate (in wt
%).

Elements C Si B Cr Mn Ti Fe Ni

NiCrBSi powder 0.63 4.50 2.97 16.20 – – 5.31 Bal.
2Cr13 steel substrate 0.16 0.80 – 13.00 0.80 0.20 Bal. 0.60

Table 2
Main parameters of the plasma spraying.

Parameters Values

Voltage (V) 60
Current (A) 500
Gun traverse rate (mm/s) 30
Main gas Ar (MPa) 55
Feed gas Ar (MPa) 28
Spray distance (mm) 80
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2.3. Tribological tests

The tribological tests were conducted on a high temperature trib-
ometer (Bruker UMT-2) without lubrication in air. The samples were
10mm×10mm×5mm in size with grinding and polishing before
test. The pin-on-disc tribological test was realized according to ASTM
G99. Testing parameters were as follows: 20 N load; ZrO2, 5 mm dia-
meter counterpart; 4 mm diameter wear track; 50 rpm slide speed;
1800 s testing time; room temperature. For each sample, three different
measurements were performed. The morphologies of the coating sam-
ples after tribological tests were observed by scanning electron micro-
scopy (SEM, Merlin Compact). The volumes of the wear tracks were
measured by 3D confocal laser-microscopy (Olympus OLS4000) at 5
different places.

3. Results and discussion

3.1. Hardness

The hardness of the 2Cr13 steel substrate is about 269 HV0.5. Fig. 1
shows the variations in the hardness of the coatings short-time treated
at different temperatures. Obviously, the hardness of the as-sprayed
sample (650 HV0.5) is much higher than that of the steel substrate. As
seen from Fig. 1, the hardness of the coatings tends to rise firstly at the
initial stage of heat treatments at all selected temperatures. The highest
value of hardness is around 750 HV0.5 for all coatings. The higher
temperature of the heat treatment, the shorter time to reach the highest
value of hardness (e.g. 10min for 440 °C, 5min for 460 °C and 3min for
480 °C). The highest hardness of coatings is about 15.4% higher than
that of the as-sprayed sample (650 HV0.5). As heat treatment proceeds,
the coatings show a decreasing trend in hardness at all selected tem-
peratures. It seems that the short-time heat treatment has a great in-
fluence on the hardness of the coatings even though the temperature of
heat treatment is significantly lower than the melting point of the
NiCrBSi alloy [19].

3.2. Wear performance

At each selected temperature, the coatings with the highest hard-
ness (S440-10, S460-5 and S480-3) and the coatings treated for 15min
were selected for tribological tests to illustrate the wear performance of
the coatings during short-time heat treatment. The 2Cr13 steel sub-
strate and the as-sprayed sample were used as a reference. Fig. 2 ex-
hibits the friction coefficients of these samples. The friction coefficient
of the as-sprayed sample (0.146) is much lower than that of the 2Cr13
steel substrate (0.207), but substantially greater than those for heat

treated samples, except for S480-15. S460-5 and S480-3 have the lowest
friction coefficients (0.102 and 0.103, respectively). The friction coef-
ficients of S440-15 (0.109) and S460-15 (0.112) are slightly higher than
those of S440-10 (0.106) and S460-5 (0.102), which have the highest
hardness among the coating samples heated at 440 °C or 460 °C. The
friction coefficient of S480-15 (0.132) is about 28% higher than that of
S480-3 (0.103). The variations in friction coefficients of samples coin-
cide with the variations in their hardness (Fig. 1). This result indicates
that the wear performances of the samples are mainly influenced by
their hardness.

Fig. 3 clarifies the average wear volumes of the samples exhibited in
Fig. 2. The 2Cr13 steel substrate has the maximum wear volume of
2.063mm3, 61% greater than that of the as-sprayed sample
(1.281mm3). S460-5 and S480-3 have the minimum wear volumes of
0.527mm3 and 0.517mm3 among the coating samples heated at 460 °C
or 480 °C, respectively, almost 60% lower than the as-sprayed sample.
After 15-min heat treatment, the wear volumes of S440-15, S460-15
and S480-15 are higher than those of S440-10, S460-5 and S480-3, but
still lower than that of the as-sprayed sample. These results are in ac-
cordance with the outcomes of the friction coefficient and hardness of

Fig. 1. Variations in hardness of the coatings treated at different temperature.

Fig. 2. The friction coefficients of the 2Cr13 steel substrate, the as-sprayed
sample, S440-10, S440-15, S460-5, S460-15, S480-3 and S480-15.

Fig. 3. The average wear volumes of the 2Cr13 steel substrate, the as-sprayed
sample, S440-10, S440-15, S460-5, S460-15, S480-3 and S480-15.
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these samples (Fig. 2). In general, the samples with lower friction
coefficient and higher hardness have lower wear volumes under same
testing conditions. Therefore, one can conclude that the short-time heat
treatment at the range of 440–480 °C substantially improves both the
hardness and the wear resistance of the as-sprayed sample. Because of
the prominent improvement in hardness and wear resistance of the
coatings after heat treatment at 480 °C, the S480-3 and S480-15 were
used for comparison with the as-sprayed sample in the following work.

3.3. Optical microscopy characterization

Fig. 4 shows the OM images of the as-sprayed sample, S480-3 and
S480-15. As observed in Fig. 4a–c, pores (as indicated by white hollow
arrows) are randomly distributed. The porosity has an important in-
fluence on the hardness, and even other properties of coatings [31, 34].
In this work, the average porosities of the as-sprayed sample, S480-3
and S480-15 are 0.75 ± 0.31%, 0.92 ± 0.21%, 0.82 ± 0.28%, re-
spectively, indicating that short-time heat treatment has little influence

on the porosities of the coatings. For this reason, the variations in
hardness of the coatings should not be associated with the porosity.

Fig. 4d, e and f represents the gradual evolution in microstructures
of the as-sprayed sample, S480-3 and S480-15, respectively. Typical
lamellar structures of the NiCrBSi coating built up by solidification of
molten particles are revealed in the as-sprayed sample, which agrees
with the results in the previous reports [20, 35]. The lamellar bound-
aries are clearly presented as indicated by white solid arrows in Fig. 4d.
Fine grains in irregular shape can be found between the lamellar
boundaries, which are pointed out by yellow triangles (Fig. 4d). It can
be observed that these fine grains are still in submicron-scale. After heat
treatment at 480 °C for 3min, the lamellar boundaries become indis-
tinct and the fine grains (about 1 μm in diameter) are slightly greater
than those in the as-sprayed sample (less than 1 μm in diameter)
(Fig. 4e). It illustrates that the growth of the fine grains takes place at
480 °C. As heat treatment extends to 15min, several grains with the size
of more than 1 μm are presented in the coating and some lamellar
boundaries are almost invisible, as indicated in Fig. 4f. Based on the

Fig. 4. Metallographic of the non-etched and etched coatings for (a), (d) the as-sprayed sample, (b), (e) S480-3 and (c), (f) S480-15, respectively. The white hollow
arrows indicate the porosities in the coatings, the white solid arrows indicate the lamellar boundaries and the yellow triangles indicate the representative fine grains.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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above results, it is clear that the microstructures of the coatings are
varied gradually during short-time heat treatment at 480 °C.

3.4. X-ray diffraction

The XRD patterns for the as-sprayed sample, S480-3 and S480-15
are shown in Fig. 5. The phase constituents of the coatings mainly
consist of γ-Ni, Ni3B, Cr7C3, CrB and C4B3 phases, which are consistent
with the results in the literature [15, 20, 36]. No new phase is generated
after heat treatment, indicating that the short-time heat treatment does
not vary the phase constituents. Compared to the S480-3 and S480-15,
the as-sprayed sample is characterized with broadening and lowering
peaks. A broad diffuse diffraction maximum is evident at 2θ from 40° to
50°, which is caused by the formation of amorphous phase and/or na-
nocrystallines [37]. During the spraying process, the NiCrBSi particles
are melted or partially melted. It was reported that the time for soli-
dification of these melted or partially melted particles is between about
10−8 and 10−6 s [23]. Therefore, the amorphous phase inevitably
forms in the as-sprayed sample. However, as shown in Fig. 5, the γ-Ni
peaks as well as some other peaks (such as the Ni3B and Cr3B4 peaks)
become sharper as heat treatment extends, implying that the crystal-
lization of the amorphous phase takes place.

Based on the integrated areas, the volume fractions of all phases
detected in XRD are calculated and listed in Table 3. The volume
fraction of the amorphous phase decreases monotonously as heat
treatment proceeds since the amorphous phase is metastable and it is
prone to crystallize at a proper temperature [24, 38]. By contrast, the
volume fractions of γ-Ni and Ni3B increase monotonously from 60.3%
to 65.6% and from 4.5% to 8.7%, respectively. The volume fraction of
Cr3B4 increases after 3-min heat treatment at 480 °C; however, no fur-
ther augment is observed after 15-min heat treatment. Considering the
standard error of XRD, the volume fractions of CrB and Cr7C3 keep
almost constant. Therefore, once can deduce that the amorphous phase
mainly transforms to γ-Ni, Ni3B and Cr3B4, and maybe a trace of CrB
and Cr7C3.

3.5. TEM analyses

The microstructures of the as-sprayed sample, S480-3 and S480-15
were further characterized by TEM as indicated in Fig. 6. Fig. 6a shows
that FCC γ-Ni nanocrystallines with the size of about 50 nm are pre-
sented in the as-sprayed sample. The halo ring as shown in the corre-
sponding selected area electron diffraction patterns (Fig. 6a inset)
elucidates the existence of the amorphous phase in the as-sprayed
sample. The TEM-EDS result shows that the amorphous phase contains
about 73 ± 3.8% Ni, 14 ± 3.5% Cr, 2.1 ± 0.2% B, 6.6 ± 2.5% Si,
3.7 ± 0.5% Fe and 0.6 ± 0.1% C (in wt%). These values are obtained
by five examinations at different amorphous regions. The chemical
compositions of the amorphous phase are similar to those of the raw
NiCrBSi powder. The fractions of Cr and B decrease slightly, indicating
that boride and chromium compounds forms firstly during the progress
of deposition. Fig. 6b represents another location in the as-sprayed
sample. Dark precipitates with several nanometers indicated by white
hollow arrows are resolved as Ni3B and CrB. In this location, the
amorphous phase is also detected (Fig. 6b inset). Therefore, the as-
sprayed sample exhibits a mixed microstructure with the amorphous
phase and crystalline phase. As heat treatment progresses, more na-
nocrystallines of γ-Ni are presented in the coating (Fig. 6c). The coar-
sening grains of γ-Ni are also presented near the nanocrystallines of γ-
Ni. The volume fraction of the amorphous phase is reduced and only
exists in the gaps of γ-Ni grains as indicated by dash cycle in Fig. 6c.
Fig. 6d is another region in S480-3, precipitates surrounded by the
amorphous phase are identified as Ni3B, CrB, Cr3B4 and γ-Ni. The size of
precipitates seems to be larger than those observed in Fig. 6b, but still
in nano-scale. It should be noted that the NiCrBSi coating with this
feature has the highest hardness (750 HV0.5) and the best wear re-
sistance compared to the as-sprayed sample and S480-15. As seen from
Fig. 6e, more coarsening γ-Ni grains are presented and nearly no
amorphous phase is observed. Furthermore, coarsening CrB phase with
the size more than 500 nm is also observed in S480-15 (Fig. 6f). In
terms of the results obtained by TEM analysis, it is easily found that the
heat treatment promotes the crystallization of the amorphous phase and
the coarsening of grains (such as γ-Ni, Ni3B and CrB). As mentioned in
the Experimental section, the recrystallization temperature of Ni is
417 °C. Hence, the recrystallization of Ni would take place during the
heat treatment at all selected temperatures. It is well known that the
rates of the crystallization and recrystallization basically depend on the
temperature of heat treatment [25]. Therefore, in the case of the lower
annealing temperature adopted, a slower increase in the hardness is
observed in S440 at the first 10-min heat treatment at 440 °C (Fig. 1).
Correspondingly, the slower decrease in the hardness is also found in
S440 among the coatings after they reaches the maximum hardness
(Fig. 1). For this reason, the decrease in hardness of the coatings after
reaching the maximum values should be ascribed to the coarsening of
grains.

By combining the XRD results from Fig. 5 and Table 3, it can be
confirmed that a large amount of the amorphous phase transforms into
crystalline phase at the first 3-min heat treatment at 480 °C. The sizes of
the new formed grains embedded in the amorphous phase are within
100 nm. It is speculated that the precipitation of boride and chromium
compounds contribute to the increase in hardness and wear resistance
of the coatings [39]. As heat treatment proceeds, the amorphous phase
is reduced further and the crystalline grains coarsen (Figs. 4 and 6).
Both the hardness and wear performance of the coatings confirm again
that the rates of crystallization and recrystallization primarily depend
on the temperature of heat treatment. If the heat treatment is above the
recrystallization temperature of Ni (417 °C), the higher the temperature
of heat treatment is, the shorter the time of heat treatment takes to
increase the hardness and wear performance (Figs. 1–3). Therefore,
after the NiCrBSi coatings reach the maximum hardness and wear re-
sistance, the extended heat treatment above 417 °C would degrade the
performance of the NiCrBSi coatings, which also depends on the

Fig. 5. XRD patterns of the as-sprayed sample, S480-3 and S480-15.

Table 3
The volume fractions (vol%) of each phase calculated by integrated areas via
the XRD patterns in Fig. 5.

Sample γ-Ni Ni3B CrB Cr7C3 Cr3B4 Amorphous phase

As-sprayed 60.3 4.5 16.4 8.5 0.3 10
S480-3 64.3 6.7 16.2 9.7 1.5 1.6
S480-15 65.6 8.7 16.1 8.5 1.1 Undetected
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annealing temperatures.

3.6. Worn surfaces of coatings

The worn surfaces of the as-sprayed sample, S480-3 and S480-15
examined by SEM are shown in Fig. 7. As seen in Fig. 7a and b, the as-
sprayed sample has a very severe abrasive wear phenomenon with some
micro-cracks which are caused by stress concentration. Meanwhile,
ploughs are formed on the surface of the as-sprayed sample probably
due to the abrasive particles provided by the wear debris. The mor-
phology of the wear track of S480-3 is generally smooth with polishing
characteristics (Fig. 7c and d). The scratch tracks are shallow and thin
(Fig. 7c). Few abrasive wear regions and a small number of micro-
cracks distributed on the worn surface are clearly visible (Fig. 7d).
Moreover, the slender scratch paralleling to the friction direction is
detected. By comparison of the worn surfaces, it can be seen that S480-
3 has a higher wear resistance than the as-sprayed sample. The increase
in the hardness of the coating would cause the reduction of the contact
area between the coating and the friction counterpart, subsequently

leading to the less deformation and shear of the coating. For this reason,
both the friction coefficient and the wear volume of S480-3 are lower
than those of the as-sprayed sample. As seen from Fig. 7e and f, the
worn surface of S480-15 is similar to that of the as-sprayed sample. A
larger number of abrasive wear regions and micro-cracks are presented
on the worn surface of S480-15. Therefore, it can be confirmed that the
as-sprayed sample, S480-3 and S480-15 have identical wear me-
chanism. This should be attributed to the no change in phase con-
stituents of these samples during short-time heat treatment.

3.7. Strengthening mechanism

It is interesting that S480-3 has the highest hardness and best wear
resistance among the as-sprayed sample, S480-3 and S480-15.
Compared with the phase constituent of the as-sprayed sample, high
volume fraction of γ-Ni, Ni3B and Cr3B4 are presented in S480-3 asso-
ciated with the decline of the amorphous phase (Fig. 5 and Table 3). As
is known, for metallic glasses, the crystallization could sharply decrease
its toughness, thereby decreasing the strength of alloys [40–42].

Fig. 6. TEM images of (a), (b) the as-sprayed sample, (c), (d) S480-3, (e) and (f) S480-15. The insets are the selected area electron diffraction patterns corresponding
to the amorphous phase, γ-Ni and precipitates in (a)–(f).
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Fig. 7. SEM images for worn surfaces of (a) the as-sprayed sample, (b) S480-3 and (c) S480-15. The (d), (e) and (f) are the magnified images corresponding to the
dash rectangles in (a), (b) and (c).

Fig. 8. Schematic illustration for the variation in microstructure of the as-sprayed sample during short-time heat treatment at 480 °C. The amount of amorphous
phase, γ-Ni grains and precipitates are only a qualitative representation, not a quantitative representation.
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However, when crystallization reaction takes place in the amorphous
phase of the as-sprayed sample during short-time heat treatment,
boride and chromium compounds precipitates from the amorphous
phase. These hard precipitates improve the hardness and wear re-
sistance of the as-sprayed NiCrBSi coating. The similar scenario has
been reported by Krishnaveni et al. in electroless Ni–B coating [43].
Furthermore, another strengthening mechanism has been proposed by
Wu et al. [44]; a certain amount of nanocrystallines uniformly em-
bedded in the amorphous phase can effectively impede the propagation
of main shear bands in the amorphous phase. The alloy with the re-
sultant microstructure can acquire a very high toughness even more
than its amorphous phase. In this work, the NiCrBSi coating heat-
treated at 480 °C for 3min results in the partially crystallization of the
amorphous phase, which can be described as the uniformly presenta-
tion of nanocrystallines embedded in the amorphous region (Fig. 6c and
d TEM). Therefore, it may be another reason accounting for the highest
hardness and wear resistance for S480-3 among the as-sprayed sample,
S480-3 and S480-15.

Based on the discussion above, the evolution in the microstructures
of the coatings during heat treatment can be outlined as illustrated
schematically in Fig. 8. For the as-sprayed sample, a certain fraction of
the amorphous phase (10 vol%) forms in the coating due to the fast
cooling rate of melted or semi-melted flight particles during the process
of deposition (Table 3). Nanocrystallines of γ-Ni and small particles of
hard phases are presented in the amorphous region (Fig. 6a and b TEM).
Although the as-sprayed sample has a considerably better hardness and
wear resistance properties than the 2Cr13 steel substrate, it still can be
further enhanced by short-time heat treatment. Heat treatment provides
required activation energy to trigger the crystallization of the amor-
phous phase in the NiCrBSi coating, thereby leading to the nucleation
and growth of the new crystalline phases. As such, more γ-Ni, Ni3B and
Cr3B4 are formed after heat-treated at 480 °C for 3min (Fig. 5 and
Table 3). The volume fraction of the amorphous phase is about 1.6% in
S480-3. Hence the heat-treated coating is strengthened by the pre-
cipitates of hard phases and uniformly distributed nanocrystalline em-
bedded in the amorphous phase as suggested in last paragraph. The
NiCrBSi coating with this kind of microstructure has a higher hardness
(about 15.4% higher) and a lower wear volume (about 60% less) than
the as-sprayed sample. It should be noted that the temperature of the
heat treatment plays an important role in increasing the hardness and
wear resistance of coating. In this work, the coatings can reach the
maximum hardness after heat treatment at all tested temperatures for
several minutes. The higher temperature of the heat treatment the
faster rate of the crystallization. The maximum hardness of the coating
is reached after only 3min heated at 480 °C. Therefore, this phenom-
enon is hardly observed if the temperature of heat treatment is too high
due to the increased rate of the crystallization and the coarsening of γ-
Ni grains. In the previous studies [18–22], the temperature of the heat
treatment often approaches the melting point of NiCrBSi alloy or the
time of the heat treatment is too long. Hence the NiCrBSi coatings have
a coarse microstructure. This is also the result obtained in this study:
extended heat treatment leads to coarse grains in the NiCrBSi coating
(Fig. 8), thereby degrading its hardness and wear performance. It is
difficult to explain which strengthening mechanism is dominant;
however, we obtain a NiCrBSi coating with improved hardness and
wear resistance. Consequently, it is demonstrated that the short-time
heat treatment could improve the hardness and wear performance of
the as-sprayed NiCrBSi coating. Although the furnace heat treatment
was carried out in the current work, this method might be limited by
the furnace size. Since the ideal microstructure has nanocrystalline hard
phases that precipitates uniformly and embeds in an amorphous phase,
this could be obtained via a few minutes heat treatment at a proper
temperature, perhaps by a simple method such as in situ heat treatment
by plasma flame of the coating after spraying.

4. Conclusions

In this work, the effects of short-time heat treatment on micro-
structure, hardness and wear performance of the NiCrBSi coating were
systematically investigated. Some key conclusions can be drawn as
follows:

(1) The as-sprayed sample has a higher hardness and better wear re-
sistance than the 2Cr13 steel substrate. However, the hardness and
wear resistance of the as-sprayed sample could be enhanced by
short-time heat treatment at 440–480 °C. The highest hardness of
the coatings (750 HV0.5) is about 15.4% higher than that of the as-
sprayed sample (650 HV0.5), and the minimum wear volume of the
coating (0.517mm3) is about 60% lower than that of the as-sprayed
sample (1.281mm3). The higher the temperature of heat treatment,
the shorter the time for reaching the highest hardness and best wear
resistance of NiCrBSi coatings.

(2) The as-sprayed sample possesses a mixed microstructure composed
of the crystalline phase and the amorphous phase due to the fast
cooling rate of melted and semi-melted flight particles during de-
position. After heat treated at 480 °C for 3min, the volume fractions
of Ni3B, γ-Ni and Cr3B4 increase due to the crystallization of the
amorphous phase. The precipitates of Ni3B and Cr3B4 are believed
to increase the hardness and wear resistance of the coatings. As heat
treatment progresses, the γ-Ni grains grow up, leading to a decrease
trend of the hardness and wear resistance of the coatings.

(3) The phase constituents of the as-sprayed sample, S480-3 and S480-
15 are not varied during the short-time heat treatment as well as the
abrasive mode. Therefore, the hardness plays a dominant role in the
wear resistance of the coatings. The coating with the higher hard-
ness has the better wear resistance. In the view of the strengthening
mechanism, improved hardness and wear resistance of plasma
sprayed NiCrBSi coating could be attained via a few minutes heat
treatment.
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