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A B S T R A C T

Thermal sprayed NiCrBSi coatings often have some shortcomings such as poor cohesion and adhesion, which
degrade their properties and are expected to be eliminated by the remelting process. However, there is still a lack
of remelting methods combining the advantages of reliability, reproducibility and low-cost. This work developed
a remelting method to remelt the as-sprayed NiCrBSi by plasma gun in an automatic mode using optimized
parameters. The remelting process reduces the porosity, eliminates the lamellar boundaries and promotes the
formation of metallurgical bonding at the coating/substrate interface. Therefore, the hardness (803 HV0.5) and
bonding strength (165MPa) of the remelted NiCrBSi coating are about 22% and 516% higher than the corre-
sponding ones of the as-sprayed NiCrBSi counterpart (hardness: 657 HV0.5; bonding strength: 32MPa). The
remelted NiCrBSi coating also exhibit significantly enhanced wear resistance compared with the substrate and
as-sprayed one. Comparison between the remelted NiCrBSi coatings prepared by various remelting methods
indicates that the remelting process used in this work is prominently useful for wider industrial applications
since it is reliable, reproducible and convenient.

1. Introduction

Ni-based alloys are well known because of their good resistance to
wear, corrosion and high-temperature oxidation; hence Ni-based alloys
are commonly used as coating materials for industrial applications
[1–4]. Among the Ni-based alloy coatings, NiCrBSi alloy is widely used
in engines, piston rods, and boilers because of its high wear and cor-
rosion resistance [5,6]. Generally, NiCrBSi coating can be rapidly syn-
thesized by thermal spraying technologies, including atmospheric
plasma spraying (APS) [7–9], flame spraying (FS) [10,11] or high ve-
locity oxygen fuel spraying (HVOFS) [12,13]. These technologies syn-
thesize the NiCrBSi coatings by melting the feedstock particles into
droplets and impinging the droplets on a substrate in a layer-wise
method [14]. Therefore, the prepared NiCrBSi coatings always display a
typical lamellar microstructure. Unfortunately, thermal spraying de-
posited NiCrBSi coatings still have a considerable number of draw-
backs. For example, there are still many particles in an unmelted or
semi-melted state; therefore the pores and lamellar boundaries are in-
evitably produced during the deposition of these unmelted or semi-
melted particles, which degrades the wear and corrosion resistance of

NiCrBSi coatings [15,16]. Meanwhile, due to the mechanical inter-
locking at the coating/substrate interface, the NiCrBSi coatings usually
have poor adhesion to the substrate [10].

As such, several remelting methods are developed for eliminating
these drawbacks, such as flame remelting (FR) [10,11,17], laser re-
melting (LR) [10,18–20], furnace remelting (FUR) [16,21], electric
resistance remelting (ERR) [10], and tungsten inert gas remelting (TIG)
[22–25]. The remelting process employs a heat source to heat the as-
sprayed NiCrBSi coating until the temperature exceeds the remelting
point of NiCrBSi alloy. During the remelting process, the flaws (such as
pores and lamellar boundaries) are significantly reduced due to the
good fluidity of the NiCrBSi alloy [26]. Meanwhile, the interdiffusion
between the coating and the substrate is enhanced at high temperature,
thereby forming a metallurgical bonding at the coating/substrate in-
terface [27]. Previous work in the literature indicates that the perfor-
mance of the as-sprayed NiCrBSi coatings has been substantially im-
proved by the remelting methods mentioned above [10,16,18,24,28].
Serres et al. [18] investigated the plasma sprayed NiCrBSi coating re-
melted by laser and found that the wear rate of the laser remelted
NiCrBSi coating decreases by about 50% than that of the as-sprayed
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one. Li et al. [24] also found that the TIG remelted NiCrBSi coating has
a higher hardness and lower friction coefficient than the as-sprayed
counterpart. Bergant et al. [16] pointed out that the furnace remelting
process significantly reduces the pores and lamellar boundaries of the
as-sprayed NiCrBSi coating, thereby decreasing the permeation paths
for the electrolyte and increasing the corrosion resistance. Houdková
et al. [10] prepared flame sprayed and high velocity oxygen fuel
sprayed NiCrBSi coatings and remelted them by flame, electric re-
sistance, and laser. The results showed that all the remelted coatings
exhibit improved wear resistance and hardness irrespective of the re-
melting methods. Therefore, one can conclude that the remelting pro-
cess is a useful way to enhance the properties of the as-sprayed NiCrBSi
coatings.

Although the remelting process has many advantages for the
NiCrBSi coatings, there exist apparent limitations of the remelting
methods used for industrial applications. For example, manually re-
melting NiCrBSi coatings on large workpieces by the flame gun is an
extremely heavy workload for the operators. It also should be pointed
out that the quality of the manually remelted NiCrBSi coatings mainly
depends on the experience of the operators, hence the reliability of the
manually remelted NiCrBSi coatings may not be guaranteed [28].
Furnace remelting method strictly restricts the size of the remelting
workpiece due to the limited size of the furnace chamber [16]. Al-
though laser remelting is a fast and reliable method to remelt the as-
sprayed NiCrBSi coatings [20], the laser equipment is much expensive
for both purchase and maintenance [29,30]. Hence, it can arise vast
additional expenses for laboratory or factory. Tungsten inert gas re-
melting and electric resistance remelting also have the same limitations
on the workpiece size, additional equipment or operators [10,22].
Therefore, an open question arises: is there a common and simply
method used for the remelting process as well as the quality of the
remelted NiCrBSi coatings? Unfortunately, there is still a lack of ex-
isting literature to answer such a question. Therefore, a remelting
method has been developed to remelt the plasma-sprayed coating using
plasma gun in an automatic mode. This method has some advantages:
(i) no size limitation (the same working range for both spraying and
remelting); (ii) high reliability of the quality of the remelted coatings
(fixed remelting processing parameters); (iii) no extra equipment
needed (using the plasma gun); and (iv) wider applications (various
processing parameters for workpieces with different size). After opti-
mizing the processing parameters, a plasma sprayed-remelted NiCrBSi
coating is successfully prepared and resultant coating possesses en-
hanced mechanical properties compared to the as-sprayed counterpart.

In this work, the preparation of the plasma sprayed-remelted
NiCrBSi coating was reported in detail. Phase constituents, micro-
structures and mechanical properties (including hardness, coating ad-
hesion and wear performance) of the NiCrBSi coatings before and after
remelting were systematically characterized. Since there is no universal
method to test the coating adhesion over 70MPa [31], a dual tool was
designed to test the bonding strength of the remelted samples. Fur-
thermore, a comparison among the different remelting methods was
conducted.

2. Experimental

2.1. Sample preparation

Since plasma spraying technology is widely used to synthesize
protective coatings on workpieces (such as turbine blade and pistons),
which are always made of stainless steels, an annealed 2Cr13 stainless
steel with the dimension of 40× 40×5mm was used as substrate in
this work. The polished substrate surface was cleaned by acetone to
eliminate oil contamination and then treated by grit blasting before
spraying. NiCrBSi alloy powder obtained from the BGRIMM Advanced
Materials Science and Technology Co., Ltd. was selected as the feed-
stock material. The raw powder was manufactured by atomization. The

particle size of the feedstock ranged from 45 to 109 μm. Before
spraying, the powder was dried at 200 °C in a furnace for 2 h. The
chemical compositions of the NiCrBSi powder and the 2Cr13 substrate
are listed in Table 1.

The spraying and remelting process were conducted using an SG-
100 plasma-spraying torch (Praxair, USA). During spraying, argon was
used as the main gas to reduce particle oxidation. As shown in Fig. 1,
the remelting process was immediately conducted by the plasma gun in
an automatic mode after spraying by changing the gun traverse rate and
the distance to substrate. The remelting process was repeated by 3
times. Since NiCrBSi alloy is a self-fluxing alloy, the containing B and Si
have the functions of self-deoxygenation and slag formation. These
functions can protect the NiCrBSi alloy from oxidation. Therefore, slight
oxidation on the surface of the remelted NiCrBSi coatings can be ig-
nored. During the remelting process, the temperature of the coating was
recorded by an infrared thermometer and temperature was found to
exceed 1500 °C. After remelting, the remelted samples were cooled in
air. The as-sprayed and remelted NiCrBSi coatings prepared on the
cuboid substrates were used to conduct the microstructural character-
ization, hardness tests, and wear tests. The detailed spraying and re-
melting parameters are shown in Table 2.

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

Elements C Si B Cr Mn Ti Fe Ni

NiCrBSi powder 0.6 4.5 3.0 16.2 – – 5.3 Bal.
2Cr13 steel substrate 0.2 0.8 – 13.0 0.8 0.2 Bal. 0.6

Fig. 1. Schematic illustration of the spraying and remelting process.

Table 2
Plasma spraying and remelting parameters selected for depositing NiCrBSi
coating.

Parameters Spraying Remelting

Voltage (V) 60 60
Current (A) 500 500
Powder feed rate (g/s) 0.3 –
Spray step (mm) 3 3
Gun traverse rate (mm/s) 100 10
Main gas Ar (dm3/s) 4.1 4.1
Secondary gas N2 (dm3/s) 1 1
Feed gas Ar (dm3/s) 2.1 2.1
Distance to the substrate (mm) 80 50
Number of spray or remelting passes 6 3
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2.2. Microstructural characterization

An optical microscope (OM, Zeiss Axioskop2-MAT, Germany), a
laser scanning confocal stereomicroscope (OLS4000, Olympus, Japan),
a Merlin Compact field emission scanning electron microscope (SEM,
Zeiss, Germany), and a JEM-2100F transmission electron microscope
(TEM, JEOL Ltd., Japan) equipped with an energy dispersive X-ray
spectroscopy (EDS) detector operated at 200 kV were used for micro-
structural characterizations. The coating samples for OM and SEM ob-
servations were mechanically ground with SiC papers up to 2000 grits
and then polished to a mirror surface. For TEM characterizations, the
coatings were carefully removed from the substrates and ground to
about 100 μm thick, then cut into a 3mm diameter fold and thinned
using a twin-jet polishing machine with a mixed solution composed of
HClO4: C4H9OH: CH3OH=6: 39: 55 (in vol%) at a temperature of
−30 °C. The crystallographic characteristics of grains were determined
by high resolution TEM (HRTEM) and analyzed using the software
Digital Micrograph. The phase constituents of the feedstock, the as-
sprayed, and the remelted coatings were characterized by X-ray dif-
fraction (XRD, Bruker, D8 Advance A25X diffractometer, Germany)
with a scanning range (2θ) 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 patterns.

2.3. Mechanical tests

The Vickers hardness was conducted on the cross-section of the as-
sprayed and remelted NiCrBSi coatings using a hardness machine
(KB30S, Germany). Before the hardness test, the cross-section of the
samples was ground and polished. The indentation load was 5 N with
the dwell time of 15 s. Each reported hardness value was averaged from
at least ten tested points.

The reciprocating ball-on-flat tribological test was conducted at
room temperature on the polished surface of the NiCrBSi coating using
friction and wear testing machine (Bruker, UMT-2, Germany) without
lubrication in air according to ASTM G133-05. The testing parameters
were: reciprocating wear track of 3mm; 20 N load; ZrO2 ball in 9.5 mm
diameter; sliding speed of 5mm/s or 10mm/s; and testing time of
1200 s. Three different measurements were carried out to each sample
at room temperature. The average wear volumes were measured by a
3D confocal laser microscope (Olympus OLS4000, Japan) at 5 different
places on the wear tracks. SEM observations were conducted to observe
the morphologies of the wear tracks.

Traditional bonding strength test for examining the coating adhe-
sion was performed in accordance with the commonly used ASTM
C633-79 [31]. However, the maximum tested strength was limited by
the glue used (less than 70MPa) [31]. According to previous work [31],
the bonding strength would exceed the test limit if the metallurgical
bonding was presented at the coating/substrate interface. As such,
coating adhesion was tested using a self-designed dual tool as shown in
Fig. 2. This tool consisted of three components A, B and C (Fig. 2a).
Components A and B could combine together to form a piston structure.
The combined components A and B can be placed in the hollow of
component C to form a mechanical interlocking. Fig. 2b shows the se-
parated components A and B. Component A was a round cap and
component B was a cylinder. The one at end of component B was
plugged into a taper shape in order to reduce the friction between
components A and B during the bonding strength test. The schematic
diagram of the combined components A and B associated with the
coating is presented in Fig. 2c. The top of the taper on component B had
a diameter of 4mm. The cylinder part of component B was 7.5mm in
radius. During the bonding strength test, components B and C were
fixed in a universal testing machine (CMT5205, America). A loading
rate of 165 N/s was employed for the bonding strength test until the
coating failed. The ratio of maximum loading and area of taper top was
considered as the coating adhesion in this work. The preparation of the

bonding strength test samples used the same procedure as the cuboid
samples. The fracture morphologies of bonding strength test samples
were observed by both stereomicroscopy and SEM.

3. Results and discussion

3.1. Phase constituents

Fig. 3 shows the XRD patterns of the as-sprayed and remelted
NiCrBSi coatings. It is observed that six phases, i.e. γ-Ni, Cr7C3, Cr3C2,
Ni3B, CrB, and Cr3B4, are detected in the as-sprayed coating. Besides the
Cr3B4, the other five phases can be found in the starting material used
[8]. According to the Cr-B phase diagram [32], Cr3B4 is a meta-stable
phase, which forms due to the fast cooling rate during the deposition
[7]. A broaden diffuse diffraction is observed from 40° to 50° in the XRD
pattern of the as-sprayed coating, attributing to the amorphous phase
and nanocrystalline [33–37]. As many amorphous alloys, the amor-
phous phase in the as-sprayed NiCrBSi coating also results from the fast
cooling rate and exists in a meta-stable state [7,38–41]. The previous

Fig. 2. Images of the dual tool for bonding strength test: (a) three components
of the tool consisted of A, B, and C; (b) component A is a round cap and
component B is a cylinder with a taper shape end; and (c) schematic diagram of
the combined components A and B associated with coating.
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study demonstrates that the volume fraction of the amorphous phase is
about 9.6% in the as-spayed NiCrBSi coating [7]. After remelting, all
peaks in the XRD pattern of the remelted coating becomes sharp and the
peak of Cr3B4 disappears. This elucidates that the remelted NiCrBSi
coating has a higher degree of crystallinity and greater grain size, which
is attributed to the relatively low cooling rate of the remelted NiCrBSi
coating.

3.2. Microstructure features

Fig. 4 reveals the optical images of the as-sprayed and remelted
NiCrBSi coatings. The as-sprayed NiCrBSi coating is about 400 μm thick
and has a rough surface. Some unmelted particles are found in the as-
sprayed NiCrBSi coating associated with large pores. This phenomenon

results from the loose stacking between unmelted particles [42].
Meanwhile, a lot of relatively small pores are found in the as-sprayed
NiCrBSi coating. There are also a considerable number of pores around
the coating/substrate interface. Such pores embedded in the coating or
around the interface would degrade the cohesion and adhesion of the
coating. Hence, a coating with higher porosity often has inferior
hardness and corrosion resistance [16,43,44]. In this work, the average
porosity of the as-sprayed NiCrBSi coating is about 2.7%. After re-
melting, the average porosity of the remelted NiCrBSi coating sig-
nificantly reduces to about 0.8%. Importantly, the pores around the
interface of the coating and the substrate are almost absent. The
thickness of the remelted NiCrBSi coating also decreases to 365 μm,
resulting from the flow of the material and the interdiffusion between
the coating and the substrate during the remelting process [16]. Fur-
thermore, the surface of the remelted NiCrBSi coating is much flatter
compared with the as-sprayed NiCrBSi counterpart. No unmelted par-
ticles are found in the remelted NiCrBSi coating. Therefore, one can
conclude that the NiCrBSi coating becomes denser after remelting,
which is consistent with the results in literature [10,16].

Detailed SEM microstructures for both the as-sprayed and the re-
melted NiCrBSi coatings are shown in Fig. 5. Fig. 5a is the surface
morphology of the as-sprayed NiCrBSi coating. As seen from the figure,
voids and pores are apparent on the surface of the as-sprayed NiCrBSi
coating, which can provide diffusion paths for the corrosion species in a
corrosive environment [45]. The unmelted and deformed particles on
the surface of the as-sprayed NiCrBSi coating increase its roughness. In
comparison, the apparent voids and pores disappear after remelting in
the remelted NiCrBSi coating and the coating surface becomes rela-
tively flat since the NiCrBSi alloy has good wettability and fluidity [43]
(Fig. 5b). Fig. 5c shows a magnified image of the coating/substrate
interface of the as-sprayed NiCrBSi coating by SEM in a backscattered
electron (BSE) mode. Since BSE imaging generates contrast according to
the atomic weight, boride and carbide precipitates can be easily dis-
tinguished. Hence, the Cr borides are proved to be dark particles and Cr
carbides are considered as light grey particles in literature [21,46].
Overall, the as-sprayed NiCrBSi coating shows a microstructure com-
posed of dark grey polygonal particles (Cr borides), light grey rod-like
or irregular precipitates (Cr carbides) and the matrix (Fig. 5c). The Cr
borides and Cr carbides are in sub-micron in size. A mechanical inter-
locking is clearly found on the coating/substrate interface, being ac-
companied by a large number of caves. Several lamellar boundaries
which form by different particles stacking are also observed, indicating
a limited interdiffusion among the particles during deposition. Such
lamellar boundaries are weak connections between the splats, resulting
in a degradation in coating cohesion [47]. By contrast, the caves on the
coating/substrate interface of the as-sprayed NiCrBSi coating are sub-
stantially eliminated after remelting process (Fig. 5d). The lamellar
boundaries in the remelted NiCrBSi coating are also absent. The Cr
borides particles have a size range of 1–8 μm and most Cr carbides
precipitates are greater than 1 μm in length, which are much larger than
those observed in the as-sprayed counterparts, indicating the grain
growth during the automatic remelting process. As reported in Ref. [8],
a diffusion layer between the coating and the substrate is formed after
the automatic remelting process. Therefore, EDS was employed to
confirm the element diffusion on the coating/substrate interface. Fig. 5e
and f are the EDS results of line scanning for Ni and Fe elements along
the yellow arrows marked in Fig. 5c and d. It can be observed in Fig. 5e
that there is a sudden drop or increase in the contents of Ni or Fe at the
coating/substrate interface, confirming a limited interdiffusion be-
tween the coating and the substrate (mechanical interlocking). In
general, the NiCrBSi coating having a mechanical interlocking with the
substrate possess a limited bonding strength [21,47–50]. Therefore, the
remelting process is often employed to obtain a metallurgical bonding
at the coating/substrate interface. As seen in Fig. 5f, the contents of Ni
and Fe gradually rise or decrease from the coating area to the substrate
area, confirming the existence of the diffusion layer (metallurgical

Fig. 3. XRD patterns of the as-sprayed and remelted NiCrBSi coatings.

Fig. 4. Optical images of the as-sprayed and remelted NiCrBSi coatings.
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bonding) which has a thickness of about 3.5 μm. It was reported that
the thickness of the diffusion layer ranges from 5.8 μm to 13.1 μm [8].
Hence, it illustrates that the thickness of the diffusion layer may depend
on the surface condition of the substrate. It is speculated that too many
caves concentrated on the interface may result in a thin diffusion layer
since the caves impede the interdiffusion between the coating and
substrate. In the coating area, a common drop is observed in both
curves of Fe and Ni, which is considered as the areas of Cr carbides or Cr
boride particles. Although the as-sprayed NiCrBSi coating has a con-
siderable number of pores (Fig. 4a), lamellar boundaries and a me-
chanical interlocking between the coating and the substrate, the auto-
matic remelting process promotes the grain growth and the formation
of the metallurgical bonding between the coating and substrate.

In order to further understand the microstructural evolution in a
smaller scale, TEM characterization was adopted for both as-sprayed
and remelted NiCrBSi coatings. Fig. 6 shows the microstructure features
of the as-sprayed NiCrBSi coating. Fig. 6a exhibits a face-centered cubic
(FCC) γ-Ni grain in an irregular shape. Some fragmented grains with the
chemical compositions (in wt%) of 83.4% Ni, 9.7% Cr, 6.7% Si and
0.2% B are observed as indicated by the dash cycle. It is known that γ-
Ni solid solution contains many other alloying elements [10,51]. As
seen from the compositions detected (Fig. 6a inset), these grains have

much a higher Ni content (83.4 wt%) than the average one in the
feedstock (about 70.4 wt%). Hence, these grains could be identified as
γ-Ni containing Cr and Si. Fig. 6b reveals an amorphous region em-
bedded with many nanoclusters, which are identified as γ-Ni, Cr3B4

and/or Ni3B by the selected electron diffraction pattern (SAED). The
amorphous phase contains 73% Ni, 14% Cr, 2.1% B, 6.6% Si, 3.7% Fe
and 0.6% C (all in wt%), similar to the feedstock. Fig. 6c represents the
floret-shaped eutectic structure in the as-sprayed coating, which is al-
ways found in NiCrBSi coatings [46,52]. The dark grains are identified
as Ni3B and the light grains are γ-Ni. Most grains in the eutectic
structure are very fine and the lamellar spacing is below 30 nm. It has
been reported that the fine eutectic structure often results from the high
heating and cooling rate during solidification of eutectic alloys [53].
Fig. 6d shows a Cr3B4 grain of about 623 nm in size observed in the as-
sprayed NiCrBSi coating. Meanwhile, lots of stacking faults are pre-
sented in the Cr3B4 grain. Fig. 6e shows a CrB grain of about 948 nm in
size accompanied by multiple twins. Moreover, an amorphous region
with lots of precipitates is adjacent to this CrB grain. Compared with
nanoclusters in the amorphous region in Fig. 6b, the precipitates in the
amorphous region in Fig. 6e are significantly larger in size (up to
100 nm). Precipitation and grain growth can take place at the tem-
perature higher than 440 °C [7]. After deposition, the temperature of

Fig. 5. SEM observations for the surface morphologies of (a) the as-sprayed and (b) remelted NiCrBSi coatings and the interface morphologies of (c) the as-sprayed
and (d) remelted NiCrBSi coatings; line scanning profiles of Ti and Fe elements at the interfaces of the (e) as-sprayed and (f) remelted NiCrBSi coatings as marked by
yellow arrows in (c) and (d). (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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the NiCrBSi coating is still higher. Crystallization and precipitation may
be triggered in the as-sprayed NiCrBSi coatings. Therefore, it is rea-
sonable to observe relatively large precipitates in the amorphous region
in the as-spayed NiCrBSi coating. High resolution TEM (HRTEM) was
adopted to analyze the rectangle region (f) marked in Fig. 6e. As shown
in Fig. 6f, two γ-Ni grains with the same zone axis of [111] are adjacent
to each other. The misorientation between these two Ni grains is
measured as 44.0°. Hence, a coincidence site lattice grain boundary is
clearly indicated by white triangles. Furthermore, micro-twinnings with
the coherent twin boundaries of [112] are also observed in Fig. 6f, which
is commonly reported in cubic structure metals [54]. Combined with
the XRD results, one can conclude that the as-sprayed NiCrBSi coating
has a complex microstructure since NiCrBSi alloy is a multicomponent
alloy.

Fig. 7 reveals the TEM observations for the remelted NiCrBSi
coating. Fig. 7a shows two adjacent γ-Ni grains in an elongated shape
with curving grain boundaries. The lengths of these γ-Ni grains are
greater than 1 μm and their widths are about 200–500 nm. Such γ-Ni
grains are much larger than those observed in the as-sprayed NiCrBSi
coating. In many locations in the remelted NiCrBSi coating, such
morphologies of γ-Ni grains could be found, which is very similar to the
reported eutectic structure [46,55,56]. Compared with the Ni grains or
eutectic structure in the as-sprayed NiCrBSi coating (Fig. 6a and c),

these grains in the remelted NiCrBSi coating are significantly large
(Fig. 7a and b). It can readily be understood that the relatively slow
cooling rate is maintained a high temperature for the remelted NiCrBSi
coating during cooling. Therefore, similar as in other materials
[57–61], the grains would grow when they are maintained at a high
temperature. Fig. 7b gives the chemical compositions of these two γ-Ni
grains and a nearby CrB grain of about 867 nm in size. The γ-Ni grain
(indicated by A) is free of Si, whereas the γ-Ni grain (denoted by B)
contains about 19.3 at.% Si, much larger than the maximum solution
solubility of Si in γ-Ni (10 at.%) [62]. Such a result may stem from an
uncompleted Ni-Ni3Si eutectic reaction. Therefore, it seems that the
automatic remelting process with the used parameters could not result
in a complete equilibrium microstructure of the remelted NiCrBSi
coating in this work, thereby being not favored to the formation of Ni-
Ni3Si eutectic structure. A Cr3C2 particle of about 446 nm in size is
observed in Fig. 7c. Multiple sets of selected area electron diffraction
(SAED) patterns obtained from this particle indicate the existence of
stacking faults. Fig. 7d shows a large CrB grain adjacent to a Ni3B grain.
It could be found that plenty of twins are presented in the CrB grain.
Fig. 7e and f are the HRTEM images of the rectangular regions (e) and
(f) in Fig. 7d. As seen in Fig. 7e, it is found that the angle of 41.4°
between two twinned areas consists of (110) and (110) planes. Such

〈 〉{110} 110 twins are frequently observed in CrB grains in the remelted

Fig. 6. TEM microstructure of the as-sprayed NiCrBSi alloy coating: (a) an irregular-shape γ-Ni grain surrounded by some fragmented grains, (b) amorphous structure
embedded with nanoclusters of γ-Ni, Cr3B4 and Ni3B, (c) fine eutectic structure of γ-Ni and Ni3B grains, (d) a Cr3B4 grain with lots of stacking faults, (e) a CrB grain of
948 nm in size and the adjacent mixed crystalline and amorphous region, and (f) HRTEM image of the rectangular region f marked in (e), showing the interface of two
γ-Ni grains near a CrB grain. TB means twin boundary. The corresponding selected area electron diffraction patterns are shown in the insets of specific figures.
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NiCrBSi coating [8]. Within the twinned area, both normal lattice and
distorted lattice are observed and indicated by the yellow dash cycles,
respectively (Fig. 7e). Both normal lattice and distorted lattice are also
presented in the twinned area surrounded by {110} planes. Therefore,
it could be speculated that the twins in the CrB grain take place via a
shuffle-dominated mechanism [63]. The interface of the CrB grain and
the Ni3B is semi-coherent as shown in Fig. 7f. The lattice misfit at the
interface is well reconciled by interface dislocations. Hence, no evident
distortion is found on both sides of the CrB/Ni3B interface. Further-
more, no amorphous phase is observed in the remelted NiCrBSi coating.
It has been reported that the preparation of the APS-produced coating is
attributed to the deposition of the melted or semi-melted particles at a
high speed [14]. Therefore, severe plastic deformation takes place be-
tween the particles. Combined with the high cooling rate during de-
position, the grain growth is also limited in the as-sprayed NiCrBSi
coating (Fig. 6b and e). As such, the as-sprayed NiCrBSi coating has a
refined microstructure. Conversely, the temperature of the remelted
NiCrBSi coating surface was over 1500 °C during remelting. The good
wettability and fluidity of NiCrBSi alloy lead to the reduction in por-
osity, elimination in lamellar boundaries and formation of metallurgical
bonding between the coating and the substrate. However, such a high
temperature can significantly facilitate the growth of grains in the re-
melted NiCrBSi coating.

3.3. Hardness

Fig. 8 shows the hardness on the cross-section of the as-sprayed and

remelted NiCrBSi coatings. The 2Cr13 stainless steel possesses a lower
hardness (about 238 HV0.5) than the as-sprayed NiCrBSi coating
(633–657 HV0.5). Apparently, the hardness of the remelted NiCrBSi
coating is 771–825 HV0.5, about 22%–26% higher than that of the as-
sprayed counterpart. The hardness at the interface of the coating/sub-
strate also increases from 411 HV0.5 to 544 HV0.5. Combining with the
morphologies of the coating/substrate interface for the as-sprayed and

Fig. 7. TEM microstructure of the remelted NiCrBSi
alloy coating: (a) floret-shaped eutectic structure of
two γ-Ni grains with face-centered cubic structure,
(b) chemical compositions of the γ-Ni grains ob-
served in (a) and a nearby CrB particle, where the γ-
Ni (A) grain is free of Si and the γ-Ni (B) grain con-
tains about 19.3 at.% Si, (c) a Cr3C2 particle with
stacking faults embedded in the matrix, (d) a CrB
grain with plenty of twins adjacent to a Ni3B grain,
(e) HRTEM image of the rectangular region b in (a),
showing that an angle of 41.4° between two twinned
areas and (f) a semi-coherent CrB/Ni3B phase
boundary reconciled by interface dislocation with
almost no distortion.

Fig. 8. Hardness on the cross-section of the as-sprayed and remelted NiCrBSi
coatings.
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remelted NiCrBSi coatings (Figs. 4 and 5), the increase in the hardness
of the remelted NiCrBSi coating at the interface is attributed to the
elimination of the pores at the of the coating/substrate and the for-
mation of the metallurgical bonding. Similar as in porous metallic
materials, the pores play a role in reducing their elasticity modulus and
the strength [64–68]. Therefore, the decrease in the porosity enhances
the cohesion of the remelted NiCrBSi coating, thereby increasing the
hardness. Meanwhile, it is observed that the as-sprayed NiCrBSi con-
tains a certain fraction of the amorphous phase which has been de-
monstrated to have a lower hardness than the precipitates (e.g. CrB and
Ni3B) in the NiCrBSi coating [7]. Due to the relatively low cooling rate,
the amorphous phase is hard to form in the remelted NiCrBSi coating.
This deduction has been proved by the XRD results (Fig. 3) and the TEM
observation (Fig. 6b). Hence, the decrease in the fraction of the amor-
phous phase also contributes to enhance hardness. Although the larger
grain size (e.g. γ-Ni, boride and carbide grains) (Figs. 5 and 7) in the
remelted NiCrBSi coating may have a negative effect on the enhance-
ment of the hardness [7], the combining effect of the elimination of the
pores, the reduction of the amorphous phase, and the grain growth
leads to 22%–26% increase in the hardness of the remelted NiCrBSi
coating (Fig. 8). Furthermore, it is interesting that the hardness at the
substrate side increases from 239 HV0.5 to 566 HV0.5. It is speculated
that the elements (such as Ni) in the coating diffuse into the substrate
since the concentration of Ni in the substrate in the remelted NiCrBSi
coating (Fig. 5f) is greater than that in the as-sprayed counterpart
(Fig. 5e), thereby inducing solid solution strengthening. However, the
hardness of the substrate would not affect the performance of the
coating to some extent.

3.4. Bonding strength

The bonding strength of the as-sprayed and remelted NiCrBSi
coatings was measured with the aid of the self-designed dual tool shown
in Fig. 2. The bonding strength of the as-sprayed coatings is about
32MPa (Fig. 9a). It has been reported that the bonding strength of the
NiCrBSi coating prepared by various thermal spray technologies ranges
from 11 to 66MPa [21,47–50], depending on the processing para-
meters and the surface conditions of the substrates used. The value of
the bonding strength of the as-sprayed NiCrBSi coating falls in this
range, indicating the availability of the method used in this work. Such
a low bonding strength may cause the peeling of NiCrBSi coatings
during service. After remelting, the bonding strength significantly in-
creases to 165MPa, which is about 5 times higher than that of the as-
sprayed counterpart. Such a high bonding strength can ensure the re-
liability of the NiCrBSi coating in the service environment. Stereo-
microscope was employed to investigate the fracture locations of the
bonding strength tested samples, which are shown in Fig. 9b and c. It
can be observed that the as-sprayed NiCrBSi coating sample exhibits a
relatively flat fracture surface (Fig. 9b). It was reported that a me-
chanical interlocking is presented at the coating/substrate interface,
which has a limited bonding strength [21,47–50]. Therefore, the frac-
ture of the as-sprayed sample is prone to take place at the coating/
substrate interface. By contrast, the fracture surface of the remelted
NiCrBSi coating sample has a wide range in height difference (Fig. 9c).
After remelting, diffusion layer is formed at the coating/substrate in-
terface and the bonding strength increases rapidly. The fractures would
take place at the relatively weak connections of the tested sample but
not only at the coating/substrate interface. As such, the NiCrBSi coating
may be or not be peeled off from the substrate. Hence, if the fracture
occurs in the coating, a high terrain would be presented in the stereo-
microscopic image. In comparison, if the fracture takes place at the
coating/substrate interface, a relatively flat terrain would be exhibited.

In order to investigate the fracture mechanism of the as-sprayed and
remelted NiCrBSi coatings, fracture surfaces of the tested samples were
examined by SEM associated with EDS. Since there are remnant coating
materials in the remelted NiCrBSi coating sample, the SEM examination

was conducted on its low location in the fracture surface. As seen in
Fig. 10a, the as-sprayed NiCrBSi coating, which has a significantly low
bonding strength, displays a brittle fracture surface. EDS mappings
carried out in the area of yellow dash rectangle show that none Ni is
found on the fracture of the as-sprayed NiCrBSi coating. This result
indicates that almost no interdiffusion takes place between the coating
and the substrate and the as-sprayed NiCrBSi coating is maintained only
by mechanical interlocking. Therefore, overall as-sprayed NiCrBSi
coating is easily peeled off during the bonding strength test. The frac-
ture of the remelted NiCrBSi coating represents many small dimples,
indicating a ductile fracture occurred during the bonding strength test
(Fig. 10b). EDS result shows that about 32.6% Ni and 46.5% Fe are
presented on the fracture of the remelted NiCrBSi coating. Hence, the
fracture takes place in the diffusion layer of the remelted NiCrBSi
coating. Such a difference is attributed to the transformation of the
mechanical interlocking to the metallurgical bonding at the coating/
substrate interface, resulting in a significantly increase in bonding
strength. The thickness of the diffusion layer in the remelted NiCrBSi is
about 3.5–13.8 μm. It is speculated that a thicker diffusion layer may
lead to a further increase in coating adhesion, which can be conducted
by extended the remelting time. However, some unexpected outcomes,
such as oxidation and/or grain coarsening, may occur to the remelted
NiCrBSi coating.

Fig. 9. Bonding strength results and stereomicroscopic fracture morphologies
of the as-sprayed and remelted NiCrBSi coatings: (a) bonding strength, (b)
stereomicroscopic fracture morphologies of the as-sprayed NiCrBSi coating and
(c) stereomicroscopic fracture morphologies of the remelted NiCrBSi coating.
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3.5. Wear performance

Fig. 11 shows the wear test results of the 2Cr13 substrate, the as-
sprayed and remelted NiCrBSi coatings at 5mm/s or 10mm/s sliding
speed. The 2Cr13 substrate exhibits the highest friction coefficients
(0.70 at 5mm/s sliding speed and 0.76 at 10mm/s sliding speed, re-
spectively) among the three tested samples (Fig. 11a). The friction
coefficients of the as-sprayed NiCrBSi coating, 0.55 at 5mm/s sliding
speed and 0.58 at 10mm/s sliding speed, are much lower than those of
the substrate (Fig. 11a), indicating that the as-sprayed NiCrBSi coating
has better wear resistance than the 2Cr13 substrate. Furthermore, the
remelted NiCrBSi coating possesses the substantially lower friction
coefficients (0.42 at 5mm/s sliding speed and 0.52 at 10mm/s sliding
speed, respectively) than those of the as-sprayed counterpart (Fig. 11a).
Similar results are found in the wear volumes of the tested samples. At
the 5mm/s sliding speed, the wear volumes of the 2Cr13 substrate, the
as-sprayed and remelted NiCrBSi coatings are 0.156mm3, 0.76mm3,
and 0.50mm3, respectively (Fig. 11b). As the sliding speed increases,
the wear volumes of the 2Cr13 substrate, the as-sprayed and remelted
NiCrBSi coatings also increase to 0.172mm3, 0.085mm3, and
0.059mm3, respectively (Fig. 11b). Therefore, it can be concluded that
the remelted NiCrBSi coating has much better wear resistance than the
as-sprayed NiCrBSi coating. Similar to the results of friction coeffi-
cients, higher sliding speed leads to greater wear volumes for all tested
sample. Meanwhile, the wear resistance of the 2Cr13 substrate, the as-
sprayed and remelted NiCrBSi coatings coincides with the variation in
their hardness (Fig. 8).

Fig. 12 represents the worn surfaces of the substrate, the as-sprayed
and remelted NiCrBSi coatings after the wear tests. The substrate shows

a considerable number of severe ploughs and a few of micro-cracks at
5mm/s sliding speed (Fig. 12a). The ploughs are caused by the abrasive
particles provided by the wear debris [69]. Hence, it indicates that the
2Cr13 substrate undergoes abrasive wear. As seen in Fig. 12b, wear
becomes more severe on the substrate at the sliding speed of 10mm/s
and delamination can be clearly observed on the worn surface of the
substrate. The surface of the substrate becomes rugged. As a result,
fretting wear takes place [70,71]. Meanwhile, it could also be found
that the plough becomes deeper compared with the counterpart tested
under the sliding speed of 5mm/s. Therefore, scoring wear also takes
place besides abrasive wear. Such a result is in line with the friction
coefficients and wear volumes of the substrate presented in Fig. 11,
specifying the substrate has a poor wear resistance. The worn surface of
the as-sprayed NiCrBSi coating is much flatter than that of the sub-
strate, indicating that the as-sprayed NiCrBSi coating has a better wear
resistance (Fig. 11a and c). However, the as-sprayed NiCrBSi coating
shows lots of micro-cracks on the worn surface (Fig. 12c). Some un-
melted particles surrounded by voids are indicated by white arrows in
Fig. 12c. As mentioned above, the stacking of the unmelted particles
can generate pores in the as-sprayed NiCrBSi coating. Therefore, such a
morphology containing lots of voids and pores is prone to cause stress
concentration by shear deformation, leading to the formation of micro-
cracks in the as-sprayed NiCrBSi coating during wear test [7]. Fur-
thermore, the abrasive wear is very mild on the worn surface of the as-
sprayed NiCrBSi as indicated by the solid arrow in Fig. 12c. When the
sliding speed increases to 10mm/s, severe abrasive wear is observed on
the worn surface of the as-sprayed NiCrBSi coating besides unmelted
particle and micro-cracks (Fig. 12d). This finding illustrates that more
debris is produced during the wear test at the 10mm/s sliding speed. At
higher sliding speed, stress is more prone to concentrate at the locations
of pores and voids in the as-sprayed NiCrBSi coating, thereby leading to
a more severe abrasive wear. In the comparison of the worn surfaces,
the remelted NiCrBSi coating shows a much intact worn surface with

Fig. 10. SEM images for the fracture morphologies of (a) the as-sprayed and (b)
remelted NiCrBSi coatings.

Fig. 11. Wear performance of the substrate, the as-sprayed and remelted
NiCrBSi coatings: (a) friction coefficient and (b) wear volume.
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the slender scratch. Micro-cracks in the remelted NiCrBSi coating are
significantly less than those in the as-sprayed NiCrBSi coating (Fig. 12e
and f). No abrasive wear is observed on the worn surface of the re-
melted NiCrBSi coating. It is reasonable that the remelted NiCrBSi
coating has the highest hardness among the tested samples. The in-
crease in hardness reduces the contact area between the friction
counterpart and the tested sample surface, thereby resulting in the less
shear deformation of the tested sample. Meanwhile, the remelted
NiCrBSi coating has significantly lower porosity than the as-sprayed
counterpart. Therefore, stress concentration is also lower in the re-
melted NiCrBSi coating. For these reasons, the remelted NiCrBSi
coating possesses better wear resistance than the as-sprayed counter-
part.

3.6. Comparison among other remelting methods

As there are almost no reports on the bonding strength of the re-
melted NiCrBSi coatings by the bonding strength test, it is hard to
compare the bonding strength of the NiCrBSi coatings adhere to dif-
ferent substrates. In order to give a universal comparison between the
NiCrBSi coatings remelted by various methods, hardness increment
percentage is selected to stress on the strengthening effect of the re-
melting process since the absolute hardness value may be varied ac-
cording to their specific chemical compositions. Fig. 13 summarizes the
hardness increment percentage of the remelted NiCrBSi coatings

extracted from the literature [10,11,18–20,22–25] as well as from this
work. Due to the different spraying and remelting methods adopted, the
results are varied from 2.8% to 60.3% in Fig. 13. The outcome of this
work (22.2%) is in the middle of the hardness increment percentage
range reported. However, the remelting experiments are repeated and
the outcomes are highly concentrated using the same spraying and
remelting processing parameters, indicating the reliability and the re-
producibility of this method. In comparison, the quality of the remelted
NiCrBSi coatings processed by laser remelting also depends on the
processing parameters. Apparently, the lowest hardness increment
percentage (2.8%) of the remelted NiCrBSi coating is processed by laser
remelting [25], indicating that inapposite laser processing parameters
may not enhance the performance of the remelted NiCrBSi coating. By
contrast, it was reported that the hardness increment percentages also
increase to 41% and 54%, respectively [18,20]. In the meantime, the
wear resistance decrement in the NiCrBSi coatings remelted by various
methods is summarized in Table 3. As different wear tests are con-
ducted in the literature [19,20,23–25], wear volume, wear loss or wear
rate are selected to investigate the decrements in the wear resistance of
the remelted NiCrBSi coatings. Although these results cannot give a
quantitative comparison in the decrements in wear resistance of the
remelted NiCrBSi coatings prepared by various methods, one can still
find that all remelting methods have significant strengthening effects on
the wear resistance of the NiCrBSi coatings. The remelted NiCrBSi
coating has 30.7% decrement compared to the as-sprayed NiCrBSi

Fig. 12. SEM images for worn surfaces of (a), (b) the substrate as-sprayed sample, (c), (d) the as-sprayed and (e), (f) remelted NiCrBSi coatings at 5 mm/s and 10mm/
s sliding speeds.
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coating in this work. The decrement in wear resistance of the remelted
NiCrBSi coating in this work is not very high among the investigated
values as listed in Table 3. However, using the same equipment to spray
and remelt the coatings (even other materials) is rather convenient in
factual applications.

Based on the results obtained in this work, one can conclude that the
changes in the properties of the as-sprayed and remelted NiCrBSi
coatings can be attributed to the variations in the microstructure or
morphology. First, the elimination of the pores and lamellar boundaries
can significantly enhance the cohesion of the NiCrBSi coatings, thereby
increasing the hardness and wear resistance properties (Figs. 4, 8 and
11). Second, the formation of the metallurgical bonding resulted from
the interdiffusion between the coating and the substrate extremely
enhances the coating adhesion (Figs. 5 and 9). Third, the microstructure
may coarse under the conditions of excessive heat input and the rela-
tively slow cooling rate after remelting (Figs. 6 and 7). As demonstrated
in Ref. [7], the hardness of the NiCrBSi coating would decrease during
grain growth. In comparison, the laser has a higher energy density
compared with the plasma gun, resulting in a faster heating/cooling
rate and a refined microstructure during remelting [18,72,73]. As a
result, higher hardness and higher hardness increment are obtained by
laser remelting [18,20]. Unfortunately, not all the laboratory or factory
owns laser equipment. The plasma remelted NiCrBSi coating used in
this work is successfully prepared after several attempts. As such, se-
lecting a set of appropriate remelting parameters to control the heat
input is also a critical consideration by using this method. Above all,
considering the reliability and the convenience of this method and the
enhanced mechanical properties of the remelted NiCrBSi coating, one
can expect that a wider range of materials (such as refractory metals
and ceramics) may be selected as remelted coating materials since
plasma spray possesses a significantly higher energy output.

4. Conclusions

In this work, the plasma sprayed NiCrBSi coating was remelted by
using the plasma gun in an automatic mode. Microstructures and me-
chanical properties (such as hardness, bonding strength and wear per-
formance) of the as-sprayed and remelted NiCrBSi are systematically
characterized. Furthermore, a comparison among the different re-
melting methods was conducted. Some key conclusions are drawn as
follows:

(1) Microstructural observations indicate that the as-sprayed NiCrBSi
coating contains a meta-stable phase (Cr3B4) and the amorphous
phase, which results in the fast cooling rate of the particles during
deposition. After remelting, because of a relatively low cooling rate,
the remelted NiCrBSi only possesses crystal phases of γ-Ni, Cr7C3,
Cr3C2, Ni3B and CrB.

(2) Porosity is significantly reduced from 2.7% in the as-sprayed
NiCrBSi coating to 0.8% in the remelted one after remelting.
Moreover, the remelting process causes the transformation of the
coating/substrate interface from mechanical interlocking to me-
tallurgical bonding. Due to high temperature during the remelting
process (over 1500 °C), the remelted NiCrBSi coating has larger
grains than the as-sprayed counterpart.

(3) The mechanical properties of the remelted NiCrBSi coating are
significantly enhanced by the remelting process. The hardness and
bonding strength of the remelted NiCrBSi coating are 803 HV0.5 and
165MPa, respectively, which are about 22% and 516% higher than
those of the as-sprayed NiCrBSi counterpart (hardness: 657 HV0.5;
bonding strength: 32MPa). Also, the remelted NiCrBSi coating
possesses a lower friction coefficient and wear volume than the as-
sprayed NiCrBSi counterpart at both 5mm/s and 10mm/s slide
speed.

(4) A comparison for the hardness and hardness increment percentages

Fig. 13. Comparison of hardness increment percen-
tages of the remelted NiCrBSi coatings extracted
from literature [10,11,18–20,22–25] and this work.
HVOFS: high velocity oxygen fuel spraying; FS:
flame spraying; APS: atmospheric plasma spraying;
FR: flame remelting; LS: laser remelting; FUR: fur-
nace remelting; ERR: electric resistance remelting;
TIG: tungsten inert gas remelting; PR: plasma gun
remelting. The amounts of the additions are in wt%.

Table 3
A comparison of wear performance of NiCrBSi-based coating by various spraying and remelting methods. FS: flame spraying; APS: atmospheric plasma spraying; FR:
flame remelting; LS: laser remelting; TIG: tungsten inert gas remelting; PR: plasma gun remelting. The amounts of the additions are in wt%.

Materials Methods Comparison Wear conditions Increments Ref.

NiCrBSi APS+TIG Wear volume 4mm GCr15 ball, 30 N, 40mm/s, 48,000mm 83.0% [24]
NiCrBSi APS+LS Wear volume 5mm Si3N4 ball, 50 N, 94mm/s, 84,780mm 64.2% [19]
NiCrBSi APS+TIG Wear loss 40mm GCr15 ball, 300 N, 83.7mm/s, 1,506,600 mm 63.8% [23]
NiCrBSi APS+LS Wear rate 6mm 100Cr6 ball, 2 N, 500mm/s, 10,000,000 mm 54.1% [20]
NiCrBSi FS+TIG Wear rate 600 grits paper, 20 N, 142mm/s, 21,300mm 18.8% [25]
NiCrBSi-10WC FS+TIG Wear rate 600 grits paper, 20 N, 142mm/s, 21,300mm 21.6% [25]
NiCrBSi-20WC FS+TIG Wear rate 600 grits paper, 20 N, 142mm/s, 21,300mm 28.9% [25]
NiCrBSi-20WC-0.8CeO2 FS+TIG Wear rate 600 grits paper, 20 N, 142mm/s, 21,300mm 14.5% [25]
NiCrBSi-30%Mo APS+FR Wear volume 4mm AISI ball, 40 N, 40mm/s, 48,000 mm 80.2% [11]
NiCrBSi APS+PR Wear volume 9.5mm ZrO2 ball, 20 N, 10mm/s, 12,000mm 30.7% This work
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of the remelted NiCrBSi coatings extracted from literature and this
work is conducted. Although the hardness and hardness increment
percentages of the remelted NiCrBSi coating in this work are not the
highest among the extracted data, the remelting method by plasma
gun in an automatic mode is reliable, reproducible and convenient
with no need for additional equipment. Therefore, the remelting
process used in this work is prominently useful for wider industrial
applications.
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