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Abstract: The bond strength is a critical consideration for the plasma-sprayed NiCrBSi coatings.
However, the conventional methods for testing the bond strength of NiCrBSi coatings always cost
time and money. If there is a simple method that could predict the bond strength of the prepared
NiCrBSi coatings without destroying the coatings, it would be significantly beneficial for industrial
applications. In this work, a new method was proposed based on the total areas of the interfacial
pores for the NiCrBSi coatings. The NiCrBSi coating was prepared by plasma spraying technology
and the as-sprayed coating was subsequently remelted by plasma arc using the powers of 20 kW,
25 kW, and 30 kW, respectively. The interfacial microstructures, the size distributions and total
areas of the interfacial pores, interfacial hardness, and bond strength of all prepared coating samples
were investigated. After remelting, the number and the total area of interfacial pores decrease with
increasing the remelting power. Correspondingly, the interfacial hardness and bond strength of
coatings increase with increasing the remelting power The bond strength of coatings basically has
a linear relationship with the total area of interfacial pores. The built relationship may be used to
predict the bond strength of NiCrBSi coatings.

Keywords: NiCrBSi; plasma spraying; microstructure; hardness; bond strength

1. Introduction

The surface modification provides significant convenience for enhancing the surface
properties of metallic materials [1–3]. Generally, the methods of surface modification can
be classified as (i) the surface of a substrate could be used as the component of surface-
modified layer, such as laser processing [4–6], friction stir processing [7] and micro-arc
oxidation [8]; (ii) an external layer is prepared or synthesized on the surface of the substrate,
such as thermal spraying [9], laser cladding [10,11] and chemical vapor deposition [12].
Among the methods for preparing the external layers, thermal spray technology is a widely
used method that uses metallic and/or ceramic powders as the feedstock and deposits the
powders on a substrate in a high-speed and high-temperature way [13,14]. The powder
is ejected from the nozzle by a high-speed carrying gas and heated by heat resources
simultaneously. Thermal spraying technology can rapidly prepare coatings on the surfaces
of the workpieces and hence has been employed in many industrial sectors. According
to the types of heat resources, thermal spraying technology includes plasma spraying
technology [15], flame spraying technology [13], electric arc spraying technology [16] and
high-velocity oxygen-fuel spraying technology [14]. Plasma arc has a relatively higher
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temperature than other heat resources [17]. Therefore, a wider range of materials can be
used as feedstocks for plasma spraying technology preparing various coatings [18].

Whatever feedstocks are used, for plasma spraying technology, the bond strength
between the prepared coating and the substrate is a critical consideration for the final
product. The coatings with low bond strength are prone to be peeled off from the substrate,
and therefore, lead to the invalidation of the product. Take the NiCrBSi alloy coating
as an example, such an alloy coating is frequently used in engines, piston rods, and
boilers because the NiCrBSi alloy has the advantages of high wear and high corrosion
resistance [19,20]. In previous works, two methods for measuring the bond strength of
NiCrBSi coatings (as well as other plasma-sprayed coatings) are mainly reported. One
cuts the coating with the substrate to a cylinder and the cylinder is stuck to another
metallic cylinder with the same basal area to fabricate a tensile sample by glue [21]. After
the solidification of glue, the bond strength of the sample is measured by the tensile
test. Generally, the bond strength of the as-sprayed NiCrBSi coating is in the range of
11~66 MPa [22–24]. The ultimate strength of glue used is about 70 MPa [21]. Therefore, this
method was frequently used in the past. However, with the development of preparation
methods (such as remelting process [19] and shell-core structured powder [21]), the bond
strength of NiCrBSi coatings is enhanced and exceeds 70 MPa. In such a situation, the bond
strength of NiCrBSi coating cannot be obtained using the method mentioned above. Hence,
a new method using a specific dual tool for the tensile test is developed [19]. The coating is
directly synthesized on the dual tool and, subsequently, the tensile test is conducted on the
dual tools with coatings. Although the coating with higher bond strength can be measured
by this method, the fabrication of a dual tool is of a significantly high cost. Therefore, a
convenient and cost-effective method for evaluating the bond strength of NiCrBSi coating
is urgently required.

In the view of the production of bond strength of the NiCrBSi coating, the voids or
pores at the interface cannot provide any bond strength for the coating. The bond strength
of the coating is provided by the contact region of the coating/substrate interface in the
micro-scale. Therefore, the bond strength of the NiCrBSi coating can be considered from the
microstructural features of the coating/substrate interface. The bond strength of coating
would decrease with increasing the number of interfacial voids or pores. Meanwhile, the
contact region may have a mechanical interlocking or a metallurgical bonding [19]. In
general, a diffusion layer is found at the interface with a metallurgical bonding and hence
such an interface can provide higher bond strength for coatings. Based on the above con-
sideration, the relationship between bond strength and the microstructural features of the
coating/substrate interface may exist. Consequently, we developed a qualitative approach
to establish the relationship between the microstructural features of the coating/substrate
interface and bond strength. This approach quantitatively investigates the interfacial
pores at the coating/substrate interface and tends to establish a relationship between the
interfacial microstructure of the coating and the substrate and coating bond strength.

In this work, NiCrBSi alloy coatings were prepared on the stainless-steel substrates
by plasma spraying technology. Subsequently, the remelting processes were conducted
on the as-sprayed NiCrBSi coatings using different powers. The microstructures of coat-
ing/substrate interfaces for different samples as well as their bond strength are investigated.
The relationship between the interfacial microstructure of the coating/substrate and coating
bond strength is discussed.

2. Experimental
2.1. Sample Preparation

The 2Cr13 stainless steel was used as the substrate. The substrate with the dimension
of 40 × 40 × 15 mm3 was cut from a stainless-steel plate by an electric spark machine.
NiCrBSi powder was selected as the feedstock (BGRIMM Advanced Materials Science and
Technology Co., Ltd. Beijing, China). The powder used has a spherical shape and smooth
surface. The particle size of the feedstock is in the range of 45 and 109 µm (provided by
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the manufacturer). The compositions of the NiCrBSi powder and stainless steel are listed
in Table 1. Prior to spraying, the polished substrate surface was cleaned with ethanol and
treated by grit blasting using emery, and the powder was dried in a furnace at 200 ◦C for
2 h.

Table 1. Chemical compositions of NiCrBSi powder and stainless-steel substrate (in wt%).

Elements C Si B Cr Mn Ti Fe Ni

NiCrBSi powder 0.6 4.5 3.0 16.2 – – 5.3 Bal.
Stainless-steel substrate 0.2 0.8 – 13.0 0.8 0.2 Bal. 0.6

An SG-100 plasma-spraying torch (Praxair, Inc., Danbury, CT, USA) was used for
the spraying and re-melting process. To reduce particle oxidation, argon was used as the
main gas during the spraying process. The detailed spraying process and the remelting
process could be found in Ref. [19]. Three different remelting powers are selected in this
work, namely, 20 kW, 25 kW, and 30 kW. The detailed spraying and remelting parameters
are shown in Table 2. The remelted samples were named after their remelting powers,
e.g., S20 means the sample remelted at 20 kW. The thicknesses of the as-sprayed, S20, S25
and S30 coating samples are 11,200 ± 317 µm, 11,100 ± 234 µm, 10,800 ± 131 µm and
10,700 ± 84 µm, respectively, which are measured by micrometer for at least 10 measure-
ments in several places.

Table 2. Plasma spraying and remelting parameters selected.

Parameters Spraying
Remelting

1 2 3

Voltage (V) 60 45 50 50
Current (A) 500 460 500 600

Powder feed rate (g/min) 18 –
Spray step (mm) 3 3 3 3

Gun traverse rate (mm/s) 100 10 10 10
Main gas Ar (slpm) 254 254 254 254

Secondary gas N2 (slpm) 58 58 58 58
Feed gas Ar (slpm) 127 127 127 127

Spray distance (mm) 80 50 50 50
Pass 6 3 3 3

2.2. Characterizations

In order to characterize their cross-sectional microstructures, the samples were sealed
in epoxy resin and ground/polished to a mirror surface using standard metallographic
techniques. An optical microscope (OM, Zeiss Axioskop2-MAT, Oberkochen, Germany)
was employed to obtain the OM images for calculating the size and areas of pores at the
coating/substrate interface. At least forty OM images for each sample were binarized by
the software Image J2X and cropped to leave the regions of the interfaces. In these images,
the pores would be presented by a single color. Therefore, the pores could be analyzed
by counting the number and calculating their areas. A Merlin Compact field emission
scanning electron microscope (SEM, Zeiss, Oberkochen, Germany) equipped with energy-
dispersive X-ray spectroscopy (EDS) detector was used to characterize the microstructures
of coating/substrate interfaces. The diffusion layer was detected by the line scanning of
EDS. The phase constituents of the coating samples are measured by X-ray diffraction
(XRD, Empyrean, PANalytical, Amsterdam, The Netherlands) with Cu-Ka radiation at the
accelerated voltage of 40 kV. The parameters for XRD measurement are the scanning range
of 30◦–80◦, the step of 0.013◦, and the scanning rate was 0.067◦/s. The XRD results were
analyzed by the software Jade 6.5.
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2.3. Mechanical Test

According to the ASTM C633-79 standard, the coating samples were cut into cylinders
with a diameter of 25 mm. Afterward, the cylinder is stuck to another cylinder without
coating deposition to make a couple using resin glue (Adbest, HUA YI Resins Co., LTD.,
Dongguan, China). The cylinder without coating has a diameter of 25 mm and a length of
50 mm. The couples were tested in a tensile test machine with a self-aligning fixture and
pulled apart at a speed of 1 mm/s. Following the corresponding standard, at least three
identical cylinder couples were used to test each sample.

The hardness test was carried out on the coating/substrate interface using a hardness
tester (KB30S, KB PRUEFTECHNIK GMDH, Assenheim, Germany). The polished samples
were used for the hardness test. The parameters for the hardness test are the load of 5 N
and the dwell time of 15 s. Each value was averaged from at least ten tests.

3. Results and Discussion
3.1. XRD Results

Figure 1 shows the XRD results for the as-sprayed, S20, S25, and S30 samples. Gener-
ally, five phases are observed for all samples, i.e., γ-Ni (ICCD#650380), Cr7C3 (ICCD#361482),
Cr3C2 (ICCD#350804), Ni3B (ICCD#481223) and CrB (ICCD#260420). This finding is consis-
tent with the results in the previous works [17,19]. It is known that the amorphous phase
would be produced in the as-sprayed NiCrBSi coatings owing to the fast-cooling rate of
in-flight particles in the spraying process [17]. Therefore, a broadened diffuse diffraction
is found from 40◦ to 50◦ in the XRD pattern of the as-sprayed NiCrBSi coating (magni-
fied view of XRD pattern for the as-sprayed coating sample), illustrating the presence of
amorphous phase and/or nanocrystalline [17,25–27]. The amorphous phase is always in
a meta-stable state and would be prone to crystallize when inputting the external energy
(e.g., heat treatment or remelting) [17,19,28–31]. Therefore, the broad peaks become sharp
in all remelted coating samples, elucidating that the remelting process works, and the
amorphous phase is reduced or eliminated. For example, no broad diffuse diffraction
is found for S20 (magnified view of XRD pattern for S20). To further understand the
effect of the remelting process on the mechanical properties of coating/substrate interface,
microstructural features of coating/substrate interfaces were investigated.
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Figure 1. XRD patterns of all coating samples. The two figures on the right are the magnified view
of the XRD patterns of the as-sprayed and S20 between 35◦ and 50◦. S20, S25, and S30 indicate the
as-sprayed NiCrBSi coatings remelted at 20 kW, 25 kW, and 30 kW.
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3.2. Analysis of the Pores at the Coating/Substrate Interfaces

Figure 2 shows the microstructural features of coating/substrate interfaces for different
samples. A considerable number of pores are presented at the coating/substrate interface
for the as-sprayed coating sample (Figure 2a), indicating a mechanical interlocking between
the coating and substrate [23]. The pores at the coating/substrate interface are produced
by the sandblasting and the stacking of in-flight particles [32]. Therefore, pores are widely
found in the as-sprayed NiCrBSi coating [33–35]. The remelting process is frequently
employed to improve the properties of the as-sprayed NiCrBSi coatings. As is well known,
the remelting process input heat into the as-sprayed NiCrBSi coatings and eliminate the
pores and lamellar boundaries in the coatings by diffusion or melt flow [36,37]. In such a
situation, the porosities of NiCrBSi coatings would be reduced and their cohesion would
correspondingly increase. After remelting at 20 kW, the number of the pores, as well as
their sizes, are reduced (Figure 2b). With increasing the remelting power, the number
and sizes of the pores continuously decrease (Figure 2c,d), indicating the increase in the
contact regions between the coating and the substrate. In Ref. [38], micro-CT is used for
quantificationally measuring the volumes of pores in both laboratory and industrial sectors.
However, the size of the micro-CT sample is very limited. Using OM images may be more
convenient for most laboratories and for economic industrial applications.
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Figure 2. Optical images for the microstructural features of coating/substrate interfaces for different
samples: (a) as-sprayed, (b) S20, (c) S25, and (d) S30 coating samples. S20, S25, and S30 indicate
the as-sprayed NiCrBSi coatings remelted at 20 kW, 25 kW, and 30 kW. The pores in the images are
representative but not quantitative.

The interfacial pores are quantitatively investigated, including their area and number.
Figure 3 reveals the distribution of interfacial pores for different samples. For all samples,
lots of small pores (0~50 µm2) are distributed at the coating/substrate interface. For the as-
sprayed sample, about 429 ± 73 pores with an area of 0~50 µm2 are found at the interface
with the length of 1 mm. After remelting at the power of 20 kW, the number of pores
decreases to 161 ± 38 per mm. With the increase in the remelting power, the number
of pores sequentially decreases. Such a finding is also observed for the pores with the
other areas (50~100 µm, 100~150 µm, and 150~500 µm). After remelting at 30 kW, pores
are still found at the coating/substrate interface, indicating the existence of an imperfect
metallurgical bonding. Even so, the remelting process significantly reduces the number of
interfacial pores and increases the contact regions between the coating and the substrate.
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Figure 4 shows the total area of pores at the coating/substrate interface. Undoubt-
edly, the as-sprayed NiCrBSi coating has the largest value of the total area of pores
(904 ± 340 µm2) at the coating/substrate interface. The total area of pores significantly
decreases after remelting. The total area of pores for S20 is only 719 ± 322 µm2, which is
about 20.5% lower than that for the as-sprayed NiCrBSi coating. The elimination of pores
can be attributed to two aspects: (i) the elemental diffusion at the edge of pores and (ii) the
flow of melt filling the pores [19,20]. According to the previous work [19], the temperature
of the coating surface is found to exceed 1500 ◦C when remelted at 30 kW. The melting
point of NiCrBSi is about 1047 ◦C. Therefore, the as-sprayed NiCrBSi coating was melted
and the pores are healed in the joint effect of diffusion and melt flow. In the other words, the
healing of pores is mainly attributed to the input of heat to trigger the “diffusion” and/or
“melt flow”. Hence, with increasing the remelting power, the total areas of interfacial pores
continuously decrease. The total area of interfacial pore for S30 is only 171 ± 83 µm2, which
is about 81% lower than that of the as-sprayed coating sample.
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3.3. Diffusion Layer at the Coating/Substrate Interface

To investigate the diffusion layers (metallurgical bonding) at the contact regions of the
coating/substrate interface, EDS analysis was carried out (Figure 5). SEM images show
the interfacial microstructures of all coating samples. The SEM images were obtained
under the backscattered electron mode. Under this mode, the contrast of the image is
produced according to the weight of atoms. Therefore, even if it has a good focus, the
images obtained under the backscattered electron mode have slightly lower quality than
the ones obtained under the secondary electron mode. Meanwhile, the SEM images for the
interfacial microstructures of coating samples are only used for SEM-EDS scanning and



Metals 2022, 12, 168 7 of 13

marking the locations of EDS line scanning but not for pores characterization. A detailed
comparison between the microstructures of the as-sprayed and remelted NiCrBSi coatings
can be found in our previous works [9,19]. Hence, only the interfacial microstructures of
coating samples are shown here. The results are basically consistent with the outcome of
OM observations (Figure 2). For the as-sprayed NiCrBSi coating, a considerable number
of pores with irregular shapes are presented at the coat/substrate interface (Figure 5a). A
yellow arrow is indicated at the coat/substrate interface to show the range of the EDS line
scan. Ni is the primary element in the NiCrBSi coating and Fe is the main element in the
substrate. Therefore, Ni and Fe are selected for investigating the elemental diffusion in
the EDS analysis. EDS result indicates that the counts of Ni and Fe suddenly change at
the coating/substrate interface (Figure 5a). Such a finding illustrates that a mechanical
locking is presented at the coating/substrate interface of the as-sprayed NiCrBSi coating
sample, even at the contact regions. After remelting, the diffusion layers are presented at
the coating/substrate interface for S20, S25, and S30. As seen from Figure 5b–d, the counts
of Ni and Fe gradually increase or decrease from coating to substrate, which is consistent
with our previous work [19]. The sudden drops at the coating areas are attributed to the
existence of particles (such as carbides and/or borides) in the coatings. Generally, the
formation of diffusion layers would significantly improve the coating adhesion [39–41].
In the detected areas, the thicknesses of diffusion layers are 5.6 µm, 8.7 µm, and 7.7 µm,
respectively. It is also reported that the thickness of the diffusion layer depends on the
conditions of the interface in the as-sprayed coating sample; if lots of pores are presented
at the local area of the interface, a thin diffusion layer would be found [19]. This reason
accounts for the negative role of the pores in the interdiffusion of elements in the coating
and substrate. Based on the results above, one can conclude that the discontinuous diffusion
layers are formed after remelting at 20 kW, 25 kW, and 30 kW.

Metals 2022, 12, x FOR PEER REVIEW 8 of 14 
 

 

 
Figure 5. SEM observations for the interface morphologies of (a) the as-sprayed, (b) S20, (c) S25, and 
(d) S30 coating samples and their corresponding line scanning profiles of Ni and Fe elements at the 
interfaces. S20, S25, and S30 indicate the as-sprayed NiCrBSi coatings remelted at 20 kW, 25 kW, 
and 30 kW. The yellow arrows indicate the routes of EDS line scan. 

3.4. Mechanical Properties 

The results of the hardness test are shown in Figure 6. The interfacial hardness is 305 
± 30 HV for the as-sprayed NiCrBSi coating. This value is similar to the outcome in Ref. 
[19]. After remelting, the interfacial hardness continuously increases with increasing the 
remelting power. The interfacial hardness is 347 ± 25 HV, 428 ± 23 HV, and 584 ± 18 HV, 
respectively. The pores in the coatings (as well as other materials) have a significant influ-
ence on their cohesion and thereby the hardness [42,43]. Similar to the porous materials, 
the pores would reduce their strength [44,45]. Therefore, the increase in the interfacial 
hardness of the remelted samples could be attributed to the elimination of the interfacial 
pores. Hence, as the number and total area of pores decrease, the interfacial hardness of 
the sample increases. Meanwhile, the formation of the diffusion layer also contributes to 
the enhancement of hardness. As seen from Figure 5, diffusion layers can be found in the 
contact regions between the coating and substrate for S20, S25, and S30. The diffusion 
layers have a gradual increase in thickness. Therefore, associated with the elimination of 
pores, the interfacial hardness of the remelted samples gradually increases. 

Figure 5. SEM observations for the interface morphologies of (a) the as-sprayed, (b) S20, (c) S25, and
(d) S30 coating samples and their corresponding line scanning profiles of Ni and Fe elements at the
interfaces. S20, S25, and S30 indicate the as-sprayed NiCrBSi coatings remelted at 20 kW, 25 kW, and
30 kW. The yellow arrows indicate the routes of EDS line scan.
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3.4. Mechanical Properties

The results of the hardness test are shown in Figure 6. The interfacial hardness is
305 ± 30 HV for the as-sprayed NiCrBSi coating. This value is similar to the outcome in
Ref. [19]. After remelting, the interfacial hardness continuously increases with increas-
ing the remelting power. The interfacial hardness is 347 ± 25 HV, 428 ± 23 HV, and
584 ± 18 HV, respectively. The pores in the coatings (as well as other materials) have a
significant influence on their cohesion and thereby the hardness [42,43]. Similar to the
porous materials, the pores would reduce their strength [44,45]. Therefore, the increase in
the interfacial hardness of the remelted samples could be attributed to the elimination of
the interfacial pores. Hence, as the number and total area of pores decrease, the interfacial
hardness of the sample increases. Meanwhile, the formation of the diffusion layer also
contributes to the enhancement of hardness. As seen from Figure 5, diffusion layers can
be found in the contact regions between the coating and substrate for S20, S25, and S30.
The diffusion layers have a gradual increase in thickness. Therefore, associated with the
elimination of pores, the interfacial hardness of the remelted samples gradually increases.
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Figure 6. Interfacial hardness of the as-sprayed NiCrBSi, S20, S25, and S30 samples. S20, S25, and S30
indicate the as-sprayed NiCrBSi coatings remelted at 20 kW, 25 kW, and 30 kW.

The bond strength of all coating samples was measured. The as-sprayed NiCrBSi
coating sample has a low bond strength of 14.5 ± 6.5 MPa. Generally, the bond strength
of NiCrBSi coatings prepared by various spray technologies ranges from 11 to 60 MPa,
lying on the spraying parameters used [22–24,46,47]. Such a low bond strength may
become hidden trouble for the as-sprayed NiCrBSi coating during service. Therefore, the
remelting process is frequently employed to improve the bond strength of as-sprayed
NiCrBSi coating [48,49]. Similar to the hardness results, the bond strength of coatings is
enhanced after remelting (Figure 7). S20 has a bond strength of 28.9 ± 7.5 MPa, which
is about 100% higher than the as-sprayed NiCrBSi coating. Such an improvement can be
attributed to the reduction in the interfacial pores and the formation of the diffusion layers.
S25 and S30 have bond strengths of 39.4 ± 8.3 MPa and 55.4 ± 6.5 MPa. The bond strength
of coatings continuously increases with increasing the remelting power, illustrating the
formation of a better coating/substrate interface with the augments of remelting power.
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3.5. Relationship between the Total Areas of the Coating Samples and Their Mechanical Properties

The relationship between the total area of interfacial pores and bond strength of
NiCrBSi coatings and the relationship between the total area of interfacial pores and
interfacial hardness are plotted in Figure 8. Similar to other materials, the presence of pores
decreases the strength of the materials or coating adhesion/cohesion [50–53]. A linear
relationship between hardness and logarithmic value of total pore area is found. The slope
of the fitted curve is −376. One should note that interfacial hardness would not decrease
to zero owing to the hardness of the material itself. There are no previous works that can
be referred to for fitting the relationship between the total area of interfacial pores and
interfacial hardness. In this work, a logarithmic relationship is used. Other non-linear
functions may also be used to fit this couple of relationships, such as exponential functions
or other non-linear functions. For the fitted results, it can be observed that the decrease in
the interfacial pores would significantly enhance the interfacial hardness. In Ref. [19], the
2Cr13 substrate has a hardness of 238 HV and the remelted NiCrBSi coating (almost free
of pores and lamellar boundaries) has a hardness of 771–825 HV. Therefore, the interfacial
hardness inevitable ranges from 238 HV to 825 HV in the remelted NiCrBSi coating.
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Figure 8. Relationship between the total areas of the coating samples and their mechanical properties:
(a) interfacial hardness and (b) bond strength.

Similar to the interfacial hardness, the bond strength of coating decreases with increas-
ing the total area of interfacial pores. The bond strength generally has a linear relationship
with the total area of the pores (Figure 8b). Hence, a linear equation is employed to fit
the data. The result shows that the slope of the fitting curve is −0.05, indicating that the
bond strength of coatings increases with decreasing the total area of pores. According
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to the fitting curve, when the total area of the pores decreases to zero, the bond strength
would increase to 61.6 MPa. It has been reported that the bond strength is far away higher
than this value in Refs. [19,21] because of the formation of metallurgical bonding between
the coating and the substrate. The diffusion layer provides high adhesion for the coat-
ing [41,54,55]. The thickness of the diffusion layer would also contribute to the coating
adhesion. However, to count up the thicknesses of diffusion layers at the contact regions at
the coating/substrate interface is significantly difficult because the line scan of EDS is of
high cost and the obtained value is also limited. As mentioned above, the thickness of the
diffusion layer depends on the conditions of the interface in the as-sprayed coating sample.
Therefore, the detected thickness of the diffusion layer has relative randomness. Only lots
of data samples could exactly establish a believable relationship between the total area of
interfacial pores and bond strength, especially at the significantly low level of interfacial
pores. Even so, it also can be understood that excessive interfacial pores would significantly
decrease the coating bond strength. The relationship between the total area of interfacial
pores and bond strength of coatings basically obeys a linear law when the interfacial pores
are still presented. If the total area of interfacial pores exceeds a value, the coating would be
peeled off. For the applications of NiCrBSi coatings, their hardness plays an important role
in the wear resistance, while the bond strength would determine their availability. Bond
strength is the main focal point in this work. The built relationship between the total area
of interfacial pores and bond strength of NiCrBSi coatings provides a good prediction for
the bond strength of prepared NiCrBSi coatings. Owing to the influence of diffusion layers,
the predicted bond strength may be slightly lower than the true value for the remelted
NiCrBSi coatings. The conventional methods always cost many samples. This method only
uses a small number of samples and can obtain a fitted equation for future use.

In this work, specific conditions for coating preparation were used. These conditions
are also suitable for industrial applications. The developed method in this work is to explore
a universal method for estimating the bond strength of prepared coatings. Therefore,
selecting gradient parameters are beneficial to illustrate the method proposed in this work.

As known, the parameters of the spraying process have influences on the prepared
NiCrBSi coatings in order to meet the industrial applications [19,51]. Lots of parameters
are involved in the preparing process of plasma spraying. However, using more changed
parameters may give more data and has a more accurate fitting result, which is not the main
focus of this work. The selected parameters in both spraying and remelting are enough
for illustrating this method. Endeavor has also been made to understand the relationship
between the interfacial hardness and bond strength of the coatings. The interfacial hardness
and bond strength are produced by the materials themselves and the contact regions of an
interface, respectively. They have no intrinsic relationship. Therefore, it is hard to find the
relationship between the interfacial hardness and bond strength. The method proposed in
this work builds the relationship between interfacial pores and bond strength of NiCrBSi
coating and opens the door for estimating the NiCrBSi coating adhesion by destructive
methods, for example, applying CT scan to evaluate porosity at the interface.

4. Conclusions

In this work, the NiCrBSi coatings were prepared on the 2Cr13 stainless steel substrate.
Subsequently, the remelting process was conducted on the as-sprayed NiCrBSi using the
powers of 20 kW, 25 kW, and 30 kW, respectively. The investigations of the interfacial
microstructures of the coating samples and their mechanical properties were systematically
carried out.

The as-sprayed NiCrBSi coating has the total area of interfacial pores of 904 ± 304 µm2,
the interfacial hardness of 305 ± 30 HV and the bond strength of 14.45 ± 6.45 MPa, respec-
tively. The remelting process inputs heat to the as-sprayed NiCrBSi coating, reducing the
interfacial pores of the remelted samples and correspondingly improving their interfacial
hardness and bond strength with increasing the remelting powers. The sample remelted at
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30 kW has the total area of interfacial pores of 171 ± 83 µm2, the interfacial hardness of
584 ± 18 HV and the bond strength of 55.42 ± 6.55 MPa, respectively.

The total area of interfacial pores and interfacial hardness basically have an exponential
relationship. The interfacial hardness and total area of the pore is hard to fit. There may
be multiple fits that can be used, which strongly depends on the nature of the coating and
substrate materials. The total area of interfacial pores and bond strength primarily has a
linear relationship, fitted by an equation of y = −0.05x + 61.6. The fitted results may help
to predict the bond strength of prepared NiCrBSi coatings and the method mentioned in
this work may have wider use.
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