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Abstract: Nickel-based alloys are commonly used as protective coating materials for surface pro-
tection applications owing to their superior resistance to corrosion, wear and high-temperature
oxidation. It is urgent to study the fundamental mechanism between the structure and corrosion
properties of the Nickel-base composite coatings. This paper, therefore, focuses on clarifying the
mechanisms of the microstructure influencing the acid corrosion and mechanical characteristics of
the as-sprayed NiCrBSi coating and post-heat-treated coating. The formation mechanisms of the
amorphous phase of flat particles during the plasma spray process were studied by using X-ray
diffraction analysis, Raman spectroscopy and confocal laser scanning microscope at first. Then the
evolutionary process of the corrosion structure and phase of the coating in the accelerated corro-
sion experiment is directly visualized by using scanning electron microscopy and energy spectrum
analysis. The mechanical properties of the amorphous NiCrBSi coatings are lastly measured by
microhardness and friction wear tests. The critical phenomena and results help to elucidate the
relative influence of the surface features of atmospheric plasma sprayed coatings on acid corrosion
responses and wear resistance, aiming at contributing to the development of a protective technique

for electrical engineering.
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1. Introduction

The continuous corrosion and erosion of power transmission and transformation
facilities bring about a number of problems, including flashover accidents, broken wires or
inverted towers, which causes huge economic losses and security risks every year. Thus,
it is urgent to develop new materials and protective technology. Compared with crystalline
alloys, amorphous alloys exhibit an unbalanced metastable state and disordered atomic
arrangement, resulting in a higher system free energy. As a result of these characteristics,
amorphous alloys possess high hardness and excellent wear and corrosion resistance [1-4].

Nickel-based alloys are commonly used as protective coating materials for industrial
applications owing to their superior resistance to corrosion, wear and high-temperature
oxidation [5-7]. Among different Ni-based alloy coatings, NiCrBSi is a self-fluxing alloy
due to the presence of B and Si, which enhances the self-fluxing property of the metal which
is favorable for coating deposition, and forms a hard phase with Ni, such as NizB [8-10].
In addition, chromium can further improve its corrosion and wear resistance through
the precipitation of hard particles. NiCrBSi alloys with good amorphous forming ability
provide even higher mechanical strength, high corrosion and wear resistance, low stiffness
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and good elasticity, which is widely used in engines, piston rods, and boilers because of
their high resistance against wear and corrosion [11-13].

Up to now, NiCrBSi composite coating can be rapidly deposited by thermal spraying
techniques, including atmospheric plasma spraying (APS), arc spray (AS), flame spraying
(FS) or high-velocity oxygen fuel spraying (HVOEFS) [14-17]. By using these techniques,
the amorphous coatings are prepared by melting the feedstock particles into droplets, im-
pinging the droplets onto a cold substrate and forming the coatings by rapid solidification
in situ. Previous works have reported that NiCrBSi-based thermally sprayed coatings con-
taining amorphous structures exhibit high hardness and wear-corrosion resistance [18,19].
Planche et al. compared the characteristics of the NiCrBSi coatings sprayed by using
plasma, flame and HVOF processes [20]. It was found that plasma coating was completely
amorphous because of the highest cooling rate and relatively low substrate temperature
(about 160 °C). In comparison, the particles obtained the highest particle temperature and
the highest particle velocity via flame spray and HVOF respectively, both of which lead to
a certain portion of crystallized phase in the coating. Additionally, Serres et al. modified
the structural characteristics of metallic NiCrBSi and composite NiCrBSi-WC coatings by
using atmospheric plasma spray (APS) with a different content ratio of WC [21]. It was
reported that the increase in the amorphous phase and better mechanical properties can be
realized for higher WC content in the composite coating layer. Among different coating
techniques, APS is simple, flexible, and low cost, which can generate a high flame tem-
perature (>10,000 K) as well as ultra-high cooling speed (10°~10” K/s). During the rapid
melting and solidification process, numerous amorphous phases can be readily formed in
as-sprayed coatings through the APS process [20,21].

However, unfortunately, fundamental understanding of amorphous NiCrBSi coating
during plasma spraying falls far behind its practical applications. In this paper, we studied
the formation mechanisms of the amorphous phase of flat particles during the plasma
spray process, based on which the relationship between the wear and corrosion properties
and the microstructure of the amorphous coatings are also clarified.

2. Materials and Methods

Commercially available NiCrBSi powder with an average size (D50) of about 70 pm
was used for the coating deposition. The chemical composition of NiCrBSi powder was
illustrated in Table 1, and the SEM figures were pictured in Figure 1a,b. To clarify the amor-
phous forming ability of the particles at particle/substrate interface and performance of the
coating, polished 316 L stainless steel substrate with the size of 20 mm x 30 mm X 2 mm
was used as the substrates for the coating deposition. Prior to the spraying, the substrates
were cleaned by sonication in an acetone bath and dried at 120 °C.

Table 1. Chemical composition of NiCrBSi powders.

Element Ni Cr B Si Fe C
wt.% 61.2 15.5 3.5 4.0 15.0 0.8

The APS-2000K plasma spray system (Beijing Aeronautical Manufacturing Technology
Research Institute, Beijing, China) was used to deposit the coatings. To attain the desired
structure of the NiCrBSi coatings, plasma spray power and gun moving speed were
optimized and the robot-controlled moving speed was set within the range of 300 mm/s.
The spray distance was 120 mm and the plasma power was 30 kW, where the current and
voltage was 500 A and 60 V, respectively. The feeding rate of feedstocks was 10 g/min.
The diagram of the APS system was shown in Figure 1c.
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Figure 1. SEM images of (a) raw NiCrBSi powder and (b) plasma sprayed NiCrBSi powder. (a-1,b-1): low
magnification, (a-2,b-2): high magnification. (c) Diagram of the APS (atmospheric plasma spray) system.

The microstructure of the powder and the coating samples was characterized by field
emission scanning electron microscopy (FESEM, FEI Quanta FEG250, Eindhoven, The Nether-
lands) and confocal laser scanning microscope (CLSM: ZEISS, LSM700, Oberkochen, Germany).
High-resolution transmission electron microscopy (HRTEM) was employed to characterize
the structural evolution of the interfacial areas between coating and substrate or among
individual impacted particles at a near-atomic-scale. The phase composition of the powders
and coatings was detected by X-ray diffraction (XRD, Rigaku-D/max2400, Tokyo, Japan)
with CuKex (A = 1.5405 A) radiation operating at 40 kV and 100 mA. The goniometer was
set at a scan rate of 2°/min over a 26 range of 20-90°. The structure of the samples was
further measured by a Raman spectrometer (Renishaw inVia Reflex, Renishaw, Wotton-
under-Edge, UK) with a resolution of 8 cm ! and a scan number of 4 at a spectral region
ranging from 400 to 1850 cm~!. In addition, to evaluate the crystallization behavior of
NiCrBS;i, differential scanning calorimetry testing (DSC, Pyris Diamond DSC, Perkin-Elmer,
Waltham, MA, USA) was conducted for the samples. For the DSC test in a nitrogen atmo-
sphere, the heating rate of the samples was 10 °C/min. The DSC crystallization behavior
of NiCrBSi coating was analyzed in Part 1 of the Supplementary Materials.

To examine the corrosion resistance of the NiCrBSi coatings, the surface morphology
was studied after acid accelerated corrosion by using HF-HNOj3 solution. A mixture
solution of HNO3:HF (analytical reagent) with a ratio of 3:1 was prepared by using a
plastic beaker. Each sample (as sprayed and post heat treated) was corroded for 5 s by
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pouring the prepared corrosion solution evenly on the surface of the sample, rinsed with
plenty of water and alcohol by 5 min, respectively. After that, the samples were dried by
using electric dryer and hot air. Lastly, the structural and morphological properties were
examined and compared by using Raman spectrometer and FESEM.

To examine the mechanical properties of the NiCrBSi coatings, Vickers hardness of the
coatings was measured on their polished cross sections using the microhardness tester (HV-
1000, Shanghai Lianer Testing Equipment Corporation, Shanghai, China) with a load of
4.9 N and a duration of 10 s and ten points averaged for each sample. The tribological prop-
erties of the coatings were assessed by sliding wear test conducted on a reciprocating-type
ball-on-disc tribometer (UMT-3, CETR, Waltham, MA, USA). The reciprocating frequency
was 1 Hz. The tests were performed for 600 s at room temperature under a load of 15 N
with an average sliding speed of 10 mm/s. As a typical type of bearing steel, GCr15 steel
balls with the size of 3 mm in diameter were used as the counterparts. Prior to each test,
the GCr15 balls were ultrasonically cleaned in acetone, and a new ball or a new position of
the ball was adopted for each test. Five samples were tested for each type of the coatings.
The friction coefficient as the function of sliding time was recorded during the test. After
the test, wear loss in terms of wear mass was determined using a weighing method with
sensitivity of 0.0001 g, and the wear rate was also calculated. Morphological features of
the worn surfaces were observed by field emission scanning electron microscopy (FESEM,
FEI Quanta FEG250).

3. Results and Discussion

As shown in Figure 2, the XRD patterns of the raw NiCrBSi powder, as-sprayed and
heat treated NiCrBSi coatings are compared. It can be found that the coatings consist of the
main phase of y-Ni (JCPDS No. 45-1027) and NizB (JCPDS No. 98-007-5794), and several
kinds of trace phases, including Cry;Cs; (JCPDS No. 11-0550) and M»3C¢ (JCPDS No. 35-
0783). As to the trace phases, it was reported that the space groups of My3Cg and M;Cs
are Fm3m(cubic) and Pnma(orthorhombic), respectively [22]. Here, M represents the metal
elements including Ni or Cr. The plasma sprayed NiCrBSi coating exhibited a broad
peak at 20 from 40° to 50°, indicating the predominate presence of amorphous phase
in the as-sprayed coating. It should be noted that the as-sprayed coating shows certain
nanocrystalline phases around 20 ~ 52° and 76°. During the plasma spraying process,
the NiCrBSi feedstock are melted and then solidified between 10~8 and 10~° s, which is
measured by a DPV 2000 Diagnostic System (TECNAR Automation LTD., Saint-Bruno,
Quebec, Canada). Therefore, large amounts of amorphous phase inevitably forms in the
plasma sprayed NiCrBSi coating. Post heat treatment is usually helpful for obtaining
a dense coating with high cohesion and adhesion strengths. The broad peak became
sharper after heat treatment at 600 °C for 1 h, indicating that the recrystallization of the
amorphous phase.

The morphology and Raman spectra of a flat amorphous NiCrBSi particle are stud-
ied. Firstly, the optical microscope photograph and 3D morphology of the particle are
characterized, as shown in Figure 3(a-1,a-2), respectively. The reference is selected below
the matrix and above the highest point of the particle to ensure that the whole particle
is in the detection range. Pseudo color map is used to characterize the relative height of
different regions of the particle, and the red curve across the flat particle shows a trend
of height change in one direction. The color of the 3D structure diagram shows that the
surrounding area of the flat particles is about 1 um higher than that of the flat area in the
center, and some protrusions are about 3 pm higher than the central area, which is caused
by the incomplete flattening of the molten particles during the rapid cooling. When the
curve reaches the boundary of the flat particles, it appears that the bottom surface of the
particle is lower than the matrix, which may be caused by partial melting of the matrix or
deformation caused by the force. The surface height of flat particles fluctuates, and the
surface roughness Ra is 0.224 pm.
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Figure 2. XRD patterns of (a) raw NiCrBSi powder, and (b) post heat-treated and (c) plasma sprayed
NiCrBSi coating.
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Figure 3. (a-1) Optical photographs and (a-2) CLSM images showing the surfaces of a deposited
flat NiCrBSi particle, and phase composition of (b) a deposited flat NiCrBSi particle and (c) after
corrosion process.

The Raman spectra of an as-sprayed flat particle are further characterized in Figure 3b.
The curves a, b and c are corresponded to the edge, middle and center of a flat particle.
As shown in Figure 3b, the peak positions of the curves locate at 670-700, 1325 and
1430 cm . Tt should be noted that there is a minor deviation in the curve a in comparison
to other curves, which is probably attributed to the manifestation of stress, indicating that
the stress of the edge is different from the center when the particle is melted spreading.
Comparing to the curve d, curve e exhibited a sharp peak at 473 cm !, which indicated the
partial crystallization of certain region of the flat particle.

To make a comparison, the Raman spectra selected for a corroded particle are demon-
strated in Figure 3c. The curves a, b, ¢ are the Raman spectra at the edge, middle and
center of the same particle, which are basically consistent with each other, indicating the
structure of the corroded particle is uniform. A broadening peak at 809 cm~! discloses the
coexistence of amorphous and crystalline phases in this region, while the sharp peak at
1554 cm~! indicates that it refers to a dominating crystallization phase. The curve d and
e are selected from a crystallized region in the corroded particle, and the peaks appear
at 473, 670-700, 1430 and 1554 cm !, where the 670-700 cm~! peak corresponding to the
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presence of Ni3B [23]. The broadening peaks at 1430 and 1554 cm~! prove the presence of
a few amorphous phase. Additionally, the curve f represents an overlapped region of flat
particles, where the relatively high intensity of the 670700 cm~! peak indicates that the
region has a higher content of Ni3B phase. The significant broadening peaks appeared at
1325 and 1554 cm ! correspond to the amorphous phase of Cr;C3 and CryCp3 [24]. Raman
analysis of the corroded flat particles shows that the structure is more complex, and the
crystalline region still contains amorphous phase, while the overlapped particles are also a
mixture of amorphous and crystallization phases.

A typical surface morphological diagram and the enlarged view of NiCrBSi coating are
shown in Figure 4(a-1,a-2), respectively. It can be seen that the APS sprayed coating is quite
well spread, where molten or semi-melted particles compacted the substrate after spreading
and solidification processes to form a lamellar structured coating. Figure 4(b-1,b-2) further
disclose the surface morphology after acid accelerated corrosion by using HF-HNO3
solution. There are some unmelted spherical particles with the size of ~50 pum in the
coating. Additionally, partial flat particles form crystallized regions after deposition on
the substrate. Both of which are prone to be corroded alongside the grain boundaries,
resulting in textured surface composed of nano-crystallines, as shown in Figure 4(b-2).
To be concluded, part of the uncorroded, smooth surface without fine grains distribution
coexisted with the corroded, nano-crystallized region, where the smooth regions resistant
to the acid are generally believed to contain higher amorphous content (See Part 2 of
Supplementary Materials).

(b)

Figure 4. Typical surface view of (a) plasma sprayed NiCrBSi coating and (b) acid corrosion of

plasma sprayed NiCrBSi coating. (a-1,b-1): low magnification, (a-2,b-2): high magnification.
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To further disclose the anti-corrosion performance of the amorphous coating, the sur-
face morphology of a lamellar splat after the strong acid accelerated corrosion experiment
is further analyzed. Figure 5a presents the typical top view of the corroded particles with
obviously fine grains. At the back-scattering imaging mode, two distinguished kinds of
grains can be found in Figure 5b. When further enlarged, Figure 5c presents near-spherical
shape grains with grain size less than 1 um, which could be chromium carbide Cr;C3 and
Crp3C¢ by energy spectrum analysis (See Part 3 of Supplementary Materials). The relatively
larger “fish bone-like” or “leaf-like” grains appear in Figure 5d, which can be mostly the
NizB phase, according to the analysis of energy spectrum results (See Part 4 of Supple-
mentary Materials). Where the Cr content increases and Ni content decreases significantly,
according to the energy spectrum analysis.

Figure 5. The surface morphology of a deposited flat NiCrBSi particle after acid corrosion. (a) low
magnification image, (b) image at the back-scattering imaging mode, (c) near-spherical shape grains,
and (d) “fish bone-like” or “leaf-like” grains.

Figure 6a shows the typical cross-sectional morphology of plasma sprayed NiCrBSi
coating. As can be seen in Figure 6a, the uniform coating thickness is about 120 um and
bonded well with the substrate. There is no apparent void or crack in the coating structure.
However, there are a small number of interfaces distributed on the cross section, which is
formed up by the piled flat particles. Figure 6b showed the cross-section image of NiCrBSi
coating after polishing and subsequent HNO3-HF corrosion, where the coating is obviously
lamellar structure, due to the accumulation of the sprayed flat particles, which is deposited
by many passes to meet the requirements of coating thickness. Melted or semi-melted
particles constantly impact on the substrate to spread out through the flow, then deformate
into flat particles and form a layered coating.
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Figure 6. The cross section views of NiCrBSi coating and retained phases after acid accelerated
corrosion. (a) Cross-sectional morphology of as-sprayed NiCrBSi coating, (b) after corrosion for
30 min, (c) after corrosion for 24 h, (d) high magnification of (c), (e) nano-sized grain region after
corrosion for 24 h, and (f) “fish-bone like” or “leaf-like” grain region after corrosion for 24 h.

After corrosion, it can be seen that most of the region is smooth, indicating high
amorphous content. However, there is also some spherical regions, which could be semi-
melted or unmelted feedstocks not having enough driving force for amorphous formation.
These hard particles are uniformly distributed in the amorphous coatings and can be
corroded preferentially. Figure 6¢,d reveal the cross-sectional morphology of the NiCrBSi
coating after long time and severe corrosion. The microstructure of the coating can be
clearly observed from the experimental results. The grains in the coating are mainly
composed of about 200 nm grains and 3-8 pym “fish-bone like” or “leaf-like” grains shown
in Figure 6ef, respectively, which are identical to those in Figure 5b—d. The different phase
components are caused by varied local aggregation states.
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Hardness is one of the most important mechanical properties which directly determine
the service performance and lifetime of the protective materials. Generally, the greater the
hardness of the material is, the higher its wear resistance is. The microhardness analysis
of the coating cross-section is used to analyze the mechanical properties corresponding
to the microstructure distribution in the coating. During the spraying process, due to the
differences in the spraying state, there are distinct differences in the composition, structure,
size and quantity of pores, and the content of oxides. Hence, the as-sprayed coating is
subjected to post heat treatment at 600 °C for 1 h, and the hardness test is carried out along
the coating surface to the inside of the substrate.

The microhardness test results of as-sprayed NiCrBSi coating and post heat-treated
coating are illustrated in Figure 7a. For the plasma sprayed NiCrBSi coating, from the
coating-substrate interface to the coating surface, the microhardness gradually increases
before it reached the maximum value of HV(5 640 near the coating surface, which is
2.4 times that of the stainless steel, suggesting good hardness of the amorphous coating.
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Figure 7. (a) Hardness and (b) friction coefficient of plasma sprayed NiCrBSi coating and post
heat-treated NiCrBSi coating.

For the post heat-treated NiCrBSi coating at 600 °C, the microhardness of the coating
gradually increases from the coating-substrate interface until the maximum value of HV 5
680 is reached near the coating surface. The microhardness of the heat treatment coating is
higher than that of the as sprayed coating, suggesting the microhardness of the coating is ob-
viously improved after crystallization treatment, which could be attributed to hard phases
such as Cr3Cy precipitated during crystallization, which further promotes the increase in
the coating hardness. At the same time, it can also be found that the hardness distribution
of the as sprayed coating varies slightly during the test, while the hardness of the coating
after heat treatment tends to be more stable, which shows that the microstructure after the
heat treatment is relatively more uniform than that of the as sprayed coating.

The relationship between crystallization temperature and hardness of amorphous
coatings has been reported in numerous literatures. For the crystallization treatment of the
amorphous coating, the hardness will initially increase with the increase of temperature
due to the crystallization of the amorphous phase. Then, the hardness will reach the
maximum when the amorphous phase is fully crystallized. However, the hardness of the
coating begins to decrease with further heat treatment due to the growth of the nanocrystals.
It has been reported that the interfacial energy of amorphous-crystal is lower than that
of the crystal-crystal interface. This composite structure inhibits the propagation of shear
bands and cracks. It has also been reported that the superior mechanical properties of
amorphous alloys or amorphous-nanocrystalline composites are related to the solute
content of amorphous phase. The increase of nanocrystalline hardness is more affected by
the solid solution strengthening of the remaining amorphous matrix than the nanoparticles
themselves.
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A Friction wear test is a test method to measure the wear resistance of plasma sprayed
NiCrBSi coating. The reciprocating ball-disc friction wear tester (UMT-3, CETR, MA, USA)
is used to evaluate the friction and wear properties of the coating. GCr15 steel balls with the
diameter of 3 mm are used as the friction pair. The average sliding speed under 15 N load
is 10 mm/s. The test time is 10 min. The reciprocating frequency is 1 Hz. The total sliding
distance is 6 m. The measured temperature is 20 °C and humidity is 70%. Figure 7b shows
the comparison of the friction coefficient results between the sprayed and heat-treated
coatings. The friction coefficient of the sprayed coating gradually became stable from
60 s, and finally stabilized at about 0.45. The friction coefficient of the crystallized coating
is only stable after 250 s, and finally stable at about 0.38. The friction coefficient of the
spray coating is higher than that of the heat-treated coating, which is due to the uneven
microstructure and high surface roughness of the spray coating. Because of the above
reasons, the friction coefficient has also been fluctuating greatly, which is unfavorable to the
wear resistance of the material. The coating treated by crystallization is relatively uniform
in microstructure, so the friction coefficient fluctuates less.

To further reveal the wear mechanism of the amorphous coating, the surface wear mor-
phology of the sprayed coating and the crystallized coating is examined. Figure 8(a-1,a-2)
present the surface morphology of the wear marks of the as sprayed coating. As can be seen
from Figure 8(a-1), the worn surface is relatively smooth with a small number of cracks,
where an approximately circular shape on the left is a flat particle. After the friction and
wear test, cracks expanded from the boundary of the flat particle, probably due to the voids
in the gap where the flat particles overlap each other. Nickel-based amorphous coating is a
typical brittle material with a large number of raised particles on the surface, so the friction
force and compressive stress will cause cracks in the defects below the oxide layer during
wear. The boundaries of flat particles have high oxide content and are prone to wear and
exfoliation. Figure 8(a-2) shows the fragmentation of as-deposited particle after friction
and wear test. The reciprocating movement of the grinding ball causes fatigue damage to
the surface structure of the coating, and the periodic movement reaches a certain degree,
and the fatigue damage accumulating at the defect produces fatigue cracks. Under the
action of periodic tangential force, the fatigue crack extends and causes the bulk to peel off.
The presence of multiple cracks in the middle and surrounding areas of a single particle
also indicates that the particles with poor flattening or poor melting exist independently in
the coating, which is a high incidence area. Additionally, Figure 8(b-1,b-2) show the surface
morphology of the wear marks after crystallization treatment. In Figure 8(b-1), a large
number of fine debris can be seen sticking to the surface of the coating, which indicates that
unlike the wear mechanism of amorphous material, the wear mechanism of nanocrystals
is mainly attributed to adhesive wear. A large amount of debris continuously adhered to
the coating surface can lead to a high wear rate. Figure 8(b-2) shows a crack between two
incompletely melted particles, which may also be caused by pores and oxides, which is
similar to that of the sprayed coating.
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Figure 8. Surface morphology of (a-1,a-2) plasma sprayed NiCrBSi coating and (b-1,b-2) post heat-
treated NiCrBSi coating before and after friction and wear test.

4. Conclusions

The NiCrBSi composite coating is successfully prepared by plasma spraying. The as-
sprayed coating showed certain amorphous phase and nanocrystalline phases. The grains
in the NiCrBSi coating are mainly composed of about 200 nm grains and 3-8 um “fish-
bone like” or “leaf-like” grains, which remained after accelerated acid corrosion tests
by using HF:HNOj corrosive solution. The different phase components present local
aggregation states. The microstructure is composed of Cr;C3, MyCyp3 and Ni3B based on
the XRD, SEM and Raman analysis. The microstructure homogenization of amorphous
coating after the heat treatment is beneficial to promote the friction and wear characteristics.
The microhardness of NiCrBSi coating gradually increases to the maximum value of HV 5
640 near the coating surface, which is 2.4 times that of the stainless steel. The maximum
HV 5 value is enhanced to 680 after post heat treatment, and the friction coefficient is
reduced from about 0.45 to 0.38. This work gave some insights into the design and
fabrication of protective coatings with controllable acid corrosion and mechanical properties
for electrical engineering applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-6
412/11/2/170/s1, Figure S1: Micro surface morphology of NiCrBSi coating, Figure S2: The SEM
graph of the corroded flat particle with near-spherical shape grains, Figure S3: The SEM graph of the
corroded flat particle with “fish bone-like” or “leaf-like” grains, Table S1: Elemental composition of
the smooth area of NiCrBSi coating, Table S2: Elemental composition of the corroded flat particle
with near-spherical shape grains, Table S3: Elemental composition of the corroded flat particle with
“fish bone-like” or “leaf-like” grains.
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