
Citation: Qiang, W.; Kang, M.; Liu, J.;

Ndumia, J.N. Microstructure and

Wear Performance of High-Velocity

Arc Sprayed FeMnCrNiBNbAl

Coating. Coatings 2024, 14, 428.

https://doi.org/10.3390/

coatings14040428

Academic Editor: Philipp

Vladimirovich Kiryukhantsev-

Korneev

Received: 14 March 2024

Revised: 31 March 2024

Accepted: 1 April 2024

Published: 2 April 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

coatings

Article

Microstructure and Wear Performance of High-Velocity Arc
Sprayed FeMnCrNiBNbAl Coating
Wenhui Qiang , Min Kang * , Jitao Liu and Joseph Ndiithi Ndumia

College of Engineering, Nanjing Agricultural University, Nanjing 210031, China;
2022812040@stu.njau.edu.cn (W.Q.); 2020212004@stu.njau.edu.cn (J.L.); ndiithindumia@gmail.com (J.N.N.)
* Correspondence: kangmin@njau.edu.cn

Abstract: In this study, FeMnCrNiBNbAl wear-resistant coatings were prepared via high-velocity
arc spraying technology on the surface of Q235 steel. The effects of spraying distance, voltage, and
current on the coating performance were studied via the orthogonal experimental method with
microhardness and porosity as evaluation indicators, and the process parameters were optimized.
The order of primary and secondary factors affecting coating performance were: spraying distance,
voltage, and current. The optimized process parameters are: spraying distance 200 mm, voltage 36 V,
and current 240 A. The coating prepared using the optimized process parameters has an average
microhardness of 756 HV0.1 and an average porosity of 1.03%. The coating mainly consists of α-Fe,
Fe-Cr, Ni-Cr-Fe, Al2O3, and (Fe, Ni) solid solution. The coating friction coefficient was 0.5 while that
of the substrate was 0.7. The depth and width of the wear marks of the coating were 6.32 µm and
555.41 µm, respectively, which are 66% and 32% lower in comparison with Q235 steel under the same
test conditions. The wear forms of this coating were mainly fatigue peeling and adhesive wear.

Keywords: high-velocity arc spraying; FeMnCrNiBNbAl coating; microstructure; microhardness;
wear mechanism

1. Introduction

Shaft components, as important components for transmitting motion and power, play
an important role in achieving rotational motion and torque transmission. One of the main
forms of failure is wear, which not only causes component failure but also increases main-
tenance costs [1,2]. Remanufacturing technology has the function of repairing scrapped
parts. The repaired parts can be used as new products, greatly reducing resource waste
and benefiting economic development. Therefore, using remanufacturing technology to
repair the damaged shaft components that have failed due to wear can not only restore
their original functions, or even better than the original function, but also decrease costs
and increase economic efficiency [3].

As a remanufacturing technology suitable for industrial fields, high-velocity arc spray-
ing (HVAS) possesses the characteristics of energy saving, low cost, and high efficiency.
The main principle is that the two cored wires are linked with the positive and negative
terminals of the power supply. When they contact each other and short circuit, the high
temperature melts the cored wires, and the molten droplets are atomized by high-pressure
air to form a coating on the substrate [4,5]. Commonly used coatings are Fe-based, Co-
based, Ni-based, etc. Among them, iron-based coatings have become a research hotspot and
have been broadly used in the surface repair and remanufacturing of various parts owing
to their low cost and good mechanical properties. Tian et al. [6] used high-velocity arc
spraying technology to prepare FeNiCrAl coating, and found that a dense layer of Al2O3,
Fe3Al and iron oxides formed on the surface of the coating resulted in higher hardness
and better wear resistance. Zhang et al. [7] prepared FeCrNiNbBSiW coating by HVAS
technology, and found that the coating had low porosity and high-temperature oxidation
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resistance. Ding et al. [8] used the HVAS method to make FeCrNi/CBN composite coating
on 45 steel. The coating has high bonding strength and average microhardness, which
are 30.5 MPa and 580 HV0.1, respectively. Studies have shown that the chemical com-
position of the coating directly affects the coating performance [9]. To enhance the wear
resistance of the Fe-based coating, Son et al. [10] added B and C elements to the iron-based
coating. The research results showed that the coating contained (Cr, Fe)2B borides, which
increased the hardness, corrosion resistance, and wear resistance of the coating by two
to five times over that of stainless steel. Cheng et al. [11] prepared FeBSiNb coating by
a wire arc spraying process and added B and Nb elements to the iron-based cored wire.
The wear resistance was about three times higher than that of 3Cr13 coating. Pokhmurskii
et al. [12] prepared an alloy coating in which a limited quantity of B, Ni, Mn and other
elements were added to FeCrAl powder core, and found that hard particle oxides and
borides were precipitated in the coating at high temperature, thus enhancing the wear
resistance of the coating. The above studies show that by adding an appropriate quantity of
alloy elements powder to the Fe-based cored wire, the coating can perform better in terms
of higher hardness, wear resistance, and oxidation resistance, which play a critical role in
enhancing the coating quality.

Previously, our research group studied the microstructure and wear resistance of
FeMnCrNi coating, and obtained a hardness of 353.44 HV0.1 [3], which is 1.72 times that
of Q235 steel. Moreover, under the loading of 4 N to 8 N, the wear rate of FeMnCrNi
coating increased from 14.126 × 10−6 to 21.985 × 10−6 mm3/N·m, whereas the wear rate of
Q235 steel increases from 19.129 × 10−6 to 39.584 × 10−6 mm3/N·m. Although FeMnCrNi
coating has certain advantages in hardness and friction and wear performance compared
with Q235 steel matrix, as a wear-resistant coating for shaft parts, it is obvious that the
hardness and wear resistance of FeMnCrNi coating is not good enough. Therefore, in this
experiment, on the basis of FeMnCrNi cored system, B, Nb, and Al alloy elements powder
were added, and the FeMnCrNiBNbAl coating was prepared on Q235 steel substrate by
HVAS technology. The influence of distinct process parameters on coating properties, such
as spraying distance, voltage, and current, were studied by the orthogonal test method
to determine the optimized process parameters. The morphology and properties of the
coating were characterized under optimized process parameters in order to prepare a
wear-resistant coating with excellent comprehensive properties on the substrate surface.
The conclusion of this research provides a basis for the further study of shaft component
repair and remanufacture.

2. Experimental Materials and Methods
2.1. Experimental Materials and Coating Preparation

This experiment used a self-designed FeMnCrNiBNbAl powder cored wire as the
spraying material, with a diameter of 2 mm and a filling rate of 30%~32%. The specific
composition is shown in Table 1 and the coating sample is shown in Figure 1. The substrate
material was Q235 steel, which is commonly used in shaft parts. Before arc spraying,
the surface of the substrate material was cleaned with anhydrous ethanol, and then the
substrate was sandblasted using grit blasting equipment (LS1313FK-A; Liangshi, Shanghai,
China) as shown in Figure 2 to decontaminate, remove rust, and roughen the surface.
The sandblasting was performed using 16 mesh white alumina, with a sandblasting pres-
sure of 0.6 MPa and a sandblasting angle of 60◦~90◦. An electric arc spraying device
(LSARC500S; Shanghai Liangshi Co. Ltd., Shanghai, China) as shown in Figure 3 was used
for coating preparation.

Table 1. Composition and content of powder core wire (mass fraction, wt%).

Cored Wire Mn Cr Ni B Nb Al Fe

FeMnCrNiBNbAl 15 10 7 5 6 7 Bal.
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2.2. Orthogonal Test

This experiment optimizes the spraying distance, voltage, and current as the main pa-
rameters for the preparation process of FeMnCrNiBNbAl coating. Through the analysis of
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preliminary experimental results, the appropriate parameter range was determined. The ex-
periment was conducted in accordance with the orthogonal test table of three factors and three
levels. The specific factor levels of the orthogonal test table are shown in Table 2. Other spraying
parameters include: spraying angle of 90◦ and primary gas pressure of 0.6 MPa.

Table 2. Orthogonal test factor level table.

Levels
Factors

A, Voltage/V B, Current/A C, Spraying Distance/mm

1 32 160 150
2 36 200 200
3 40 240 250

2.3. Testing Experiments

The FEG250 scanning electron microscope (SEM; Thermo Fischer Scientific,
Waltham, MA, USA) was used to analyze the cross-sectional and surface morphology of
FeMnCrNiBNbAl coatings. ImageJ software (v.1.52a) was applied to measure the porosity of
the coating using the grayscale method by selecting 10 areas on the coating cross-section then
averaging the values of the results obtained. The hardness of the coating cross-section was
measured using a Vickers indenter tester (Duramin-40; Struers, Ballerup, Denmark), and three
sets of data were measured to give the average value. Each set of data measured 10 points for
the coating hardness and 5 points for the substrate hardness, and each set of data was collected
equidistant from top to bottom. The testing load was 100 g and the loading time was 15 s.
The crystal phase structure of the coating was determined using X’PertPowder XRD device
(Malvern Panalytical, Malvern, Worcestershire, UK), with measurement parameters of Cu target
and X-ray wavelength λ = 0.15406 nm, with a step size of 0.02◦, and a scanning angle of 10◦~90◦.
The friction and wear tests were conducted using a ball-on-disk wear tester (CFT-1 tester, ZKKH
Technology, Lanzhou, China). The surface of the workpiece was polished in advance to ensure a
uniform surface finish. The wear test was performed at normal temperature, no lubrication, and
using a counterbody made of an Si3N4 ceramic ball with a diameter of 4 mm. The high-velocity
linear reciprocating wear form was used, with a test load of 4 N, a reciprocating speed of 900
t/min, a test time of 30 min, and a scratch length of 2 mm. A laser confocal microscope (LEXT
OLS 4100, Olympus, Tokyo, Japan) was applied to observe the three-dimensional morphology
of wear marks on the surface of the coating and to obtain the size parameters of the wear marks.
Energy dispersive spectroscopy (EDS; Bruker, Mannheim, Germany) was applied to mark the
chemical elements in different areas of the coating after friction and wear. The wear rate (Wr) of
the coating was used to characterize the wear resistance of the coating, and is calculated by the
following formula:

Wr =
ss · L1

F · L2
(1)

where Ss is the cross-sectional area of the wear scar (mm2), F is the normal load (N), L1 is
the reciprocating length (mm), and L2 is the sliding distance (m).

3. Results and Discussion
3.1. Orthogonal Test Results

Microhardness and porosity are important indicators for measuring the wear and
corrosion resistance of coatings, which affect the service life of coatings [13]. Therefore,
microhardness and porosity are known as evaluation indicators. In order to study the com-
prehensive performance of coatings and optimize process parameters, the range analysis
method was used to weight the microhardness and porosity of coatings, thereby converting
multiple indicators into a single comprehensive indicator. The equation for counting the
comprehensive weighted score value is as follows:

Yi = ai1bi1 + ai2bi2 + . . . + aijbij (2)
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where a is the weighting coefficient, representing the weight proportion of each indicator in
the comprehensive score, b is the experimental indicator, and the subscript i and j represent
the j-th indicator of the i-th group of experiments. The variation range, K, of experimental
indicators (porosity, microhardness) is calculated as follows:

K1 = 1.98 − 0.92 = 1.06 (3)

K2 = 738.61 − 639.10 = 99.51 (4)

where K1 represents the variation range in porosity, and K2 represents the variation range
in microhardness.

A comprehensive score of 100 points was assigned, which includes a porosity score
of 50 and a microhardness score of 50. For the value of the weighting coefficient a, the
actual application of the test indicators should be considered. Higher porosity causes
deterioration in the coating properties, and thus the weighting coefficient is negative. The
higher the microhardness value, the better the wear resistance of the coating, and thus the
weighting coefficient is positive. The weighting coefficient is given by:

ai1 = −50/K1 = −47.17 (5)

ai2 = 50/K2 = 0.50 (6)

where ai1 is the weighting coefficient of porosity, and ai2 is the weighting coefficient of
microhardness.

In summary, the formula for the comprehensive performance score Y of this experi-
ment can be obtained by:

Yi = −47.17bi1 + 0.50bi2 (7)

The results of optimizing the comprehensive score of FeMnCrNiBNbAl coating by
using the range method are shown in Table 3.

Table 3. Orthogonal test results and comprehensive evaluations.

No. A, Voltage/V B, Current/A C, Spraying
Distance/mm Porosity/% Microhardness/

HV0.1
Comprehensive

Score

1 32 160 150 1.58 680.06 265.50
2 32 200 200 1.15 690.91 291.21
3 32 240 250 1.98 715.82 264.51
4 36 160 200 0.92 738.61 325.91
5 36 200 250 1.05 691.37 296.16
6 36 240 150 1.39 720.15 294.51
7 40 160 250 1.26 662.34 271.74
8 40 200 150 1.43 639.10 252.10
9 40 240 200 1.24 728.96 306.00

Average 1 273.74 287.72 270.70 . . . . . . . . .
Average 2 305.52 279.82 307.70 . . . . . . . . .
Average 3 276.61 288.34 277.47 . . . . . . . . .

R 31.78 8.52 37.00 . . . . . . . . .
Major-minor order C > A > B

Optimal combination A2B3C2

3.2. Analysis of Test Results

In accordance with the analysis results in Table 3, the horizontal value of each factor
(spraying distance, voltage, current) in the orthogonal test was taken as the abscissa, while
the average value of the sum of the test results at three different levels of the same factor
was taken as the ordinate.

As can be seen from Figure 4a,b, as the voltage gradually increases, the porosity first
decreases and then increases, while the microhardness increases first and then decreases.



Coatings 2024, 14, 428 6 of 15

This is because when the voltage gradually increases from low voltage, the arc temperature
increases, the wire powder core can be fully melted, and the molten droplets can be effec-
tively spread when they hit the surface of the substrate, which is conducive to enhancing
the quality of the coating [14,15]. When the voltage exceeds 36 V, the droplets are prone to
high-temperature oxidation and burning, and after cooling, oxide particles are formed and
deposited in the coating, resulting in poor internal bonding of the coating and a decrease
in the microhardness of the coating [16,17]. In the high-speed arc spraying process, the
wire feeding rate is directly related to the current. The wire feeding rate will increase as
the current increases [18,19]. The current primarily affects the performance of the coating
through affecting the oxidation time and droplet diameter. Therefore, the current affects
the performance of the coating. According to Table 3, it can be noted that the spray distance
is the most crucial factor affecting the coating performance in the test range. The spraying
distance refers to the distance between the spray gun and the surface of the substrate. After
the wire is melted in the arc zone, the droplets are atomized and accelerated by compressed
air, and hit the surface of the workpiece to form a coating. The flow speed of compressed
air is the largest at the nozzle of the spraying gun, and the speed of the molten droplets
is the lowest. As the spraying distance increases, the droplets are gradually accelerated,
while the speed of the atomized air flow gradually decreases. When the spraying distance
is increased from 150 mm to 200 mm, the droplet hits the surface of the substrate at a higher
speed, resulting in better spreading ability of the droplet [20]. When the spraying distance
exceeds 200 mm, the droplet flight time in the air becomes longer. As a result, the droplet
temperature drops, and the droplet easily oxidizes during flight. This increases the internal
defects of the coating, which deteriorates the coating performance [21].

It can be observed from Figure 4c that with the increase of voltage and spraying distance, the
coating’s comprehensive performance first increases and then decreases. As the current increases,
the coating’s comprehensive performance first decreases and then increases. According to
Table 3, it can be seen that the sequence of primary and secondary factors influencing the
comprehensive performance of the coating is obtained through range analysis: spraying distance
> voltage > current. The obtained order of A2B3C2 gave the optimized process parameters as
voltage of 36 V, current of 240 A, and spraying distance of 200 mm.
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4. Coating Morphology and Performance Characterization Prepared after Optimizing
Process Parameters
4.1. Surface and Cross-Sectional Morphology

Figure 5a,b indicates the surface morphology of FeMnCrNiBNbAl coating prepared
using the optimized process parameters. From Figure 5a, it can be seen that the coating
surface is composed of flattened particles and protruding small particles. No unmelted large
particle phase was observed, and a small amount of microcracks emerged on the coating
surface. This is because the release of high residual stress can easily cause microcracks
in the coating when it cools in the atmosphere [22]. In Figure 5b, it can be seen that the
coating surface is mainly composed of flattened particles, semi-molten particles, and pores.
The surface of the coating shows an obvious flat region after the spread of molten droplets
caused by the high temperature generated by the arc. The powder cored wire melted into a
fully molten state, was atomized into micro melt droplets by compressed gas, and spread
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into flat particles on the surface of the substrate under the impact of high-velocity airflow.
This process was repeated, forming a layered stacked structure.
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Figure 5c,d shows the cross-section topography of the coating prepared using the
optimized process parameters. It can be observed from the diagram that the coating
thickness was uniform with a dense structure, and the coating and the substrate were
well combined. After the sandblasting process, an uneven rough surface was formed on
the substrate. Molten or semi-molten particles were sprayed onto the surface under the
action of compressed air. After condensing and shrinking, the particles interlocked with
the rough surface of the substrate, forming a mechanical bond [23]. The molten droplets hit
the surface of the substrate at high velocity and spread to solidify and form layers. The
subsequent particles repeated this process to continuously stack and deposit, making the
coating form a layered structure. The rapid cooling of droplets makes it impossible for gas
to escape, resulting in the formation of pores [24]. Also, during the solidification process,
particles form internal pores due to cooling shrinkage [25]. Porosity is an important index
to measure the performance of coatings [24]. The cross-section images of FeMnCrNiBNbAl
coating were processed by ImageJ to give an average porosity of 1.03%.

4.2. Elemental Analysis

Figure 6 shows the surface distribution of each chemical element on the coating
surface. According to Figure 6b–i, the elements inside the coating are evenly distributed.
The content of each chemical element detected corresponds to the composition and content
of powder core wire shown in Table 1. In addition to the elements added in the design
of the wire composition, there is also a certain O element in the coating, which is mainly
related to the working principle of arc spraying. In the arc spraying process, the partially
molten high-temperature particles are in contact with the compressed gas and oxygen in
the working environment during flight, and an oxidation reaction occurs. The generated
oxides spread out and stack with the particles, cooling and solidifying to form a coating, so
there is the presence of O element in the coating. Observe Figure 6a,h. Figure 6a contains a
dark region, A; this corresponds to Figure 6h where we find that the dark region A holds a
concentration of Al element, where Al2O3 is likely to be formed.
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Figure 7 shows the line scan analysis of the intersection area between FeMnCrNiBNbAl
coating and Q235 steel section. It can be seen from Figure 7 that the internal structure of
the coating is dense and uniform, and the coating is well combined with the matrix. As
can be seen from Figure 7b, the element content in the coating region fluctuates along the
line scanning direction until becoming stable at the matrix region. There is an obvious
transition area at the boundary between coating and matrix, and there is a phenomenon of
diffusion of coating elements to matrix.
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4.3. XRD Pattern

Figure 8 shows the X-ray diffraction pattern of FeMnCrNiBNbAl coating prepared
using the optimized process parameters. The coating primarily consists of α-Fe, Fe-Cr,
Ni-Cr-Fe, Al2O3, and (Fe, Ni) solid solution. Relevant studies have shown that Cr is an
element that promotes the formation of α-Fe [3,26]. Ni-Cr-Fe is a solid solution with high
plasticity and toughness, and low hardness [27]. The added Al element is oxidized to
produce chemically stable Al2O3 during the spraying process [28]. The hard phases of
Fe-Cr and (Fe, Ni) solid solution can enhance the hardness and load resistance of the coating
and thus improve wear resistance [29].
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Figure 8. X-ray diffraction pattern.

4.4. Microhardness

Figure 9a is the schematic of hardness indentation and Figure 9b shows the cross-
section microhardness distribution curve of FeMnCrNiBNbAl coating prepared using the
optimized process parameters. It can be observed from the figure that the coating micro-
hardness is mainly concentrated in the range of 700~800 HV0.1. The average microhardness
of the coating is 756 HV0.1, and that of the substrate is about 220 HV0.1. The hardness of
the coating is about 3.4 times that of the substrate. Due to the low porosity of the coating,
the dispersed oxide and solid solution hard phase result in high hardness and play a role
in the dispersion strengthening of the coating [30].
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In order to research the reasons for the high hardness of the coating, the micro-
components of the coating section were analyzed. It can be seen from Figure 9c that the
coating is mainly composed of a large gray area (point I) and dark gray (point II) strip
structures. The composition of the micro-regions of these two typical areas were analyzed
by EDS. Table 4 shows the mass percentage of the main elements in each micro-region. It
can be seen from Table 4 that the gray area contains a large amount of Fe, Cr, and Ni, which
is confirmed by XRD analysis. The main phases of the gray area are Fe-Cr and Ni-Cr-Fe.
The content of Al and O in the dark gray strip structure in the coating is high, and the
content of Fe is low, indicating that the structure is an oxide of Al. The XRD analysis results
confirmed the presence of Al2O3. At the same time, the structure contains 10.99% C element,
indicating the presence of carbides. According to the composition of the coating, the gray
area of the coating is mostly Fe-Cr, and the dark gray area is mostly Al2O3. The relevant
studies show that Al2O3 is a high hardness oxide, which is dispersed and embedded in the
layered structure, improving the load resistance of the coating. The Fe-Cr solid solution
phase in the coating can also improve the coating’s microhardness and load resistance.

Table 4. Chemical composition analysis of FeMnCrNiBNbAl coating section.

Zone in
Figure 9c

Composition of Main Elements (Mass Fraction/wt.%)

O C Fe Mn Cr Ni B Nb Al

I 0.72 9.71 50.92 4.09 13.49 7.30 4.47 7.35 1.95
II 26.86 10.99 8.55 3.75 6.75 1.91 0.27 8.13 32.79

4.5. Wear Performance

Figure 10 shows the friction coefficient curves and the profile of the worn sections of
the Q235 steel substrate and FeMnCrNiBNbAl coating. As can be noted from Figure 10a,
in the previous stage of friction and wear, the low value of the friction coefficient was
due to slippage on the workpiece surface as a result of the low surface roughness after
the polishing treatment. Once the friction coefficient curve became stable, the friction
coefficient of the coating was about 0.5, and the friction coefficient of the substrate was
about 0.7. Compared with the substrate material, the hardness of the counterpart ceramic
material Si3N4 is higher, and the substrate was cut during the wear process. At a higher
friction temperature, the substrate produced a certain adhesion, resulting in a higher friction
coefficient of the substrate. Figure 10b and Table 5 show the two-dimensional contour
curve of the wear mark and the parameter table of the wear mark sizes of Q235 steel and
the coating under the same load and loading time, respectively. It can be noted from the
figure that the wear marks of Q235 steel are groove-like, and the middle part is severely
worn with dense scratches. The abrasion width of the coating is narrow, relatively flat
with fewer scratches. Due to the higher hardness of the coating, the wear resistance of
the coating is superior to the substrate. As can be seen from Table 5, the depth, width,
and cross-sectional area of the substrate wear marks are 18.81 µm, 816.2 µm, and 7944.54
µm2, respectively. The width is wider and the wear marks are deeper, mainly because the
hardness of the substrate is low, and the grinding ball cuts the substrate surface to form
deeper furrows. The depth, width, and cross-sectional area of the coating wear marks
are 6.32 µm, 555.41 µm, and 1783.26 µm2, respectively, and the wear marks are narrower
and shallower because the coating has a higher hardness and the surface was not easily
cut, thus forming a narrower and shallower groove. Compared with the substrate, the
depth, width, and cross-sectional area of the coating are reduced by 66%, 32%, and 78%,
respectively, indicating that the coating’s wear resistance is obviously better than that of
Q235 steel. In addition, under the same working conditions, the average wear rate of the
coating is 8.26, whereas the wear rate of the substrate is 36.78, thus the wear rate of the
substrate is more than four times that of the coating. This can also indicate that the wear
resistance of the coating is much better than that of the substrate.
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Table 5. Wear scar size parameters.

No.
FeMnCrNiBNbAl Q235

Width/µm Depth/µm Cross Section
Area/µm2

Wear
Rate/mm3/N·m Width/µm Depth/µm Cross Section

Area/µm2
Wear

Rate/mm3/N·m

1 547.09 6.76 1731.67 8.02 861.59 19.19 9037.15 41.84
2 554.94 5.13 1605.03 7.43 816.03 16.20 6615.98 30.63
3 564.20 7.06 2013.09 9.32 770.98 21.05 8180.49 37.87

Average value 555.41 6.32 1783.26 8.26 816.20 18.81 7944.54 36.78

Figure 11 shows the wear morphologies of substrate and coating at low and high
magnifications. It can be observed from the figure that under the same load and loading
time, the wear degree of Q235 is significantly greater than that of the coating. Because the
hardness of the counterpart ball is much higher than that of Q235 steel, a large number of
grinding chips were generated on the surface during the friction process, and Q235 steel
was also cut under the action of load, thus forming a furrow, and its wear form is mainly
furrow plastic cutting. The surface of FeMnCrNiBNbAl coating is relatively flat with fewer
scratches. There is an obvious fatigue spalling phenomenon and irregular distribution of
pits formed after spalling. The mechanism of fatigue spalling of the coating is as follows:
firstly, cracks were generated locally containing defects (holes and micro-cracks), and the
cracks expanded and extended under the action of high stress. They converged with
the surrounding holes to form a long crack resulting in local flaking of the coating, and
the flaking debris remained between the friction pair and the coating. Under the load
of the friction pair, the coating was constantly squeezed and scraped. The peeling and
crack propagation of the coating were further aggravated [17,31]. It can also be seen from
Figure 11d that some black areas appeared on the surface of the wear marks. This is because,
during the friction process, the friction on the surface of the coating generates a lot of heat
and, as a result of this temperature rise, an oxidation reaction of the coating occurs, thus
forming an oxide film on the surface. In the initial stage of oxidation, the oxide film protects
the coating and reduces the wear rate of the coating. However, with the peeling failure of
the coating and the grinding chips rolling between the friction pairs, the oxide film was
destroyed, resulting in local peeling. As the wear process progresses, the fresh coated
surface exposed by the peeling chips was oxidized into oxide chips. To a certain extent,
these oxide chips formed an oxide layer again under friction heat and extrusion, which can
improve the coating wear resistance [32]. In the meantime, after chemical element analysis
of the worn coating, it was found that some of the peeling areas of the coating contain
Si elements. It can be analyzed that during the wear process of the surface of the Si3N4
ceramic ball, the fragments of the grinding ball adhere to the coating wear area, and as the
grinding ball continues to wear the coating surface, adhesive wear of the coating occurs.
Therefore, the wear form of the coating is primarily fatigue peeling and adhesive wear.
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Figure 11. Micro morphology of wear scar of the substrate (a,b) and coating (c,d) (I: black convex
point; II: gray-white pit; III: gray area).

It was observed that there were a small number of black protrusions I, gray pits II and
large gray areas III in the wear marks of the coating. These areas were characterized by their
chemical composition. Table 6 shows the content of the main elements in these regions. Al
and O elements are mostly found in point I. Combined with XRD results, it can be seen that
this point is mainly comprised of Al2O3. The hard phase Al2O3 is embedded in the coating
and plays the role of a supporting “skeleton” for the coating substrate. The hard phase
is more susceptible to wear in the initial wear phase. It also hinders the expansion and
growth of micro-cracks induced by friction, and effectively enhances the wear resistance
of the coating. In point II, there are more O elements with a mass fraction of 42.72%, iron
elements with a mass fraction of 31.06%, 8.63% Cr elements and 7.62% Si elements. As the
surface of the Si3N4 ceramic ball is worn, the fragments of the grinding ball remained in
the coating wear area, which may cause oxidation during the friction process. Thus, point
II mainly consists of iron oxide, the oxide of Cr and the oxide of Si. Combined with XRD
results, point III should be a hard phase containing Fe and Cr.

Table 6. Micro-zone chemical composition analysis of FeMnCrNiBNbAl coating.

Zone in
Figure 11d

Composition of Main Elements (Mass Fraction/wt.%)

O C Si Fe Mn Cr Ni B Nb Al

I 43.41 — — 2.94 2.86 6.5 — — — 44.29
II 42.72 2.29 7.62 31.06 3.09 8.63 3.2 — — 1.39
III 0.31 2.77 0.45 62.22 3.72 18.82 7.3 — 2.94 1.47

5. Conclusions

In this study, high-velocity arc spraying technology was applied to make FeMn-
CrNiBNbAl coating on the surface of Q235 substrate steel. The microstructure, phase
composition, and properties (microhardness and wear resistance) of the coating were
studied and compared with the substrate. The main conclusions are as follows:

(1) The primary and secondary process parameters affecting the microhardness and
porosity of FeMnCrNiBNbAl coating are as follows: spraying distance, voltage, cur-
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rent. The optimized process parameters are: voltage 36 V, current 240 A, spraying
distance 200 mm.

(2) The performance of FeMnCrNiBNbAl coating prepared using the optimized process
parameters is better than that of the orthogonal test group. The microhardness of the
coating is mainly concentrated in the range of 700~800 HV0.1, and the average hard-
ness is 756 HV0.1, which is about 3.4 times that of the substrate Q235 steel. The average
porosity of the coating is about 1.03%. The coating mainly consists of α-Fe, Fe-Cr,
Ni-Cr-Fe, Al2O3, and (Fe, Ni) solid solution with a dense and stable microstructure.

(3) The width and depth of the FeMnCrNiBNbAl coating prepared using the optimized
process parameters are 555.41 µm and 6.32 µm, respectively. Compared with the
substrate, the values decreased by 32% and 66%. The coating’s wear resistance is
obviously superior to that of Q235 steel. The wear forms of the coating are mainly
fatigue peeling and adhesive wear.
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