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Abstract A chromium boride–chromium carbide–alumina

composite coating was prepared in situ on a Ti-6Al-4V

titanium alloy substrate by plasma spraying of Cr2O3-Al-

B4C composite powder. The results show that, in the pro-

cess of plasma spraying the Cr2O3-Al-B4C composite

powder, a chemical reaction occurred among Cr2O3, Al,

and B4C, and CrB2, Cr3C2, and c-Al2O3 phases with

nanosize were formed in situ in the composite coating.

Compared with the coating prepared by plasma spraying

CrB2-Cr3C2-Al2O3 composite powder, the coating prepared

by the Cr2O3-Al-B4C composite powder has a more uni-

form and refined microstructure, lower porosity, higher

microhardness, better toughness, excellent scratch resis-

tance, and sliding wear resistance. This is attributed to the

densification effect and to the fine grain strengthening and

toughening effect of nanocrystals produced by the partici-

pation of the in situ chemical reactions in the plasma

spraying process of the Cr2O3-Al-B4C composite powder.

Keywords chromium boride–chromium carbide–alumina

composite coating � in situ reaction � plasma spraying �
scratch resistance � sliding wear resistance

Introduction

Since the 1950s, titanium alloys have been widely used as

structural materials in machinery, aviation, shipbuilding,

biomedicine, and other fields because of their high specific

strength, toughness, and corrosion resistance (Ref 1).

However, the application of titanium alloys is limited due

to their low hardness and poor wear resistance. (Ref 2). In

order to improve the surface hardness and wear resistance

of titanium alloys, surface alloying and coating methods

have been widely used, including, e.g., laser alloying (Ref

3, 4), nitriding (Ref 5), electroless plating (Ref 6, 7), laser

cladding (Ref 8-10), magnetron sputtering (Ref 11), micro-

arc oxidation (Ref 12, 13), etc. Although the above pro-

cesses improve the surface hardness and wear resistance of

the titanium alloy matrix to a certain extent, they also have

the disadvantages of expensive equipment, long process

cycle, and thin films. In addition to the above processes, the

thermal spraying process is also the most widely used

surface modification process. Among the thermal spraying

processes, plasma spraying is often used in the surface

modification of titanium alloys due to its advantages of

simple operation, wide range of sprayable materials, high

coating thickness, and controllability (Ref 14).

Some oxide and carbide ceramic systems have received

more attention in the preparation of wear-resistant coating

materials by plasma spraying, including Al2O3-TiO2 (Ref

15-17) and a hard cermet system, such as WC-Co (Ref 18),

TiC-Co (Ref 19), and Cr3C2-NiCr (Ref 20, 21). However,

with the change of service environment, the requirements

for wear resistance of titanium alloys are getting higher and

higher, but the improvement of wear resistance of the

above coating material system is limited. Among the

transition metal borides and carbides, CrB2 and Cr3C2 have

the characteristics of high melting point, high hardness,
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excellent wear resistance, corrosion resistance, and high-

temperature oxidation resistance, so they can be used as

candidate materials for surface modification of titanium

alloys (Ref 22, 23). For example, when 15 wt% CrB2 was

added to a NiAl coating, the wear rate decreased by about

70 % compared with that of the pure NiAl coating (Ref 24).

In previous studies, a CrB2-Cr3C2 binary composite cera-

mic coating has been prepared on a Ti-6Al-4V alloy sub-

strate by plasma spraying, showing high hardness and wear

resistance, but the porosity of the coating was high, and the

mechanical properties of the coating needed to be further

improved (Ref 25).

Thermite reaction is the reaction between thermite and

metal oxide. The heat released by the reaction is high,

and it has been widely used in the process of material

preparation (Ref 26, 27). Some researchers have prepared

composites with two main phases of chromium boride,

chromium carbide, and alumina by reactive synthesis. For

example, Yeh et al. (Ref 28) used Cr2O3, Al, and B

powders as raw materials to obtain chromium boride–

alumina composites by introducing a thermite reaction in

the process of self-propagating combustion, indicating

that B4C as the boron source can reduce the loss of B in

the reaction process. Yeh et al. (Ref 29) prepared Cr3C2-

Al2O3 composites by self-propagating high-temperature

synthesis with Cr2O3, Al, and carbon black as raw

materials, and found that the Cr7C3 second phase existed

in the material due to a small amount of C loss. In

addition, studies have shown that the introduction of

Al2O3 can improve the strength and toughness of ceramic

materials (Ref 30-32). In this work, we considered

introducing a thermite reaction into the preparation of a

CrB2-Cr3C2 composite ceramic coating, and introducing

an Al2O3 phase in situ to improve the compactness and

mechanical properties of the coating.

In this study, Cr2O3, Al, and B4C were used as raw

materials. Cr2O3-Al-B4C composite powder was prepared

by the spray drying method. Then, the chromium boride–

chromium carbide–alumina composite ceramic coating

was prepared on the Ti-6Al-4V alloy substrate by plasma

spraying Cr2O3-Al-B4C composite powder. The phase

composition, microstructure, microhardness, toughness,

scratch resistance, and sliding wear resistance properties

of the coating and the reaction mechanism of the Cr2O3-

Al-B4C composite powder have been investigated.

Meanwhile, a chromium boride–chromium carbide–alu-

mina composite ceramic coating was prepared by plasma

spraying CrB2-Cr3C2-Al2O3 composite powder. The

microstructure and properties of the two chromium bor-

ide composite coatings have been compared and

analyzed.

Materials and Methods

Preparation of Composite Coatings

Commercial CrB2 (1–5 lm, 99.5% purity), Cr3C2

(5–8 lm, 99.0% purity), Al2O3 (40 nm, 99.0% purity),

Cr2O3 (1–5 lm, 99.9% purity), Al (6–9 lm 99.8% purity),

and B4C (1–5 lm, 99.9% purity) powders were used as raw

materials (see Fig. 1). The milled raw powders, deionized

water, polymeric binder, and dispersant were mixed to

form slurries, and then two composite powders of CrB2-

Cr3C2-Al2O3 and Cr2O3-Al-B4C were obtained by spray

drying. The inlet and outlet temperatures of the spray

drying were 250 and 120 �C, respectively. The mass ratio

was 35.5:21.6:42.9 for CrB2/Cr3C2/Al2O3, and

63.9:13.4:22.7 for Cr2O3/Al/B4C. There were two sizes of

the substrate material (Ti-6Al-4V titanium alloy, with high

specific strength and comprehensive mechanical proper-

ties). One was A20 mm 9 10 mm for the wear samples,

the other was 10 mm 9 10 mm 9 12 mm for the other

samples. Before spraying, the surface of the substrate was

sandblasted and degreased to increase the surface rough-

ness Ra to around 6–8 lm). Then, a bond coating of Ni–

20wt%Al alloy was deposited on the pretreated substrate

surface. Finally, the CrB2-Cr3C2-Al2O3 and Cr2O3-Al-B4C

composite powders were deposited on the bond coating as

the top coating. The GP-80-type air plasma spraying

equipment (China Jiujiang) was employed to produce the

bond coating and top coating with thicknesses of 250 lm.

The parameters of plasma spraying were: current 500 A;

voltage: 70 V; primary gas (Ar) flow 150 dm3/min; sec-

ondary gas (H2) flow 30 dm3/min; spraying distance:

100 mm; powder feeding rate 20–30 g/min; and moving

speed of spray gun 200 mm/s. After deposition, the as-

sprayed samples were polished using 600-, 1000-, and

1500-grit SiC papers.

Scratch and Wear Test

The scratch resistance of the composite coatings was

measured by a WS-2005 automatic scratch tester with an

acoustic emission signal detection system (Lanzhou

Zhongke Kaihua Technology Development). The scratches

were linear and the normal load was progressively

increased. The parameters were: indenter was loaded up to

60 N at the rate of 30 N/min, scratch speed was 1 mm/min,

and scratch length was 2 mm. Dry sliding wear tests of the

composite coatings were carried out by a SFT-2 M ball-on-

disc friction and wear tester (Lanzhou Zhongke Kaihua

Technology Development). Commercial bearing grade

Si3N4 balls with a diameter of 4 mm were used as the

counter surface specimen. The parameters were set as: the
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load was 30 N, the load time was 10 min, track radius was

3 mm, and the speed was 400 rpm. The measurement

method was cyclic friction, and wear experiments were

conducted on the polished coating surface (roughness Ra

was about 1 lm). The wear rate was calculated according

to following Eq 1:

W ¼ V

2prntN
ðEq 1Þ

where V is the wear volume (mm3), r is the track radius

(m), n is the speed (rpm), t is the running time (min), and

N is the load (N). The number of repeated wear tests was

three.

Sample Characterization

An x-ray diffractometer (DMAX-2500; Rigaku) with Cu

Ka radiation was used to identify the phase composition of

the raw powders, composite powders, and coatings. Based

on the SEM images of the powders, the particle size dis-

tribution of the powders was obtained by image analysis.

The scanning mode of the diffractometer was continuous,

the power was 6 kW, the scanning angle ranged from 10 to

80�, and the scanning rate of the powder and coating was

4�/min. A scanning electron microscope (FE-SEM;

S-4800; Hitachi) equipped with the EDAX-AMETEK

Fig. 1 SEM micrographs of the

raw powders: (a) Al; (b) Al2O3;

(c) Cr2O3; (d) CrB2; (e) B4C;

(f) Cr3C2
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energy spectrometer (EDS) was used for microstructure

analyses of the powders and the coatings. The

microstructure of the coating obtained by plasma spraying

of the Cr2O3-Al-B4C composite powder was characterized

by transmission electron microscopy (TEM; Tec-nai F20;

Philips). The thermal property of Cr2O3-Al-B4C composite

powder was tested using a thermal analyzer (TG/DTA

6300; Seiko) in Ar gas at a heating rate of 10 �C/min up to

1300 �C. The porosity of the coatings were analyzed by 20

scanning images of polished cross-sections using image

analysis. These images were taken at 9500 magnification.

The microhardness of the coatings was measured using a

microhardness tester (HMV-2; SHIMADZU). The indenter

was a Vickers pyramid diamond, the load was 0.1 kgf, and

the dwell time was 15 s. To reduce the error, 20 mea-

surements were carried out to give an averaged hardness

value. The indentation test was performed with a load of

0.3 kgf and a loading time of 15 s. The toughness of the

coatings was analyzed by observing the indentation and

fracture morphology under SEM.

Results and Discussion

Microstructure of the CrB2-Cr3C2-Al2O3

and Cr2O3-Al-B4C Composite Powder

Figure 2(a) and (b) shows the XRD patterns of the CrB2-

Cr3C2-Al2O3 and Cr2O3-Al-B4C composite powders,

respectively. It can be seen that the CrB2-Cr3C2-Al2O3

composite powder consists of CrB2, Cr3C2 and a-Al2O3,

and that the Cr2O3-Al-B4C composite powder consists of

Cr2O3, Al and B4C, which indicates that the phases of the

composite powders were consistent with that of the raw

powders after spray drying. The SEM micrographs of the

CrB2-Cr3C2-Al2O3 and Cr2O3-Al-B4C composite powders

are shown in Fig. 3(a) and (b), respectively, and the

spherical or nearly spherical morphology in these two

composite powders can be seen. Figure 3(c) and (d) shows

the EDS results of region A and region B, respectively,

indicating that the two composite powders contain Cr, B,

C, O and Al, which is consistent with the XRD results. The

particle size distribution of the CrB2-Cr3C2-Al2O3 and

Cr2O3-Al-B4C composite powders are shown in

Fig. 3(e) and (f), respectively, and their D50 values are

31 lm and 32 lm, respectively. Table 1 shows the

parameters characterizing the fluidity of the two composite

powders. The closer the ratio of the tap density to the

apparent density is to 1, the better the fluidity. According to

the literature (Ref 33), the spray-dried powder (apparent

density[ 1.7 9 103 kg/m3, D50[ 20 lm) can be directly

used to prepare plasma-sprayed coatings without further

densification. Therefore, the CrB2-Cr3C2-Al2O3 and Cr2O3-

Al-B4C composite powders used in this experiment meet

the requirements of plasma spraying.

Microstructure of the Two Chromium Boride–

Chromium Carbide–Alumina Composite Coatings

The coating prepared by plasma spraying the CrB2-Cr3C2-

Al2O3 composite powder consists of CrB2, CrB, Cr3C2, a-

Al2O3, c-Al2O3 and a small amount of Cr2O3, as shown in

Fig. 4(a). The XRD result indicated that many CrB2, Cr3C2

and a-Al2O3 were retained in the coating after plasma

spraying, and, in addition, new phases CrB, c-Al2O3 and

Cr2O3 were also formed in the coating. A small amount of

oxygen in the environment may be drawn into the plasma

jet during plasma spraying, resulting in the oxidation of the

raw powders. The formation of CrB may be caused by

Eq. 2. B2O3 was not detected in Fig. 4(a), the possible

reason being that B2O3 volatilized as a gas (Ref 34) or

remained in the coating as an amorphous phase (Ref 35).

The formation of Cr2O3 may be related to Eq. 2–5:

Fig. 2 XRD patterns of the composite powders: (a) CrB2-Cr3C2-Al2O3, and (b) Cr2O3-B4C-Al
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Fig. 3 SEM micrographs, EDS, and particle size distribution results of the composite powders: (a), (c), (e) CrB2-Cr3C2-Al2O3, and (b), (d),

(f) Cr2O3-Al-B4C

Table 1 Properties of the two composite powders

System Apparent density, g/ml Tap density, g/ml Tap density/apparent density Flowability, s/50 g

CrB2-Cr3C2-Al2O3 1.951 2.185 1.120 5.28

Cr2O3-Al-B4C 1.864 2.274 1.220 5.45
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12CrB2 þ 21O2 ! 4CrB þ 4Cr2O3 þ 10B2O3 ðEq 2Þ
4CrB2 þ 9O2 ! 2Cr2O3 þ 4B2O3 ðEq 3Þ
4Cr3C2 þ 17O2 ! 6Cr2O3 þ 8CO2 ðEq 4Þ
4Cr3C2 þ 13O2 ! 6Cr2O3 þ 8CO ðEq 5Þ

It has been reported that the phase transformation from

a-Al2O3 to c-Al2O3 can be attributed to the small critical

nucleation free energy of c-Al2O3 (Ref 36), thus molten

Al2O3 was more likely to nucleate preferentially c-Al2O3

instead of a-Al2O3 under plasma spraying conditions

(metastable conditions of rapid cooling and solidification).

Figure 4(b) shows the XRD pattern of the coating prepared

by plasma spraying the Cr2O3-Al-B4C composite powder.

It can be seen from the figure that the coating consists of

CrB2, CrB, Cr3C2, Cr7C3, c-Al2O3 and a small amount of

Cr2O3. Compared with Fig. 2(b), it can be seen that a

chemical reaction occurred between Cr2O3, B4C and Al in

the Cr2O3-Al-B4C composite powder during spraying. The

specific reaction process is analyzed in detail in

Section 3.3.

Figure 5(a) and (c) shows the cross-sectional SEM

micrographs of the coatings prepared by plasma spraying

the CrB2-Cr3C2-Al2O3 and Cr2O3-Al-B4C composite

powders, respectively. As shown in Fig. 5(a) and (c), there

are large pores in the coating prepared by plasma spraying

the CrB2-Cr3C2-Al2O3 composite powder, compared with

the coating prepared by plasma spraying the CrB2-Cr3C2-

Al2O3 composite powder, with the microstructure of the

coating prepared by plasma spraying the Cr2O3-Al-B4C

composite powder being more compact, showing only a

few small spherical pores. The porosity of the coatings

prepared by plasma spraying the CrB2-Cr3C2-Al2O3 and

Cr2O3-Al-B4C composite powders are 8.7 ± 1.2 and

5.4 ± 0.7%, respectively, which also indicate that the latter

had better compactness. Figure 5(b) is a partial enlarged

view of Fig. 5(a), and the EDS results of the gray area A

and the black area B are shown in Table 2. The results

show that region A contained Cr, B and C elements.

Combined with the XRD results, it is speculated that region

A may be enriched in CrB2, CrB, and Cr3C2. Region B

contains Al and O elements, and, combined with the XRD

results, it is speculated that this region may be enriched in

the Al2O3 phase. It can be seen from Fig. 5(b) that the

microstructure of the coating presents a certain lamellar

distribution, but it can also be seen that the gray structure is

mostly distributed in blocks, showing a poor melting state.

Compared with the borides and carbides of other transition

metals (Ti and Zr), the borides and carbides of Cr have

relatively low melting points, but higher specific heat

capacity. The larger the specific heat capacity, the worse

the thermal conductivity, and the powders are difficult to

melt. In addition, although the temperature of the plasma

jet is high (the temperature at the flame center can be as

high as 10,000–15,000 K), the flame velocity is about

200 m/s, so the residence time of powder particles in the

flame flow is very short (10-4 to 10-3 s), resulting in the

insufficient melting (Ref 37, 38). The black structure was

distributed in thin bands and filled in the gaps of the gray

block structure, which improved the compactness of the

coating to a certain extent, indicating that the melting

degree of the nano-Al2O3 in the plasma jet was better.

Although the melting point of Al2O3 is also high

(2040 �C), compared with CrB2 and Cr3C2, the specific

surface area of the nano-Al2O3 is larger, so the heating area

of the powders is increased, which results in the improved

melting degree. Figure 5(d) is a partial enlarged image of

Fig. 5(c), form which it can be seen that the phases in the

coating prepared by plasma spraying the Cr2O3-Al-B4C

composite powder were distributed in lamellae, the

microstructure distribution was more uniform and there

were fewer microdefects. Figure 5(e) is a high-magnifica-

tion micrograph of the coating prepared by plasma spray-

ing the Cr2O3-Al-B4C composite powder. The EDS results

Fig. 4 XRD patterns of the composite coatings: (a) CrB2-Cr3C2-Al2O3, and (b) Cr2O3-B4C-Al
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of areas C, D, and E in Fig. 5(e) are shown in Table 3.

Combined with the XRD results, it is speculated that the

dark gray area C is rich in CrB2 and Cr3C2, and that the

black area D is rich in c-Al2O3, and that the spherical

particles (region E) are unreacted Cr2O3. It can be seen that

region C is composed of particles with a fine and uniform

structure. The phase interface of region C and region D is

relatively pure, which may be due to the in situ reaction of

the composite powder, so as to avoid the pollution of the

powder particle surface such as oxidation in the traditional

spraying process, reduce defects, and improve the com-

pactness of the coating.

Figure 6 shows TEM images of the coating prepared by

plasma spraying the Cr2O3-Al-B4C composite powder.

Figure 6(a) shows that the grain size range of the equiaxed

grains is 50–100 nm, which can be speculated as CrB2

nanograins. Figure 6(b) shows that the grain size of the

equiaxed grains is about 100 nm, and the diffraction pat-

tern shows the CrB nanograins. The size of short rod-like

Fig. 5 SEM micrographs of the

cross-section of the coatings

obtained by plasma spraying (a),

(b) CrB2-Cr3C2-Al2O3, and (c),

(d), (e) Cr2O3-Al-B4C

Table 2 EDS results of the two composite coatings

Element, wt%) Cr B C Al O

A 56.40 32.49 11.12 … …
B 6.21 3.06 4.03 49.42 37.28

C 61.38 15.64 22.98 … …
D … … … 52.94 47.06

E 68.42 … … … 31.58

2268 J Therm Spray Tech (2023) 32:2262–2282
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grains shown in Fig. 6(c) is about 100 nm, and the

diffraction pattern is calibrated as nano-c-Al2O3. Fig-

ure 6(d) shows that equiaxed nanograins with size less than

50 nm are also dispersed in the coating. The above results

show that the microstructure of the coating prepared by

plasma spraying the Cr2O3-Al-B4C composite powder

contains many nanophases, and that the microstructure is

obviously refined, which can play a key role in strength-

ening and toughening.

Reaction Mechanism of the Cr2O3-Al-B4C

Composite Powder in the Plasma Spraying Process

By comparing the phase analysis results of the Cr2O3-Al-

B4C composite powder and the composite coating, it can be

seen that the Cr2O3-Al-B4C system composite powder had

an obvious chemical reaction in the process of plasma

spraying, and it is speculated that the Cr2O3, Al, and B4C

raw powders may react during the plasma spraying process

as:

7Cr2O3 þ 14Al þ 4B4C ! 8CrB þ 7Al2O3 þ 2Cr3C2

ðEq 6Þ
11Cr2O3 þ 22Al þ 4B4C ! 16CrB þ 11Al2O3 þ 2Cr3C2

ðEq 7Þ
13Cr2O3 þ 26Al þ 6B4C ! 12CrB þ 13Al2O3 þ 2Cr3C2

ðEq 8Þ
19Cr2O3 þ 38Al þ 6B4C ! 24CrB þ 19Al2O3 þ 2Cr3C2

ðEq 9Þ

The above reactions were thermodynamically analyzed

according to the thermodynamic data manual (Ref 39, 40).

The change trend of the Gibbs free energy of Eq. 6–9 with

temperature is shown in Fig. 7(a). It can be seen that the

Gibbs free energy of the four reactions is less than 0,

indicating that the reaction can proceed spontaneously

within a given temperature range. The molar enthalpy

changes of Eq. 6–9 are shown in Fig. 8, indicating that the

four reactions are exothermic. According to the research of

Merzhanov et al. (Ref 41), the adiabatic temperature (Tad)

of the reaction is not less than 1800 K, indicating that a

Fig. 6 TEM micrographs of the

coating prepared by the Cr2O3-

Al-B4C composite powder:

(a) equiaxed CrB2 nano grains,

(b) equiaxed CrB nano grains,

(c) short rod-like c-Al2O3 nano

grains, (d) nanograins dispersed

in the coating
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self-propagating reaction can occur. The heat balance

equation of the reaction in adiabatic condition is:

DHh
298 þ

X
nI Hh

T � Hh
298

� �
i;products

¼ 0 ðEq 10Þ

Q ¼ DHh
298 þ

X
nI Hh

T � Hh
298

� �
i;products

ðEq 11Þ

Equation 10 has been rewritten as Eq. 11, where Q rep-

resents the heat loss of the reaction system. When Q is

equal to 0, it indicates that the heat generated by the

reaction is all used to heat the products, the system is in an

adiabatic state, and the corresponding temperature is the

adiabatic temperature. Figure 7(b) shows the trend of

Q with temperature, and Q6–Q9 are the fitting equations of

the reaction waste heat, Q, with temperature for Eq. 6–9. If

Q = 0, the adiabatic temperature Tad can be estimated. The

calculation results are shown in Fig. 8, demonstrating that

the adiabatic temperature of the four reactions is greater

than 1800 K, indicating that the reactions can occur

thermodynamically.

Figure 9 shows the DTA/TG curve of the Cr2O3-Al-B4C

composite powder. It can be seen from the DTA curve that

there is an endothermic peak near 658.6 �C. Considering

that the melting point of Al is 660 �C, it is considered that

the endothermic peak represents the melting of Al. When

the temperature rose to about 1036.8 �C, an exothermic

peak appeared in the DTA curve, indicating that an

exothermic reaction occurred between the raw powders

near this temperature. In the initial heating stage, due to the

volatilization of the adhesive and water in the composite

powder, the TG curve decreased slightly. With the con-

tinuous rise of temperature, there is a slight oxidation

phenomenon in the composite powder. Therefore, the TG

curve increased slightly, but the change degree of the curve

was very small, indicating that the oxidation degree was

very weak.

In order to further determine the phase transformation of

the Cr2O3-Al-B4C composite powder during heating,

according to DTA/TG curve, three heating temperatures of

700, 900, and 1100 �C were selected for heating, and then

the phase analysis of the treated powder was carried out.

The results are shown in Fig. 10. It can be seen from

Fig. 10(a) that the phase of the composite powder treated at

700 �C is the same as that of the untreated composite

Fig. 7 (a) Standard Gibbs free energy changes, (b) Q value with temperature of Eq. 6–9

Fig. 8 Enthalpy change (DH) and adiabatic temperature (Tad) of

Eq. 6–9

Fig. 9 DTA/TG curve of the Cr2O3-Al-B4C composite powder
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powder, indicating that the components in the composite

powder did not react below 700 �C. The XRD of the

composite powder treated at 900 �C is shown in Fig. 10(b).

At this time, new phases of a-Al2O3, Cr, CrC, and AlB10

appeared in the composite powder, indicating that the

thermite reaction between Cr2O3 and Al began between

700 and 900 �C (Eq. (12)), and part of B4C was decom-

posed. The XRD of the composite powder treated at

1100 �C is shown in Fig. 10(c). At this time, the Al phase

disappeared, indicating the end of the thermite reaction. In

addition, the CrB, Cr3C2 , and Cr7C3 phases were formed,

indicating that the Cr generated by the reaction may further

react with B4C (see Eq. 13–16). The formation of Al5BO9

may be attributed to the reaction of B2O3 formed by the

oxidation of B4C and Al2O3, as shown in Eq. 17:

2Al þ Cr2O3 ! Al2O3 þ 2Cr ðEq 12Þ
11Cr þ 2B4C ! 8CrB þ Cr3C2 ðEq 13Þ
19Cr þ 3B4C ! 12CrB þ Cr7C3 ðEq 14Þ
7Cr þ 2B4C ! 4CrB2 þ Cr3C2 ðEq 15Þ

13Cr þ 3B4C ! 6CrB2 þ Cr7C3 ðEq 16Þ
5Al2O3 þ B2O3 ! 2Al5BO9 ðEq 17Þ

In order to quantitatively analyze the contribution of the

heat released from the thermite reaction to the melting of

the compounds, the heat required for the melting of the

products in Eq. 12 and the reactant in Eq. 13 was calcu-

lated, resulting in:

Q ¼
X

nICp Tmelt � T0ð Þ þ H
� �

ðEq 18Þ

where nI is the stoichiometric number of the compound, Cp

is the average molar heat capacity of the compound from

the melting point to room temperature, Tmelt is the melting

point of the compound, t0 is room temperature, and H is the

phase transition enthalpy of the compound. The results

show that the heat required to melt Cr2O3 and Al is

509.255 kJ, the heat required to melt Cr and B4C is

1597.05 kJ, the heat released by Eq. 12 is 545.594 kJ, and

the heat released by Eq. 15 is 327.608 kJ. Therefore, the

superposition of the heat released by reaction and the heat

provided by plasma jet is enough to melt Cr2O3,

Al, and B4C.

Fig. 10 XRD patterns of the Cr2O3-Al-B4C composite powder heat treated at different temperatures: (a) 700 �C, (b) 900 �C, (c) 1100 �C
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According to the results of thermodynamic analysis and

thermal analysis, the reaction mechanism of Cr2O3-Al-B4C

composite powder in the process of plasma spraying is

speculated to be: firstly, compared with Cr2O3 and B4C, Al

with a lower melting point first melted to form a melt,

which wrapped Cr2O3 and B4C particles; secondly, Al melt

reacted with Cr2O3 particles to form Cr and Al2O3, and Cr,

Al2O3 , and B4C were melted by the heat of thermite

reaction and plasma jet; then, Cr and B4C reacted to form

chromium boride and chromium carbide phases.

Formation Mechanism of the Two Chromium

Boride–Chromium Carbide–Alumina Composite

Coatings

The observation of the deposition morphology of powder

droplets during plasma spraying is beneficial to the

understandng of the formation process of the coating.

Figure 11(a) shows the SEM morphology of a single dro-

plet after deposition of the CrB2-Cr3C2-Al2O3 composite

powder on the substrate. The droplet-sputtering morphol-

ogy is obviously disc-shaped. There are obvious finger

protrusions at the edge of the droplet and a large void

inside the droplet, and the droplet surface is uneven. Fig-

ure 11(b) shows an enlarged view of a local area in

Fig. 11(a), from which it can be seen that there are more

unmelted particles in the droplet. Figure 11(c) shows the

spreading morphology of a single droplet obtained by

plasma spraying the Cr2O3-Al-B4C composite powder. It

can be seen that the droplet surface is relatively flat, there

are almost no unmelted particles in the droplet, and there

are no massive structures or obvious large defects in the

droplet. Figure 11(d) is an enlarged view of a local area in

Fig. 11(c), which shows that the droplet structure is uni-

form and dense. These results show that, compared with

the CrB2-Cr3C2-Al2O3 composite powder, the Cr2O3-Al-

B4C composite powder showed a better melting and flat-

tening degree and a higher cooling rate in the plasma jet,

which is conducive to the formation of a more dense

nanocrystalline structure during the deposition process

ofthe coating.

A schematic of the formation mechanism of the coating

prepared by plasma spraying the CrB2-Cr3C2-Al2O3 com-

posite powder is shown in Fig. 12(a). The formation pro-

cess of the composite coating mainly includes two stages:

melting and deposition of feedstocks. The specific process

is as follows: the raw materials in the composite powders

were mechanically combined under the action of the bin-

der. After the composite powders were fed into the plasma

jet, the nano-Al2O3 particles first melted to form the form

of molten Al2O3 wrapping the CrB2 and Cr3C2 particles. In

the subsequent heating process, some Cr3C2 and CrB2

particles began to melt, and the molten droplets wrapped

unmelted particles. In the deposition process, under the

carrier of the high-speed plasma jet, the melted droplets

and unmelted raw powders impacted the substrate surface.

Molten and semi-molten CrB2 and Cr3C2 were deposited

on the substrate surface, and the irregular block structure in

Fig. 11 SEM micrographs of

the splat of the two composite

coatings: (a) CrB2-Cr3C2-Al2O3,

(b) partial amplification of (a),

(c) Cr2O3-Al-B4C, (d) partial

amplification of (c)
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the coating was formed after cooling, while Al2O3 with

good melting state impacted and spread around the CrB2

and Cr3C2 phases to form the lamellar structure in the

coating. It can be seen that the microstructure of the

coating obtained by plasma spraying the CrB2-Cr3C2-

Al2O3 composite powder was simple mechanical stacking,

resulting in the high porosity of the composite coating.

Based on the analysis of the reaction mechanism and

droplet spreading morphology of the Cr2O3-Al-B4C com-

posite powder, the formation mechanism of the coating

prepared by plasma spraying the powder is shown in

Fig. 12(b). After the composite powders were fed into the

plasma jet, the first stage was that the Al particles melted

and wrapped outside the Cr2O3 and B4C particles, thus the

contact area between raw materials was increased. In the

second stage, with the continuous increase of temperature,

a thermite reaction occurred between the molten Al and

Cr2O3 to generate Cr and Al2O3. The generated Cr and

Al2O3 were fully melted by the superposition of heat

released from the thermite reaction and the heat of plasma

jet, so the liquid environment for subsequent reactions was

formed. In the third stage, Cr generated by the thermite

reaction reacted with B4C. The large amount of heat

released by the Cr2O3-Al-B4C composite powder in the

reaction process can fully melt the generated CrB2, CrB,

Cr3C2 , and Cr7C3. The fourth stage was the deposition

process. The molten products were carried by the high-

speed jet and impacted the substrate surface. A relatively

dense composite coating was formed after cooling.

Properties of the Two Chromium Boride–

Chromium Carbide–Alumina Composite Coatings

Microhardness

The microhardness is an important index to characterize

the properties of ceramic coatings. The microhardness of

the coatings prepared by plasma spraying the CrB2-Cr3C2-

Al2O3 and Cr2O3-Al-B4C composite powders are

1057 ± 138 HV0.1 and 1230 ± 115 HV0.1, respectively.

As an effective method to evaluate the mechanical prop-

erties of materials (Ref 42), the Weibull distribution of

hardness can objectively and truly reflect the relationship

between the mechanical properties and the microstructure

of coatings. The Weibull distribution curve of microhard-

ness of two composite coatings is shown in Fig. 13. The

expression of the fitting line in the figure is:

y ¼ mxþ a ðEq 19Þ

where the larger the m value, the lower the dispersion of

the microhardness value and the more stable the perfor-

mance. Compared with the coating prepared by plasma

spraying the CrB2-Cr3C2-Al2O3 composite powder, the

(a)

(b)

Fig. 12 Schematic of the formation mechanism of the composite coatings: (a) CrB2-Cr3C2-Al2O3, and (b) Cr2O3-Al-B4C
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coating prepared by plasma spraying the Cr2O3-Al-B4C

composite powder exhibits higher average microhardness

and less dispersion. This can be attributed to two reasons.

One is that the porosity of the coating obtained by plasma

spraying the Cr2O3-Al-B4C composite powder is lower,

and the lower the porosity, the higher the microhardness

(Ref 43). Due to the phases in the coating prepared by

plasma spraying the Cr2O3-Al-B4C composite powder

being formed by in situ reaction and the thermite reaction

resulting in the higher melting degree of the composite

powder in the plasma jet, the coating microstructure uni-

formity is good, and thus the dispersion of the micro-

hardness value is lower. Secondly, there are many in situ-

formed nanocrystalline structures in the coating obtained

by plasma spraying the Cr2O3-Al-B4C composite powder,

which play a key role in the fine grain strengthening.

Toughness

Vickers indentation is one of the important methods to

characterize the toughness of coatings (Ref 44, 45). Fig-

ure 14 shows the indentation morphology of the two

composite coatings under a load of 300 g. The SEM

micrograph of the indentation morphology of the coating

prepared by plasma spraying the CrB2-Cr3C2-Al2O3 com-

posite powder is shown in Fig. 14(a), from which it can be

seen that small cracks appeared in and around the inden-

tation, and that there is no obvious warpage. The SEM

micrograph of the indentation morphology of the coating

prepared by plasma spraying the Cr2O3-Al-B4C composite

powder is shown in Fig. 14(b), from which it can be seen

that the indentation is relatively complete, and that there

are no obvious cracks inside and around the indentation.

Compared with the coating prepared by plasma spraying

the CrB2-Cr3C2-Al2O3 composite powder, the coating

prepared by plasma spraying the Cr2O3-Al-B4C composite

powder shows a better toughness, which may be attributed

to fewer defects such as pores and to the nanocrystalline

structure in the Cr2O3-Al-B4C composite coating.

The fracture morphology of the composite coating can

to a certain extent reflect the microstructure of the coating.

At the same time, the fracture toughness can be judged by

observing the fracture step and the propagation mode of the

crack. The larger the fracture fluctuation, the more complex

the crack propagation path. The more energy the material

consumes in the fracture process, the higher the strength

and toughness of the material. Figure 15 shows the fracture

morphology of the composite coatings of the two systems,

in which the coating prepared by plasma spraying the

CrB2-Cr3C2-Al2O3 composite powder is shown in

Fig. 15(a), (c), and (e) and the coating prepared by plasma

spraying the Cr2O3-Al-B4C composite powder is shown in

Fig. 15(b), (d), and (f). Comparing Fig. 15(a) with (b), it

can be seen that the fracture morphology of the coatings of

the two systems shows obvious brittle fracture character-

istics. The lamellar distribution of the microstructure in the

coating prepared by plasma spraying the CrB2-Cr3C2-

Fig. 13 Microhardness Weibull distribution curves of the two CrB2

composite coatings

Fig. 14 SEM micrographs of

surface indentation of the

composite coatings: (a) CrB2-

Cr3C2-Al2O3, and (b) Cr2O3-Al-

B4C

J Therm Spray Tech (2023) 32:2262–2282 2275

123



Al2O3 composite powder is not obvious, and the

microstructure is mainly in the bulk distribution, while the

coating prepared by plasma spraying the Cr2O3-Al-B4C

composite powder displays obvious a lamellar

microstructure and the fracture fluctuates. A long crack is

found in area A in Fig. 15(c), which started from the

lamellar gap and passed through multiple lamellae during

the propagation process, indicating that the coating had

poor crack propagation resistance. As can be seen from

Fig. 15(d), there are small cracks in area B, but the cracks

terminated in a single layer and did not pass between the

layers, showing that the coating prepared by plasma

spraying the Cr2O3-Al-B4C composite powder had a good

ability to resist crack propagation. From regions C and D, it

can be found that there are many nanoparticles inside the

lamellae, and that the microstructure is obviously refined.

As can be seen from Fig. 15(e), there is no nanosized

structure in the lamellae of the coating prepared by plasma

spraying the CrB2-Cr3C2-Al2O3 composite powder. As

shown in Fig. 15(f), in the coating prepared by plasma

spraying the Cr2O3-Al-B4C composite powder, the

microstructure formed in situ is uniform and dense, and the

phase interface is pure, which can result in a higher

interface bonding strength, which is conducive to

improving the crack propagation energy. It is speculated

that the good crack propagation resistance of the coating

prepared by plasma spraying the Cr2O3-Al-B4C composite

powder may be attributed to the formation of a

nanolamellar structure. Therefore, compared with the

coating prepared by plasma spraying the CrB2-Cr3C2-

Al2O3 composite powder, the coating prepared by plasma

spraying the Cr2O3-Al-B4C composite powder shows a

better toughness.

Fig. 15 SEM micrographs of

the fracture surfaces of the

composite coatings: (a) CrB2-

Cr3C2-Al2O3; (b) Cr2O3-Al-

B4C; (c) and (e) are enlarged

views of partial areas of the

CrB2-Cr3C2-Al2O3 system;

(d) and (f) are enlarged views of

partial areas of the Cr2O3-Al-

B4C system
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Scratch Resistance

The scratch resistance of a coating refers to the ability of

the coating surface to resist damage and deformation under

a certain normal load. When the load reaches a critical state

of coating cracking, cracks occur. At this time, a large

strain energy is released inside the coating, and the

resulting elastic fluctuation is collected by the acoustic

emission equipment, showing a large strength on the signal

curve (Ref 46). Figure 16 shows the acoustic emission

signals detected by the composite coatings during the

scratch process. As can be seen from Fig. 16(a), when the

load was 19.9 N, a strong signal fluctuation was detected

by acoustic emission, indicating that cracks had begun to

appear on the surface of the coating prepared by plasma

spraying the CrB2-Cr3C2-Al2O3 composite powder. With

the increase of the load, the signal fluctuation gradually

increased, indicating that the cracks on the coating surface

continued to expand and increase. As can be seen from

Fig. 16(b), when the load was increased to 40.5 N, a strong

signal fluctuation was detected by acoustic emission,

indicating that microcracks had begun to appear on the

surface of the coating prepared by plasma spraying the

Cr2O3-Al-B4C composite powder at this time. With the

increase of the load, the signal fluctuation was less, indi-

cating that the number of cracks on the surface of coating

prepared by plasma spraying the Cr2O3-Al-B4C composite

powder was less. Compared with the coating prepared by

plasma spraying the CrB2-Cr3C2-Al2O3 composite powder,

the coating prepared by plasma spraying the Cr2O3-Al-B4C

composite powder exhibited a greater critical load and

better scratch resistance.

Figure 17(a) and (b) shows the morphology SEM

micrographs of the scratch end of the two chromium bor-

ide–chromium carbide–alumina composite coating after

the scratch tests, respectively. Compared with the coating

prepared by plasma spraying the CrB2-Cr3C2-Al2O3 com-

posite powder, the scratch depth of the coating prepared by

plasma spraying the Cr2O3-Al-B4C composite powder is

relatively shallow and the scratch width is narrow, indi-

cating that the damage of the indenter to the coating pre-

pared by plasma spraying the Cr2O3-Al-B4C composite

powder was not obvious during the scratch process. Fig-

ure 17(c) shows a partial enlarged view of Fig. 17(a). It can

be seen that the scratch surface structure is loose, the

bonding strength of the phase interface is low, and the

cracks are easy to propagate through the phase interface, so

that many cracks are generated perpendicular to the scratch

direction. Figure 17(d) is a partial enlarged view of

Fig. 17(b), from which it can be seen that the scratch

surface is still dense. Although cracks are also found, the

number and length of the cracks are smaller than in

Fig. 17(c). In addition, deflection (region A) and bifurca-

tion (region B) of the cracks can be seen on the scratch

surface. Combined with the acoustic emission curve of the

composite coatings, the scratch resistance of the coating

prepared by plasma spraying the Cr2O3-Al-B4C composite

powder is better than that of the coating prepared by

plasma spraying the CrB2-Cr3C2-Al2O3 composite powder.

The microstructure is the main factor affecting the scratch

resistance of the coating. The higher the content of the hard

phase in the coating, the denser the structure, the higher the

hardness, and the better the scratch resistance of the coat-

ing (Ref 47, 48). Combined the cross-sectional morphology

with the toughness analysis of the composite coating, the

coating prepared by plasma spraying the Cr2O3-Al-B4C

composite powder has excellent compactness, a more

refined microstructure, and high hardness and toughness.

Therefore, the scratch resistance of the coating prepared by

plasma spraying the Cr2O3-Al-B4C composite powder is

better than that of the coating prepared by plasma spraying

the CrB2-Cr3C2-Al2O3 composite powder.

Fig. 16 Acoustic emission signals of the composite coatings: (a) CrB2-Cr3C2-Al2O3; (b) Cr2O3-Al-B4C
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Sliding Wear Resistance

The friction coefficient curve of two composite coatings is

shown in Fig. 18. It can be seen that the variation trend of

the friction coefficient of the two composite coatings first

increases and then tends to be stable. The average friction

coefficients of the coatings prepared by plasma spraying

the CrB2-Cr3C2-Al2O3 and Cr2O3-Al-B4C composite

powders are 0.51 and 0.445, respectively. The coating

prepared by plasma spraying the CrB2-Cr3C2-Al2O3 com-

posite powder has high porosity, more unmelted particles,

and more surface microdefects. The coating prepared by

plasma spraying the Cr2O3-Al-B4C composite powder has

a more uniform and dense structure and relatively low

porosity, so the coating surface is smoother and the coating

is not easy to peel off during friction with the friction pair.

Therefore, the friction coefficient of the coating prepared

by plasma spraying the CrB2-Cr3C2-Al2O3 composite

Fig. 17 End sections of

scratches of the coatings

prepared by plasma spraying the

composite powders: (a) CrB2-

Cr3C2-Al2O3, and (b) Cr2O3-Al-

B4C, (c) is a enlarged view of

partial areas of (a), (d) is a

enlarged view of partial areas of

(b)

Fig. 18 Friction coefficient curves of the two composite coatings:

(a) CrB2-Cr3C2-Al2O3, and (b) Cr2O3-Al-B4C

Fig. 19 Wear profile of the two composite coatings
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powder is higher than that of the coating prepared by

plasma spraying the Cr2O3-Al-B4C composite powder.

The wear scar of two composite coatings is shown in

Fig. 19, from which it can be seenthat the wear scar of the

coating prepared by plasma spraying the Cr2O3-Al-B4C

composite powder is shallower than that of the coating

prepared by plasma spraying the CrB2-Cr3C2-Al2O3 com-

posite powder. The wear rate of the coatings prepared by

plasma spraying the CrB2-Cr3C2-Al2O3 and Cr2O3-Al-B4C

composite powders calculated by Eq. 1 are 0.98 9 10-3

and 0.72 9 10-3 mm3/N m, respectively. It can be seen

that the wear rate of the coating prepared by plasma

spraying the CrB2-Cr3C2-Al2O3 composite powder is

higher than that of the coating prepared by plasma spraying

the Cr2O3-Al-B4C composite powder because the porosity

of the coating prepared by plasma spraying the CrB2-

Cr3C2-Al2O3 composite powder is relatively high. There

are many surface microdefects, and the bonding strength of

each layer in the coating is low. In the process of friction,

the friction stress can very easily exceed the bonding

strength between the layers, resulting in easy peeling of the

coating. Therefore, the overall wear of the coating

increases. The coating prepared by plasma spraying the

Cr2O3-Al-B4C composite powder synthesized by the in situ

reaction has a lower porosity, a more refined microstruc-

ture, and higher microhardness. Therefore, the wear per-

formance of the coating prepared by plasma spraying the

Cr2O3-Al-B4C composite powder is better than that of the

coating prepared by plasma spraying CrB2-Cr3C2-Al2O3

composite powder.

The wear scar morphology of two composite coatings is

shown in Fig. 20. Comparing Fig. 20(a) and (b), for the

coating prepared by plasma spraying the CrB2-Cr3C2-

Al2O3 composite powder, the width of the wear scar is

relatively large and the wear scar surface is relatively

rough, while the width of the wear scar of the coating

prepared by plasma spraying the Cr2O3-Al-B4C composite

powder is more small and the wear scar surface is more

smooth. Figure 20(c) is an enlarged view of the middle area

of the wear scar in Fig. 20(a), which shows that the wear

scar surface has obvious smooth areas and rough areas, the

smooth area being the deformation layer generated by the

friction between the ceramic ball and the dense structure in

the coating, and the rough area being the pores in the

coating or the peeling pits caused by the wear (Ref 49).

Figure 20(c’) is an enlarged view of the edge area of the

wear scar in Fig. 20(a). It can be seen that this area is

mainly composed of loose particles, indicating that the

coating is seriously worn. Figure 20(d) is an enlarged view

of the local area in Fig. 20(b), from which it can be seen

that the smooth area of the wear scar surface has obvious

tissue deformation, but there is still no large lamellar

spalling, while the peeling pit area of the rough area is

small. Compared with the coating prepared by plasma

spraying the CrB2-Cr3C2-Al2O3 composite powder, the

coating prepared by plasma spraying the Cr2O3-Al-B4C

Fig. 20 SEM micrographs of

wear scars of the two composite

coatings: (a), (c) CrB2-Cr3C2-

Al2O3; (b), (d) Cr2O3-Al-B4C
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composite powder does not have large lamellar spalling.

The possible explanation is that the coating shows an

obvious refined microstructure and high toughness. In the

process of friction and wear, the coating has high defor-

mation resistance, difficult crack propagation, and is not

easy to fracture. Table 3 shows the data of microhardness,

coefficient of friction, and wear rate of the composite

coatings containing chromium boride or chromium carbide

prepared by plasma spraying. It can be seen that, compared

with the composite coatings reported in the literatures, the

CrB2-Cr3C2-Al2O3 composite coating synthesized in situ

by plasma spraying the Cr2O3-Al-B4C composite powder

in this work shows a higher microhardness and a lower

coefficient of friction and wear rate, displaying excellent

wear resistance.

Conclusions

(1) The coating prepared by plasma spraying the CrB2-

Cr3C2-Al2O3 composite powder consisted of CrB2,

CrB, Cr3C2, a-Al2O3 , and c-Al2O3. The coating

prepared by plasma spraying the Cr2O3-Al-B4C

composite powder was composed of CrB2, CrB,

Cr3C2, Cr7C3 , and c-Al2O3. The results show that

the composite coatings mainly composed of chro-

mium boride and chromium carbide can be prepared

in situ by plasma spraying Cr2O3-Al-B4C composite

powder.

(2) The coating prepared by plasma spraying the CrB2-

Cr3C2-Al2O3 composite powder had many pores and

an uneven microstructure. The microstructure of the

composite coating prepared in situ by plasma

spraying the Cr2O3-Al-B4C composite powder was

obviously lamellar and refined, many nanosized

chromium boride and chromium carbide phases were

formed, the in situ-formed phases were closely

bonded, and the porosity of the coating was low.

(3) The formation mechanism of the coating prepared by

plasma spraying the CrB2-Cr3C2-Al2O3 composite

powder is a melting–deposition mechanism. The

formation mechanism of the coating obtained by

plasma spraying the Cr2O3-Al-B4C composite pow-

der includes three stages: melting, reaction, and

deposition. Al powders with a low melting point

melted and wrapped the Cr2O3 and B4C particles.

Then, an in situ reaction occurred which was divided

into two steps. First, Al and Cr2O3 underwent a

thermite reaction to form Cr and Al2O3 phases, and

second, Cr and B4C reacted to form chromium

boride and chromium carbide phases.

(4) The average microhardness of the coating prepared

by plasma spraying the CrB2-Cr3C2-Al2O3

composite powder was 1057 ± 138 HV0.1, the

microhardness dispersion was large, the friction

coefficient was 0.51, and the wear rate was

0.98 9 10-3 mm3/N m. The microhardness of the

coating obtained by plasma spraying the Cr2O3-Al-

B4C composite powder was 1230 ± 115 HV0.1, the

hardness dispersion was small, the coefficient of

friction was 0.445, and the wear rate was

0.72 9 10-3 mm3/N m. The coating obtained by

plasma spraying the Cr2O3-Al-B4C composite pow-

der exhibits obvious microstructure refinement, good

toughness, scratch resistance, and sliding wear

resistance.
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