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RESEARCH ARTICLE

Plasma-sprayed Al2O3-TiB2-SiC ternary composite coatings and its wear
behaviour based on SiC content
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aDepartment of Mining and Metallurgical Engineering, Yazd University, Yazd, Iran; bDepartment of Ceramic, Materials and Energy
Research Center, Karaj, Iran; cDepartment of Materials, Mechanics, Management and Design, Delft University of Technology, Delft,
the Netherlands

ABSTRACT
This paper aims to study the effect of adding different SiC content on the wear performance of
Al2O3-TiB2-SiC ternary composite coatings produced by the air plasma spraying process. The
study used SHS powders as primary materials, consisting of H3BO3, Al, and TiO2, and 5, 10,
and 15 Vol.% SiC. The microstructure and wear specifications of the coatings were
characterised using FESEM, microhardness, and pin-on-disk methods. The results showed
that the addition of SiC led to higher hardness and lower wear track width and rate
compared to Al2O3-TiB2 composite coatings. The best wear behaviour was observed in
Al2O3-TiB2-10%SiC and 15 wt% SiC composite coatings. The main wear mechanisms were
found to be brittle fracture, delamination and adhesive for all samples.
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1. Introduction

Al2O3-based composite coatings are utilised in the
aerospace, automotive, and petrochemical industries
to modify the surface of steel [1]. Alumina coatings
possess both high hardness and chemical stability
[2]. However, their low thermal shock resistance and
fracture toughness are significant drawbacks, making
them unsuitable for use in their pure form. It has
been established that adding oxide or non-oxide sub-
stances to Al2O3 can enhance its mechanical proper-
ties, making the combination of oxide and non-
oxide additives a desirable option [3].

Besides Al2O3, other materials known for their
hardness, such as TiB2, TiC, and SiC, have gained

attention in the field of surface engineering due to
their high hardness and resistance to wear. Further-
more, multi-component ceramic composites have
been found to possess higher fracture toughness com-
pared to single component ceramics [4]. Reinforcing
agents such as TiC, TiN, ZrO2, and SiC are employed
to improve the structure and mechanics of the Al2O3-
based composite ceramics [5]. Additionally, these
Al2O3-TiB2 coatings have been strengthened with
the introducing of TiC and TiN [6–8].

SiC ceramics are known for their resistance to oxi-
dation, corrosion, and creep, as well as their high
hardness and wear resistance. Adding SiC to the
Al2O3 matrix leads to an increase in hardness (Ko
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et al [9].). Zhou et al. reported that SiC addition to
Al2O3 causes improvements in mechanical properties
like hardness, fracture toughness, flexural strength,
and surface finish. The wear rate also reduced in com-
parison with monolithic alumina [10]. Additionally,
Al2O3-SiC-TiC composites have been shown to have
better wear resistance than Al2O3 alone (Smirnov
et al. [11,12]).

Among these papers, only a few papers discussed
the synergetic roles of SiC on the properties of the
Al2O3-TiB2-based composites [13,14]. Jianxin [15]
fabricated Al2O3-TiB2-SiCw bulk composites by SiC
whiskers, and studied the friction and wear behaviour
of them, and found that adding 30 wt% SiC whiskers
resulted in a wear rate reduction of less than 10−7

mm3/N.m. They showed that increasing the amount
of SiC increased the hardness and the fracture tough-
ness of the samples.

Laser technology has also been utilised in the devel-
opment of hard and wear-resistant TiB2-TiC-Al2O3-
SiC composite coatings on AISI 1020 steel (Masanta
et al. [16]). An increase in SiO2+C content in precur-
sors, was found to increase the micro-hardness of the
coating at the cross-section.

The development of Al2O3-TiB2 composite coat-
ings has been achieved through various techniques,
including reactive spraying, electron beam deposition,
laser cladding, in-situ plasma spray, and axial plasma
spray [10,17–24]. Compared to these methods, the
atmospheric plasma spraying (APS) method has
advantages such as controlled coating thickness, high
efficiency, the ability to apply high temperature coat-
ings and cost-efficient and easy use [25]. This simple
technology allows for creating coatings with high
hardness and excellent wear resistance. For example,
Xu et al. [26] deposited Al2O3-TiB2-TiC/Al composite
coatings on MB26 magnesium alloy, while Zou et al.

Table 1. Specifications of the raw materials.
Materials Company Average particle size (µm)

TiO2 SDfine Art: 40446 <44
H3BO3 Merck – 100165 <100
Al Avl metal – FLPN25 <25
SiC Industrial <10
NiCrAlY Oerlikon metco −106+53

Figure 1. XRD patterns of the starting materials.
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[27] developed TiB2-SiC coatings using a supersonic
atmospheric plasma spray process. The spraying con-
ditions affect the coating characteristics, and the pro-
cess parameters optimised accordingly. Luo et al.
[28] produced Al2O3-TiB2/Ni composite-phase sur-
face coatings on Cu-Cr-Zr alloy electrodes using elec-
tro-spark deposition.

Another method for producing Al2O3-TiB2 compo-
site powder is self-propagating high-temperature syn-
thesis (SHS). This composition can be synthesised in
situ from raw materials, including H3BO3, Al, and
TiO2 [29–31].

To the authors’ understanding, the impact of SiC
content on the wear properties and friction behaviour

of APSed Al2O3-TiB2-based composite coatings was
not examined before. In this work, the Al2O3-TiB2
composite mixture was synthesised by the SHS
method. 5, 10, and 15 vol. % SiC have been added to
Al2O3-TiB2 coatings, which were fabricated by the
APS. The hardness, friction, and wear properties of
the three ternary composite coatings (sliding against
WC counterpart) were investigated and compared
with the Al2O3-TiB2 coating. Based on the results
and observations, the effect of different SiC content
on the wear mechanisms of the coatings produced
through APS method was discussed. It is expected
that this research would shed some light on the design
of APSed Al2O3-TiB2 coatings.

Table 2. APS parameters for coatings.
Gun Type Argon low rate (SCFH) Hydrogen gas flow rate (SCFH) Current (A) Voltage (V) Powder feed rate (Lbs./Hr.) Spary distance (Cm)
3MB Metco 80 15 500 55 25 8

Figure 2. Rietveld refinement results of the synthesised materials milled for (a) 1.5 h, (b) 3 h, (c) 6 h.
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2. Materials and methods

2.1. Raw materials and coatings formation
process

The specifications for the starting materials are out-
lined in Table 1. The XRD pattern of the materials
used in the research is displayed in Figure 1. The
H3BO3, Al, and TiO2 raw powder materials were
blended in precise proportions based on reaction 1
[29], and then dry milled using a planetary ball mill
at 200 rpm with a 10:1 ball-to-powder ratio in a stain-
less steel container for 1.5, 3, and 6 h. The resulting
mixture was cold-pressed uniaxially into 3 cm diam-
eter stainless steel molds to create raw disks with a
theoretical density of approximately 70%. The SHS
process was carried out in an electrical furnace
under an argon atmosphere at 1000°C.

10Al + 3TiO2 + 6H3BO3

� 3TiB2 + 5Al2O3 + 9H2O (1)

DH(298) = −2518.9 (KJ/mol)

After the combustion synthesis process, the syn-
thesised powder was characterised by XRD (Siemens
D-500 X-ray diffractometer equipped with CuKα radi-
ation (λ = 1.54 Å at 20 kV and 30 mA)) and Field
emission scanning electron microscopy (TESCAN

MIRA3, Czech Republic). Then SiC powder was
added to the synthesised powder in amounts of 5,
10, and 15 weight percentages and the specimens
were called C2-5S, C2-10S, and C2-15S, respectively.
The Al2O3-TiB2 coating was prepared and called C2.
Final mixtures were spray dried and granulated, and
final granules were air plasma sprayed on a steel disk
coated by a NiCrAlY interface layer before final APS
to reach out better adherence between the composite
coating and metallic substrate. APS processing
parameters are summarised in Table 2.

2.2. Coatings specification

The Phase identification of composite coatings was
performed by XRD. Vickers indentation technique
(MVK-H21, Akashi, Japan) was applied for micro-
hardness measurements with a load of 10 g and a
holding time of 15 s. The hardness values were
obtained by calculating the mean of at least 5 indenta-
tions for each sample. The surface roughnesses of the
specimens were specified by TR-100 surface roughness
tester. The evaluation of the wear behaviour of compo-
site coatings was conducted by a Pin-on-disk setup
[32]. A tungsten carbide (WC) pin (diameter =
5 mm, hardness = 75 HRC) was utilised as the coun-
terbody. The sliding speed during experiments applied
normal load and sliding distance were 0.07 m/s, 3 N,
and 200 m, respectively. The distance of the WC pin
from the centre of the specimens was balanced to be
10 mm (internal diameter: 20 mm). The coefficient
of friction during the test was monitored by sensors.
The wear rate was calculated by equations 2 and 3 [33]:

Wear rate = V /(N.S) (2)

V (Volume loss) = (pRd3)/6r (3)

Where ‘V’ is the volume loss of the sample (mm3), ‘N’
is the normal load (N), and ‘S’ is the sliding distance
(m). The volume loss was determined from relation
2: Where ‘R’ is the wear track radius (mm), ‘d’ is the
wear track width (mm), and ‘r’ is the pin radius
(mm) after wear tests.

Rietveld refinement method was applied to study
the crystallographic features using Material Analysis
Using Diffraction (MAUD) software [34]. The micro-
structure and worn surfaces of the coatings were ana-
lysed by field emission scanning electron microscopy

Table 3. Quantitative and crystallographic analysis of synthesised powders obtained by Rietveld refinement method.
Milling time Identified phases Phase weight

fraction (wt%)
Crystal system Space group Unit cell dimensions

Before SHS After SHS a = b (nm) c (nm) α = β γ
1.5 h Al2O3 0 73.61 trigonal R-3c:H 4.7586503 12.992093 90 120

TiB2 0 26.39 hexagonal P6/mmm 3.028308 3.2302449 90 120
3 h Al2O3 0 71.45 trigonal R-3c:H 4.756157 12.9853945 90 120

TiB2 0 28.55 hexagonal P6/mmm 3.0273445 3.2275958 90 120
6 h Al2O3 0 73.73 trigonal R-3c:H 4.761842 12.999987 90 120

TiB2 0 26.27 hexagonal P6/mmm 3.0282197 3.2303743 90 120

Figure 3. XRD patterns of the coated specimens: (a) C2, (b) C2-
5S, (c) C2-10S, (d) C2-15S.
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(TESCAN MIRA3, Czech Republic) equipped with an
energy dispersive X-ray (EDX). EDS detector was
employed to examine the delamination mechanism
and the adhesive wear mechanism, which is affected
by the transfer of tungsten element between coated
surfaces and the WC pin during the wear test.

3. Results and discussion

3.1. Phase characterisation

The results of Rietveld refinement operated on the
XRD patterns of the synthesised powders milled for
1.5, 3, and 6 h are presented in Figure 2(a–c) and

Table 3. As seen, the reaction propagated completely
and the final products of all the samples are Al2O3

and TiB2. The combustion reaction duration was 60,
40, and 30 s for 1.5, 3, and 6 h milling time, respect-
ively. It can be concluded that increasing milling
time led to lower combustion reaction time in
H3BO3, Al, and TiO2 system. Moreover, the powders
consist of about 70 wt% Al2O3 phase and about 30
wt.% TiB2 phase, which is near to the calculated values
of the products of the reaction (1), i.e.71 and 29 wt.%
for Al2O3 and TiB2, respectively. Therefore, for the
next step, the 1.5 h milled composition was chosen
to mix with SiC and then plasma spray on substrates.

Figure 4. Hardness and wear rate of the coated specimens.

TRIBOLOGY – MATERIALS, SURFACES & INTERFACES 5



Figure 3 displays XRD patterns of the coated speci-
mens, i.e. C2, C2-5S, C2-10S, and C2-15S. It was
identified that after APS, α-Al2O3, and TiB2 for C2
and α-Al2O3, TiB2, and SiC for C2-5S, C2-10S and
C2-15S were the detected phases. α-Al2O3 to the
non-equilibrium γ-alumina transformation was
observed for C2 and C2-5S. No phase transformation
was observed for C2-10S and C2-15S after the plasma
spray process, or the amount of in situ γ-alumina is
not within the range that XRD can detect. Cheng
et al. [19] reported α-alumina to γ-alumina phase
transformation due to a high cooling rate during
APS. Alvar et al. [21] have also reported α-alumina
to γ-alumina phase transformation. There is also no
TiO2 phase peak in the XRD pattern which shows

that TiB2 oxidation probably did not occur. The theor-
etical thermal conductivity of SiC is larger than
300W·m1·K−1 at room temperature and is classified
as a high thermal conductivity ceramic [35]. It can
be said that the uniform distribution of SiC particles
throughout the coated layer reduces the rapid cooling
effect on the coating and prevents the creation of in
situ and non-equilibrium phases. Moreover, SiC
does not react with the other phases due to the non-
reactivity of SiC, and the proportion of phases in com-
posite remains approximately unchanged.

3.2. Hardness and wear properties

The average surface roughnesses (Ra) of the coatings
after plasma spray process were between 4 and 6 and
1 µm before wear test. Figure 4 depicts the FESEM
image of the wear track of the coated specimens
after the pin-on-disk test. In order to compare wear
properties, two parameters of wear track width and
wear rate must be specified. The average widths of
the wear tracks and wear rates were calculated accord-
ing to the attributed images. Based on the calculations,
values of 1196.8, 1065.7, 598.3, and 594.1 µm were
obtained for the width of the wear track of C2, C2-
5S, C2-10S, and C2-15S, respectively. When the
amount of SiC increased in the composition to 10
and 15 wt%, γ-alumina unwanted phase eliminated,

Figure 5. Wear track of the coated specimens: (a) C2, (b) C2-5S, (c) C2-10S, (d) C2-15S.

Table 4. Hardness of Al2O3-TiB2 composites in comparison
with other researches.
Material Coating method Hardness (Hv) Reference
Al2O3-TiB2-SiC APS 440.3 Present work
Al2O3-TiB2 IPS 520 [23,24]
Al2O3-TiB2 APS 728–1668

620–1430
[19,20]

Al2O3-TiB2 APS 1300 [10]
Al2O3-20wt%TiB2 APS 1120 [21]
Al2O3-30wt%TiB2 APS 1145 [21]
Al2O3-TiB2-SiCw Bulk sample 2182–2243 [15]
Al2O3-TiB2 Bulk nanocomposite 1642 [43]
TiB2-SiC APS 377.3 [27]
TiB2-TiC-Al2O3-Al IPS 254–723 [38]

6 S. H. MIRHOSSEINI ET AL.



and the wear track width reduced significantly. Wear
rate is associated with Young’s modulus, hardness,
and fracture toughness of the composite. It was
reported that adding SiC eliminated wear rate of
bulk alumnia by blocking brittle fracture of the cer-
amic [36]. It seems that, in the Al2O3-TiB2-SiC coat-
ing, SiC reduces crack propagation and growth.
Notably, by the addition of 15 wt% SiC, the wear
track width does not alter compared to the C2-10S
sample. Seemingly, rising SiC content may lead to
agglomeration and inhomogeneous microstructure.
This can affect the wear properties and neutralise the
positive effect of increasing SiC, which was the
improvement of hardness and toughness of the

coatings. Therefore, increasing SiC by 15 wt% does
not make a significant change in the wear width.

Figure 5 illustrates composite coating hardness
variation and wear rate versus SiC weight percentage.
It is obvious that applying coating on the steel sub-
strate led to a hardness improvement. As can be
seen, adding SiC to the Al2O3-TiB2 ceramic system
led to increased hardness. The addition of SiC pre-
vents the mobility of matrix grain boundaries defects
[37]. The presence of SiC beside the Al2O3 grains
and in the triple junctions suppresses the progress of
defects by pining effect during plastic deformation
[36]. Therefore, the addition of SiC increases the hard-
ness of the coating.

Figure 6. Higher magnification of worn surfaces of the coated specimens: (a) C2, (b) C2-5S, (c) C2-10S, (d) C2-15S.
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Tekmen et al. [23,24] produced in-situ plasma
sprayed Al2O3-TiB2 coating with 520 Hv0.2. Cheng
et al. [19,20] reported hardness values of APSed coat-
ings fabricated by Al2O3-TiB2 SHSed powders in the
range of 728–1668 Hv and 620–1430 Hv with 100
and 200 g load For plasma sprayed Al2O3-TiB2. In
another study, reactive plasma sprayed Al2O3-TiB2
with a hardness of 1300 Hv0.1 was developed [10].
Alvar et al. [21] studied Al2O3-TiB2 nanocomposite
coatings and declared 1120 and 1145 for 20 and
30 wt% of TiB2, respectively. Jianxin [15] investigated
the hardness of hot-pressed Al2O3-TiB2-SiCw bulk and
reported 2182–2243 Hv hardness. In another study,
IPSed (in-situ plasma sprayed) TiB2-TiC-Al2O3-Al
coating was obtained 254-723Hv [38]. These results
are summarised in Table 4. Notably, the hardness of
Al2O3-TiB2 coating is lower than its nanocomposite
coating and bulk. Finer particles, especially in nano-
composites resist more against plastic deformation
due to more grain boundaries, so the hardness is
more than bodies with coarse particles [37]. The
lower value of the hardness of the Al2O3-TiB2 may

be due to remaining unmolten materials, microcracks,
and higher porosity [2,39].

It is clear that SiC reinforcement has an essential
role in the reduction of the wear rate of coated
samples. It can be noticed that the wear rates of C2-
10S and C2-15S are the same, because the wear track
widths of them are similar. For a hot-pressed Al2O3-
TiB2-SiCw bulk specimen, the wear rate is calculated
as less than 10−7 mm3/N.m with Vickers hardness of
about 2213 and 2243 for 20 and 30 wt% SiC whiskers
[15]. In another research, HV= 2714 and a wear rate of
0.126 × 10−3(mm3/N.m) for an Al2O3-TiB2-TiN com-
posite coating produced by Laser surface alloying [8].
Dey et al. [40] have also reported a wear rate of
0.557 × 10−3(mm3/N.m) for Al2O3-TiB2-TiN-BN
composite coating (HV= 492.35) and 0.376 ×
10−3(mm3/N.m) with HV= 1052.19 for another
sample which were developed by laser cladding
method. These results show that the wear rate depends
on the hardness of the surface severely. The porosity of
the composite has a direct impact on its Elastic mod-
ule (E). Present results show less hardness compared

Figure 7. Microstructure and EDS analysis of C2 worn surface.
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to previous works and more porosity, consequently.
When porosity exceeds, E will decrease and will
increase the H/E ratio, which improves wear resistance
[41,42]. In summary, although the hardness of Al2O3-
TiB2-SiC of the present work is lower than the hard-
ness of Al2O3-TiB2, H/E growth improves wear
resistance.

3.3. Microstructure evaluations of worn
surfaces

Figure 6 shows higher magnification secondary elec-
tron images of worn surfaces of the coated specimens.
As seen, several microcracks grew on the surface of the
coated samples (Figure 6(a–d)). Ceramic composites
are brittle and have low fracture toughness, and cracks
can create and grow during pin-on-disk experiment.
It can be said that the brittle fracture mechanism has
an important role in all of the samples and may be

originated from fatigue [44]. These microcracks
meet each other and lead to the creation of
delaminated regions (Figure 6(a–d)). Finally, the
delamination mechanism occurs during the wear
experiment [45]. Coefficient of thermal expansion
(CTE) of Al2O3, TiB2 and SiC are 9.08 × 10−6, 8.1 ×
10−6, and 5.48 × 10−6 °C−1, respectively [16]. The
entry of SiC particles into the Al2O3-TiB2 coating
causes residual compressive stress due to a mismatch
of the coefficient of thermal expansion on the SiC/
Al2O3 and SiC/TiB2 grain interfaces, and the interface
bonding strength improves. On the other hand, the
tensile stress of the Al2O3 matrix increases. Therefore,
the fracture toughness enhances, because the crack
needs more energy to propagate along the interfaces.
Additionally, the presence of SiC particles can reduce
crack energy by increasing the crack path length. SiC
particles can also pin cracks, and prohibit crack devel-
opment [46]. At last, the fracture toughness increases

Figure 8. (a) Microstructure and EDS analysis, (b) Map analysis of C2-5S worn surface.
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and the wear behaviour of the ternary composite coat-
ings enhances.

Figures 7 and 8 show the microstructure of worn
surfaces of C2 and C-5S coatings. EDS analysis was
applied to investigate elemental evaluation. The grey
matrix (point A) is Al2O3 and the light grey phase
(point B) is TiB2. It was difficult to distinguish the
SiC phase due to the similar colour contrast with
Al2O3. With the aid of map analysis (Figure 8(b)), a
Si-rich region was found. White particles (point C)
are rich in tungsten element originating from the
WC pin test. It confirms that during the wear test,
movement of the hard pin on the coating surface led
to WC particles removal and adhesive wear mechan-
ism occurred. The hardness of SiC is more than WC
and TiB2 is harder than WC due to its ionic-covalent
bonding [47]. During the wear test of the Al2O3-TiB2
coatings, the WC pin contacts TiB2 and SiC phase, and
WC particles separate. Moreover, removed WC

particles on the wear track can perform as an abrasive
agent and make more particles from WC pin separ-
ated. Therefore, the detached WC particles stick to
the wear surface [45]. As it can be seen, more WC par-
ticles are on the C2-5S worn surface compared to C2.
This can be related to the higher hardness of C2-5S
due to higher SiC content.

Figure 9 shows the microstructure and map analy-
sis of the C2-10S worn surface. Point A shows the
alumina matrix, and point B is TiB2. Scattered WC
white particles (point C) adhere to the worn surface.
As can be seen, wherever the O element exists, Si
also exists. Moreover, the C element does not exist
to a large extent. Consequently, it can be said that
during the wear test in the air atmosphere, due to
the movement of the pin on the coating, the surface
of the SiC grains is scratched. On the other hand,
wear tensions create some cracks on the surface.
Therefore, oxygen can penetrate through the

Figure 9. (a) Microstructure and EDS and (b) MAP analysis of C2-10S worn surface.
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imperfect surface and cracks, SiC partially oxidises
and transforms to SiO2 in some extent.

The microstructure of the C2-15S worn surface is
shown in Figure 10. As stated before, according to
EDS results, points A and B refer to alumina and
TiB2, respectively. WC separated particles (point C)
scattered through the worn surface. As SiC content
increase, more SiC hard particles will face to WC
pin and more WC will remove. According to worn
surface figures, white WC particles are exceeded
from C2 to C2-15S. As seen, in the Si-rich region,
SiC grains partially oxidised, and the EDS analysis
showed Si, C, and O elements. A crack has also
grown in the middle of the Si-rich region which can
provide a path for oxygen entrance. In conclusion,

the oxidation mechanism can be activated during the
pin on disk wear test of SiC-containing coatings.
Gupta and Kumar [48] reported the reaction of SiC
with air oxygen during the wear test for ZrB2-SiC
composite based on reaction (2). Related tribooxida-
tion occurrence has also been declared by other
studies [49,50].

SiC+ 1.5O2 = SiO2 + CO (2)

Figure 11(a) depicts the C2-10S cross section and
Figure 11(b) shows a higher magnification of the coat-
ing layer. The coating, interface layer, and substrate
are observed in Figure 11(a). As seen, the NiCrAlY
layer is well deposited onto the substrate. Additionally,

Figure 10. (a) Microstructure and EDS analysis of (b) Map analysis C2-15S worn surface.
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Good adherence between the composite coating and
the interface layer is achieved. According to EDS
analysis of different phases (Figure 11(c)), point A is
related to the SiC phase, B to Al2O3, and C to TiB2,
and distribution of reinforcements throughout the
composite layer is uniform.

3.4. Friction behaviour

Figure 12 reveals the variation of the friction coeffi-
cient (COF) with the sliding distance obtained from
pin-on-disk experiments for the coated specimens.
Normally, COF graphs can be identified by two par-
ameters, i.e. µp and µss, which are COF at peak value
and COF at steady state value, respectively. COF
values are 1.73, 2.91, 2.88, 2.16, and 0.81 for substrate,

C2, C2-5S, C2-10S, and C2-15S, respectively. As seen,
the 10 wt% SiC and 15 wt% SiC composite coatings
showed more stable friction and wear behaviour
than that of the Al2O3-TiB2 and 5 wt% SiC ceramic
coatings. SiC particles played a role as a solid lubricant
in this tribological composite system, enhancing the
friction and wear characteristics of the coatings [51].
It is clear that adding 10 wt% SiC and 15 wt% SiC
can reduce the fluctuation of COF curves and help
the wear resistance. Zhou et al. have reported Ni-SiC
coating showed a more stable curve of COF in com-
parison with Ni coating [52]. Moreover, adding 15
wt. % SiC did not change wear rate, but it decreased
COF significantly. It is assumed that the self-lubricant-
ing feature of SiC activates by 15%wt. COF reduction
can be attributed to SiO2 phase formation, which is

Figure 11. (a) Cross section of C2-10S, (b) C2-10S surface coating layer at higher magnification, (c) EDS analysis of different phases.
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more notable in C2-15S. Zhang et al. [53] also investi-
gated SiC lubrication by annealing in atmospheric
condition and demonstrated that the creation of
SiO2 layers minimise COF and improve the wear
resistance of SiC. Deng et al. [44] also stated that
due to the reaction of silica with air humidity, colloidal
silica is formed based on reaction (3), which is an
effective lubricant product. By increasing the amount
of SiC to 15%%wt., more SiO2 phase and colloidal
silica are produced, and the friction coefficient drops
significantly. In conclusion, oxidation and silica
phase reveal the anti-fluctuation effect of SiC in C2-
10S and C2-15S samples.

SiO2 + 2H2O = Si(OH)4 (3)

4. Conclusions

In this study, the air plasma spray method was utilised
to create Al2O3-TiB2-SiC composite coatings on steel
substrates using the SHS-synthesised powders. The
effects of SiC reinforcement content on the micro-
structure and wear behaviour of the coatings were
then evaluated. The key findings from the experiments
and analysis can be summarised as follows:

1. SiC reinforcing agent was used for Al2O3-TiB2
composite coatings on steel substrates to improve
wear properties successfully. Phase transformation

from α-alumina to γ-alumina did not occur after
the plasma spray process.

2. SiC reinforcement improves wear resistance by
increasing hardness, mitigating cracks energy, less
wear track width, and less wear rate.

3. Based on the wear rate results, the Al2O3-TiB2-10%
SiC composite has the lowest wear volume rate.
Interestingly, 10 SiC and 15 wt% can activate the
anti-fluctuation effect of SiC, according to COF
graphs. Adding 15 wt% SiC did not change the
wear rate, but it decreased COF significantly
through SiO2 lubricant phase formation.

4. Principal wear mechanisms are brittle fracture,
adhesive, and delamination. Through EDS analysis,
it can be drawn that the SiC tribo-oxidation mech-
anism during the wear test plays a vital role in COF
reduction and wear resistance.
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