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ABSTRACT
In this work, a four-step process was developed to fabricate Al2O3-based composites synergistically reinforced 
with in situ generated ZrO2 and SiCw. First, a homogeneous Al2O3/SiO2/ZrO2+C precursor was prepared by 
SCS method. Second, the precursor was converted into Al2O3/SiCw/ZrO2 composite powder through carboth-
ermal reduction, water washing, and air calcination. Third, the composite powder was first mixed with a PVA 
solution by ball milling, and the resulting mixtures were then pressed into form a green compact of Al2O3/
SiCw/ZrO2. Finally, the green compact were sintered by the APS method to obtain five Al2O3/SiCw/ZrO2 com-
posites (denoted as ASxZy). The mechanical properties and wear resistance of the five ASxZy samples were 
investigated. The results indicate that the friction coefficients of the five ASxZy samples range from 0.6 to 0.7. 
Among them, the AS10Z20 sample exhibits the lowest wear rate and the best overall mechanical properties. In 
these ASxZy samples, SiCw mainly inhibits crack propagation and dissipates fracture energy through whisker 
bridging, whisker pull-out, and crack deflection, whereas ZrO2 mainly contributes to toughening through crack 
deflection and microcrack toughening. The dominant wear mechanism of four SiCw-containing ASxZy samples 
is fatigue wear, whereas that of the AZ30 sample without SiCw is adhesive wear.
Keywords: Al2O3/SiCw/ZrO2 composites; Mechanical properties; Wear resistance; SiCw/ZrO2 collaborative 
enhancement; Solution combustion synthesis.

1. INTRODUCTION
Al2O3 ceramics exhibit high hardness, high flexural strength, high wear resistance, and excellent chemical  
stability, and are widely used in fields such as machinery, electronics, and biomedical devices [1–4]. However, 
brittleness is a major drawback of Al2O3 ceramics, which shortens their service life and greatly limits their 
broader applications. Therefore, improving the fracture toughness of Al2O3 ceramics is of great importance for 
extending their service life and broadening their applications. The fracture toughness of Al2O3 ceramics is com-
monly improved by the following five strategies: (1) particle reinforcement using Cu, Si3N4, and SiC particles 
(SiCp) [5–7], etc; (2) phase-transformation toughening, such as zirconia (ZrO2) [8–10]; (3) one-dimensional 
reinforcement toughening, such as whiskers [11], fibers [12, 13], carbon nanotubes [14], and graphene [15], etc; 
(4) in-situ growth toughening [16, 17]; (5) synergistic toughening through multiphase-particle, whisker-particle 
interactions, and whisker/phase-transformation synergy [18–20].

Among these strategies, synergistic toughening is currently one of the most widely used toughening  
strategies and is also a promising future direction because it can take full advantage of multiple toughening 
mechanisms. However, in the fabrication of toughened Al2O3 ceramics, the traditional mechanical mixing meth-
ods tend to result in compositional inhomogeneity, particularly in whisker-reinforced systems. Whiskers are 
prone to entanglement and segregation within the matrix, which prevents them from fully exerting their tough-
ening and reinforcing effects and thereby compromising the mechanical properties of Al2O3 ceramics [16]. The 
in-situ generation of whisker and particulate reinforcements in Al2O3 ceramics can effectively alleviate compo-
sitional inhomogeneity.

In this work, in-situ-generated SiC whiskers (SiCw) and ZrO2 particles were introduced into reinforce 
Al2O3 ceramics through a four-step process. The aim of this work was to address compositional inhomogeneity, 
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fully exploit the synergistic toughening effect of SiCw and ZrO2, and fabricate high-performance SiCw/ZrO2- 
reinforced Al2O3-based composites. Furthermore, the effects of the SiCw/ZrO2 ratio on the mechanical properties 
and wear resistance of the Al2O3-based composites were investigated in detail.

2. EXPERIMENTAL DETAILS
2.1. Experimental raw materials
The starting materials, including ZrO(NO3)2 (as the ZrO2 source and oxidizer), Al(NO3)3 (as the Al2O3 source 
and oxidizer), silica gel (as the SiO2 source), CO(NH2)2 (reducing agent), NaCl and NaF (growth aids), and 
C6H12O6 (carbon source), were of analytical reagent grade. In all experiments, the amount of aluminum nitrate 
was fixed at 0.1 mol. The optimized molar ratio of urea to aluminum nitrate was 3:1. In all samples, the molar 
ratio of NaCl to Al(NO3)3 was 0.2:1, while the molar ratio of NaCl to NaF was 10:1. The amount of C6H12O6 was 
optimized according to the atomic ratio of carbon to aluminum, which was set at 8. The amounts of silica gel 
and ZrO(NO3)2 were determined according to Table 1.

2.2. Preparation process of Al2O3/SiCw/ZrO2 composite materials
Figure 1 schematically illustrates the preparation process of Al2O3/SiCw/ZrO2 composites, which consists of the 
following four steps. (a) First, the starting materials were weighed according to the designed compositions and 
placed in a 1000 mL beaker. Then, 300 mL of deionized water was added, and the mixture was stirred with a 
glass rod until all the raw materials were completely dissolved. The beaker was placed on an electric furnace and 
heated at 300 °C to evaporate the solution. After solvent evaporation and concentration, a combustion reaction 
was triggered, releasing a large amount of heat and gas, which produced a loose precursor powder of Al2O3/
SiO2/ZrO2/C/NaCl/NaF via solution combustion synthesis method (SCS). (b) Second, the precursor powder was 
placed in a tube furnace. Argon was used as the protective gas at a flow rate of 0.1 L/min. After being held at 
1450 °C for 3 h, SiC whiskers (SiCw) [21] and ZrC particles [22] were generated in situ, forming a composite 
powder composed of Al2O3/SiCw/ZrC and residual C/NaCl/NaF. The NaCl/NaF system acted as a growth aid 
and played an important role in the growth of SiCw during the heat treatment at 1450 °C by acting as a molten 
salt medium for reactant transport at high temperature, enhancing contact and mass transfer among reactants, 
lowering the reaction temperature, and improving the reaction efficiency [23]. Subsequently, the mixed powder 
was first washed with deionized water to remove residual NaCl/NaF, and then calcined at 700 °C in air for 1 h to 
remove residual carbon and meanwhile convert ZrC into ZrO2 according to Equations (1) and (2) respectively, 
thereby obtaining pure Al2O3/SiCw/ZrO2 composite powder. It is worth noting that SiCw remained resistant to 
oxidation during calcination in air owing to its high oxidation resistance [21]. (c) Third, because of the poor 
formability of the Al2O3/SiCw/ZrO2 composite powder, a 10 wt% PVA solution was added as a binder, and the 
resulting mixture was thoroughly stirred and homogenized by ball milling. After the solvent evaporated, the 
Al2O3/SiCw/ZrO2 composite powder was placed into a mold and pressed at 450 MPa and held for 120 s to form 
a green compact. (d) Finally, the green compact was first heated to 500 °C in a vacuum high-temperature fur-
nace for 1 h to remove PVA. They were then sintered by atmospheric-pressure sintering (APS) method in the 
same high-temperature furnace to obtain Al2O3/SiCw/ZrO2 composites with various SiCw/ZrO2 ratios (ASxZy), 
as listed in Table 1. The optimized APS temperature and holding time were 1850 °C and 90 min, respectively. 
The flow rate of argon was 1 L/min, and the heating rate was set at 10 °C/min. After the holding period was 
completed, all samples were naturally cooled to room temperature in the furnace.

	 C + O2 → CO2	 (1)

	 ZrC + 2O2 → ZrO2 + CO2	 (2)

Table 1: Al2O3/SiCw/ZrO2 composites with various S/Z (ASxZy).

MATERIAL NUMBER Al2O3 SiCw ZrO2

AS30 70 30 0

AS20Z10 70 20 10

AS15Z15 70 15 15

AS10Z20 70 10 20

AZ30 70 0 30
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2.3. Sample characterization and performance testing
XRD patterns of the samples were recorded using an X-ray diffractometer (D/max-RB12) with Cu Kα radiation. 
The morphology and particle size of the samples were observed using a scanning electron microscope (SEM, 
JSM-6380LV). The hardness of the five ASxZy samples was measured using a Vickers hardness tester (HV-30). 
The Vickers hardness test was conducted under a load of 196.0 N for 15 s, and the reported value was the aver-
age of five separate measurements.

Wear tests were conducted on five ASxZy samples with dimensions of 2 mm × 10 mm × 10 mm using 
a high-speed reciprocating wear tester with a ball-on-disk configuration (HSR-2M). The wear test conditions 
were as follows: a Si3N4 ball with a diameter of 5 mm and a hardness of 60 HRC was used as the counterface; 
the applied load was 8 N; the rotational speed was 400 r/min; the test duration was 20 min; the stroke length was  
5 mm; the test temperature was 23 °C; and the relative humidity was 30%. The samples were cleaned with etha-
nol before and after the wear test, and the mass loss was measured using an electronic balance (model AB304-S). 
The wear rate was expressed in terms of wear volume, as shown in Equation (3).

	 V = Wloss/PSρ	 (3)

In Equation (3), V is the wear volume of the sample (cm3/N.m); Wloss is the mass loss of the sample (mg); 
P is the applied normal load (N); S is the sliding distance (m); ρ is the theoretical density of the sample (g/cm3).

The fracture toughness (KIC) of five ASxZy samples was evaluated by the indentation method [24, 25], 
as shown in Equation (4). Here H is the indentation hardness, P is the indentation load, and L is the total crack 
length (mm). For each sample, 15 indentations were made at different positions, and the average value of these 
obtained results was taken as the fracture toughness of the sample.

	 KIC = 0.0028 (HP/L)1/2	 (4)

3. RESULTS AND DISCUSSION
3.1. Characterization of Al2O3/SiCw/ZrO2 composite powders
Figure 2 presents the XRD patterns of Al2O3/SiCw/ZrO2 composite powders with different S/Z ratios. As shown 
in Figure 2, only the diffraction peaks corresponding to SiC, ZrO2, and Al2O3 were detected in the AS20Z10, 
AS15Z15, and AS10Z20 samples, and no impurity peaks were detected. This indicates that the reactants were 
completely converted and that high-purity Al2O3/SiCw/ZrO2 composite powders were successfully prepared. 
Figure 2 also showed that only the diffraction peaks of SiC and Al2O3 were observed in the AS30 sample, 
whereas only the diffraction peaks of ZrO2 and Al2O3 were observed in the AZ30 sample. These results indicate 
that the target phases were successfully formed in both AS30 and AZ30.

Figure 1: Preparation process for Al2O3/SiCw/ZrO2 composites.
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Figure 3 presents SEM images of Al2O3/SiCw/ZrO2 composite powders with different S/Z ratios. As 
shown in Figure 3a and b, a large number of slender SiCw are observed in the AS30 and AS20Z10 samples. 
These whiskers are entangled with Al2O3/ZrO2 particles measuring 5–8 μm and are interlaced and relatively 
uniformly distributed among the particles. The SiCw are typically approximately 10 μm in length and 100–200 nm 
in diameter, indicating a high aspect ratio. It is worth noting that the number density of SiCw in AS20Z10 decreases 
slightly compared with that in AS30. Figure 3c further shows that, with a decrease in the SiO2 content, the num-
ber of SiCw formed in AS15Z15 decreases significantly compared with those in AS20Z10 and AS30. Moreover, 
the whiskers become shorter and thicker, and some of them coalesce and grow in the same direction. A decrease 
in the aspect ratio of whiskers is beneficial to the densification of composite materials [26].

During the growth of SiCw, molten NaCl/NaF at high-temperature acts as the mass-transfer medium. 
When the amount of the NaCl/NaF growth additive is kept constant, the amount of SiO2 dissolved in the molten 
NaCl/NaF phase decreases as the SiO2 content reducing, resulting in increased droplet fluidity. Therefore, the 
probability of contact between the generated SiCw increases markedly, leading to simultaneous growth and par-
tial coalescence, as shown in Figure 3c. This may lead to a less uniform distribution of SiCw in the matrix. Com-
pared with AS30 (Figure 3a), the whisker morphology becomes more irregular, and the SiCw tends to become 
shorter and thicker. This is mainly because the decrease in the SiO2 raw material available for SiCw synthesis, 
and makes it difficult for the whiskers to continuously obtain sufficient SiO2 during growth, thereby inhibiting 
further whisker growth.

As shown in Figure 3d, with a further decrease in SiO2 content, the size of the SiCw decreases signifi-
cantly in AS10Z20. Most of the whiskers are short and curved, with lengths of about 2 μm, and are uniformly 
distributed within the Al2O3 matrix. Meanwhile, a small fraction of SiCw with lengths of 5–10 μm is still present. 
As the relative content of NaCl/NaF increases, the transport rate of the NaCl/NaF droplets is accelerated, and 
the growth rate of SiCw becomes controlled by the nucleation rate of silicon carbide. These factors may cause 
reactant accumulation at the growth front of SiCw and an increase in supersaturation, thereby destabilizing  
SiCw growth and causes whisker distortion [25]. Based on the above analysis, it can be concluded that the  
target composite powders can be successfully obtained by the present in-situ synthesis method, and that SiCw 
and ZrO2 can be uniformly distributed in the Al2O3 matrix. Moreover, as the SiO2 content decreases, the length 
and aspect ratio of SiCw decreases markedly, and the whisker morphology transforms from a long and straight 
shape to a short and coiled one.

3.2. Fracture morphology and mechanical properties of ASxZy
Figure 4 shows the fracture morphologies of the five Al2O3/SiCw/ZrO2 composites. It can be seen that AS15Z15 
exhibits the largest grain size, with an average grain size of approximately 20 μm, whereas AZ30 shows the 
smallest grain size, approximately 10 μm. This is because AZ30 only underwent the first step, namely the solu-
tion combustion synthesis process, and its initial particle size was relatively small; therefore, grain growth during 
the APS process was limited. In contrast, the other four SiCw-containing composite powders (AS30, AS20Z10, 

Figure 2: XRD patterns of Al2O3/SiCw/ZrO2 composite powders with various S/Z.
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Figure 3: SEM images of Al2O3/SiCw/ZrO2 composite powders with various S/Z: (a) AS30; (b) AS20Z10; (c) AS15Z15;  
(d) AS10Z20; (e) AZ30.

AS15Z15, and AS10Z20) underwent not only the first step but also a second step involving high-temperature 
carbothermal reduction and calcination in air. These additional treatments promoted particle growth, and the 
grains further coarsened during the subsequent APS process. However, compared with AS15Z15 and AS10Z20 
(Figure 4c and d), AS30 and AS20Z10 (Figure 4a and b) exhibit slightly smaller grain sizes, indicating that SiCw 
has an inhibitory effect on matrix grain growth during processing. Moreover, due to the relatively higher SiCw 
content in AS30 and AS20Z10, pores are more likely to form in the Al2O3 matrix under the same APS conditions, 
as shown in Figure 4a and b, resulting in insufficient intergranular bonding strength. Furthermore, the fracture 
surfaces of all the samples exhibit clear grain boundaries and relatively intact grains, indicating that their frac-
ture modes are dominated by intergranular fracture.

Figure 5 shows the Vickers hardness of the five Al2O3/SiCw/ZrO2 composites. AS30 exhibits the lowest 
Vickers hardness, with a value of 15.2 GPa. As the SiCw content decreases and the ZrO2 content increases, the 
Vickers hardness of ASxZy gradually increases, as observed for AS20Z10. Because of the poor sinterability of 
SiCw with the Al2O3 matrix, the SiCw-containing samples are difficult to densify during the APS process, result-
ing in increased porosity. Therefore, a high SiCw content leads to insufficient densification of the ASxZy sam-
ples, and the hardness is significantly lower than that expected for fully dense composites. However, although 
the SiCw content decreases and the ZrO2 content increases, a significant decrease in hardness is observed in 
AS15Z15. This is because, during the preparation of Al2O3/SiCw/ZrO2 composite powders, the growth of SiCw 
was insufficient, and some whiskers became thick and coarse due to coalescence, resulting in a low aspect ratio. 
Meanwhile, SiCw segregation caused structural inhomogeneity and increased porosity after APS, which led 
to a decrease in hardness. In addition, the hardness of the SiCw-free AZ30 sample is also significantly lower. 
Therefore, AS10Z20 exhibits the highest hardness (17.4 GPa) among five samples, which can be attributed to 
the synergistic strengthening effect arising from the appropriate proportion of SiCw and ZrO2.
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Figure 4: Fracture morphologies of the five Al2O3/SiCw/ZrO2 composites prepared by atmospheric-pressure sintering:  
(a) AS30; (b) AS20Z10; (c) AS15Z15; (d) AS10Z20; (e) AZ30.

Figure 5: Vickers hardness of the five Al2O3/SiCw/ZrO2 composites prepared by atmospheric-pressure sintering.
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Figure 6 shows the fracture toughness of the five Al2O3/SiCw/ZrO2 composites. The fracture toughness 
of the AZ30 sample without SiCw addition is only 3.9 MPa·m1/2, which is the lowest among the five samples 
and only slightly higher than that of pure alumina ceramics (3.79 MPa·m1/2) owing to the toughening effect of 
ZrO2 particles [27]. Figure 6 also shows that, compared with AZ30 without SiCw addition, the other ASxZy 
samples containing SiCw exhibit significantly improved fracture toughness, the SiCw acted as a load-bearing 
and crack-bridging phase, thereby improving the fracture toughness of the ceramic matrix through crack bridg-
ing, pull-out, and deflection [28]. However, the toughening effect is also influenced by the APS conditions and 
the morphology of the composite powders. For example, AS15Z15 failed to fully exploit the toughening role 
of SiCw, and its fracture toughness was only 4.8 MPa·m1/2. In general, the fracture toughness of Al2O3-based 
composites tends to increase with increasing whisker content [29]. However, in the AS30 and AS20Z10 sam-
ples, the high SiCw content makes it difficult to achieve sufficient interfacial bonding between SiCw and the 
Al2O3 matrix during APS, thereby limiting the toughening effect of SiCw [30]. Therefore, the fracture tough-
ness values of AS30 and AS20Z10 are 5.1 MPa·m1/2 and 5.7 MPa·m1/2, respectively. Moreover, AS10Z20 con-
tains a relatively low amount of SiCw, and the prepared composite powders have a relatively uniform particle 
sizes. In addition, most of the SiCw are uniformly distributed in the matrix (Figure 3d). Under these conditions, 
SiCw can form effective interfacial bonding with the Al2O3 matrix, and suppress matrix grain growth during 
APS, and effectively contribute to toughening. On one hand, some t-ZrO2 particles in AS10Z20 transformed  
into m-ZrO2 spontaneously, which weakened the shielding effect of the crack tip when the specimens were 
loaded. On the other hand, the large difference in the thermal expansion coefficient made ZrO2 bear higher ten-
sile stress. Furthermore, semi-coherent interfaces may form at the ZrO2/Al2O3, Al2O3/SiCw, and ZrO2/SiCw phase 
boundaries, which is beneficial for increasing the resistance to crack propagation, consequently improving the 
fracture toughness [31]. Therefore, the fracture toughness of the AS10Z20 sample reaches the highest value of 
6.2 MPa·m1/2 in the present work. However, this value is slightly lower than the value of 6.67 MPa·m1/2 reported 
by ZHANG et al. [32]. Compared with the APS method used in present work, the oscillatory pressure sintering 
(OPS) method adopted in reference 32 can effectively eliminate agglomerated pores and reduce pore size and 
number, thereby improving fracture toughness.

Figure 7 shows the friction coefficients and wear rates of the five Al2O3/SiCw/ZrO2 composites. As 
shown in Figure 7, the friction coefficients of all five samples fall within the range of 0.6–0.7. Since the 
matrix is mainly composed of Al2O3, the fluctuation in friction coefficient is relatively small [27]. However, 
the wear rates of the five samples vary significantly, which can be attributed to the different contents of added 
SiCw and ZrO2. Because AS30 contains the highest amount of SiCw, it exhibits the poorest wear resistance 
under the same APS conditions. Moreover, its interfacial bonding strength is insufficient, because SiCw is 
prone to detachment under load. In contrast, AS10Z20 exhibits the lowest wear rate (2.36 × 10–10 cm3/N·m) 
among the five samples, indicating that an appropriate proportion of added SiCw/ZrO2 can produce a syner-
gistic strengthening effect.

Figure 6: Fracture toughness of the five Al2O3/SiCw/ZrO2 composites prepared by atmospheric-pressure sintering.
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Figure 8 shows SEM images of the worn surfaces of the five Al2O3/SiCw/ZrO2 composites. As shown in 
the left image of Figure 8a, no large-scale peeling of the matrix is observed in AS30 because of the presence 
of numerous SiCw. These whiskers act as bridges across cracks and suppress the peeling of the Al2O3 matrix. 
In addition, crack propagation is observed in the AS30 sample, as shown in the right image of Figure 8a.  
However, the right image of Figure 8a shows crack deflection and bridging phenomena during crack propa-
gation, indicating that SiCw hinders crack propagation and thereby suppressing peeling of the matrix surface. 
Furthermore, SiCw hindered removal of pores at a higher concentration where the agglomeration of SiCw 
occurred and formed the bridging effect that resulted in the highest wear rate of AS30, as shown in Figure 7. 
For AS20Z10, no severe detachment of the matrix surface is observed in the left image of Figure 8b. However, 
obvious local detachment can still be seen in some areas, as shown in the right image of Figure 8b. With the 
decrease in SiCw content and the increase in ZrO2 content, the bonding strength between SiCw and the Al2O3 
matrix is enhanced, and the densification behavior is correspondingly improved, thereby further strengthen-
ing the synergistic effect of SiCw and ZrO2 in the matrix. The left image of Figure 8c shows the worn surface 
morphology of AS15Z15. It can be observed from Figure 8c that a large number of pits formed on the matrix 
surface as a result of material peeling during wear, indicating that the reinforcing effect of SiCw on the matrix 
was weakened. The coalescence and branching of some SiCw can lead to poor dispersion of SiCw in the Al2O3 
matrix (see Figure 3c), which can cause SiCw segregation and adversely affect the mechanical properties of the 
sample during the sintering process [25].

As shown in the left panel of Figure 8d, no evident matrix peeling is observed on the worn surface of 
AS10Z20 as the SiCw content further decreases. This indicates that SiCw effectively retards crack propagation in 
the matrix and hinders material detachment from the matrix surface [28]. The right panel of Figure 8d shows the 
propagation of microcracks. It can also be clearly observed from Figure 8d that the cracks are mainly deflected, 
which lengthens the crack propagation path and suppresses matrix detachment, thereby further reducing the 
wear rate. Figure 8e shows the worn surface morphology of AZ30. It can be clearly observed from Figure 8e 
that severe matrix peeling occurs during wear because of the absence of SiCw, resulting in the detachment of 
large fragments from the matrix surface. Finally, Figure 8a-c show that the four ASxZy samples containing SiCw 
exhibit a small number of cracks and some large pits on the matrix surface during wear, which are typical char-
acteristics of fatigue wear. However, Figure 8e shows that no obvious cracks are observed in the AZ30 sample 
without SiCw addition, whereas severe detachment of large pieces from the matrix surface occurs during wear, 
which is characteristic of adhesive wear.

4. CONCLUSION
Al2O3/SiCw/ZrO2 composite powders with various S/Z ratios were first prepared in the present work by combin-
ing solution combustion synthesis with carbothermal reduction. These composite powders were then sintered 
using the atmospheric-pressure sintering (APS) method to obtain Al2O3/SiCw/ZrO2 composites with various S/Z 

Figure 7: Wear rate and friction coefficient of the five Al2O3/SiCw/ZrO2 composites prepared by atmospheric-pressure sintering.
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Figure 8: SEM images of the worn surfaces of the five Al2O3/SiCw/ZrO2 composites prepared by atmospheric-pressure  
sintering: (a) AS30; (b) AS20Z10; (c) AS15Z15; (d) AS10Z20; (e) AZ30.

ratios (ASxZy). The mechanical properties and wear resistance of the ASxZy samples were tested, and their 
fracture and wear mechanisms were analyzed. The main conclusions are as follows.

(1)	 During the preparation of Al2O3/SiCw/ZrO2 composite powders with various S/Z ratios, it was found that,  
as the SiO2 content decreased and the relative increase in NaCl/NaF content, the morphology of the gen-
erated SiCw gradually changed from a long and straight shape (such as AS30 and AS20Z10) to a short and 
curved one (such as AS15Z15 and AS10Z20).
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(2)	 Among the five ASxZy samples, AZ30 exhibits the smallest grain size of approximately 10 μm. This is 
because AZ30 only underwent the solution combustion synthesis step before APS, and its initial particle 
size was relatively small, therefore, grain growth during the APS process was limited. In contrast, AS15Z15 
exhibits the largest grain size of approximately 20 μm and shows a fracture mode dominated by intergran-
ular fracture.

(3)	 Among the five ASxZy samples, AS10Z20 exhibits the highest hardness and fracture toughness (17.4 GPa, 
6.2 MPa·m1/2), as well as the lowest wear rate (2.36 × 10–10 cm3/N·m).

(4)	 The wear mechanism of the four ASxZy samples containing SiCw is mainly fatigue wear, whereas that of 
the AZ30 sample without SiCw addition is mainly adhesive wear.

Although AS10Z20 exhibits the best comprehensive performance in the present work, there is still sig-
nificant room for improvement in its density and mechanical properties. In order to improve the mechanical 
properties of AS10Z20, the focus of our future work is to conduct research on advanced sintering methods such 
as spark plasma sintering (SPS) or oscillatory pressure sintering (OPS), et al, as well as the influence of the size 
of SiCw and zirconia particles on the microstructure and properties of the sintered composites.
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