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Abstract
In this investigation, 90 vol. % alumina and 10 vol. % silicon carbide nanopowders were combined. Initial samples were 
fabricated by the hot press method under 20-MPa pressure of 1650 °C. Then, the nanocomposites were heat-treated at 1200, 
1400, 1500, and 1600 °C for several hours. After the heat-treatment, XRD (X-ray diffraction), SEM (scanning electron 
microscope), and FE-SEM (field emission scanning electron microscope) analyses were used to explore the nanocomposite 
specifications and microstructure. The flexural strength, apparent density, crack healing, and fracture toughness were meas-
ured to study the physical and mechanical properties of nanocomposite specimens. The best result for flexural strength was 
achieved for specimens heat-treated at 1500 °C for 2 h, exhibiting a 34% increase in the flexural strength. Furthermore, with 
heat-treatment at 1600 °C for 2 h, the fracture toughness for nanocomposite reached 5.563 MPa m1/2.
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1  Introduction

Remarkable efforts have in recent years been devoted to the 
development of mechanical properties of ceramic matrix 
composite materials reinforced with a second phase in the 
form of particles, whiskers, fibers, etc. [1–3]. Generally, 
ceramic nanocomposites are classified into three categories: 
(a) ceramic–ceramic nanocomposites, (b) ceramic–metal 
nanocomposites, and (c) polymer–ceramic nanocompos-
ites. Ceramic–ceramic nanocomposites are comprised of 
two inorganic ceramic phases that differ in their mechanical 
and thermal properties. In this type of nanocomposite, the 
ceramic field is reinforced by another ceramic phase with 
nanosize dimensions [4].

Alumina is a technical ceramic that is extensively used 
across different industries owing to its high-temperature 
strength, hardness, chemical stability, and high thermal and 

electrical insulating performances [5]. These properties have 
made alumina a suitable candidate for applications in vari-
ous fields, including high-temperature applications, dental 
implants, wear-resistant parts, thermal insulators, and high-
speed cutting tools [6]. However, the brittleness of alumina, 
as one of its inherent properties, has restricted its use in 
various applications. This motivated efforts to improve its 
fracture toughness [7].

Alumina-based composites and nanocomposites, which 
are created through the addition of suitable second phase 
nanoparticles or fibers, can exhibit improved mechanical 
and functional performance compared to alumina. Several 
materials, such as titanium carbide (TiC), zirconia (ZrO2), 
titanium nitrite (TiN), and silicon carbide (SiC), have been 
used to reinforce alumina [8–11].

Al2O3/SiC nanocomposites have been extensively stud-
ied because of the reported remarkable improvement of 
their mechanical properties, namely fracture strength, both 
at room and at high temperatures, in comparison to mono-
lithic alumina [1]. Addition of small amounts of sub-micron 
SiC particles to polycrystalline alumina was reported to sig-
nificantly improve hardness, fracture strength, and fracture 
toughness [7, 12–14]. Furthermore, in most studies, MgO 
nanoparticles are added to the Al2O3/SiC nanocomposite 
mixture, as they contribute the most significant, including a 
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decrease in the grain boundary mobility, increased surface 
diffusion, and decline of the grain anisotropy [15].

For the fabrication of nanocomposites, after preparing 
primary nanopowders by the ball mill method, one of the 
crucial steps in the production of alumina–SiC nanocompos-
ites is sintering. Fundamentally, there are several methods 
for the generation of alumina–SiC nanocomposites, such as 
sintering in the presence of the liquid phase, plasma method, 
hot press, and non-pressure method. In this investigation, 
sintering without pressure and the hot press method are 
explored and described.

The pressurizing process that is part of the pressurized 
methods is cold, which could be the reason behind the mul-
tiple-step pressure operations. In contrast, the hot press (HP) 
method requires more time, as well as a higher tempera-
ture and pressure. For these types of methods to execute the 
suitable manufacture of nanocomposites at low pressures, a 
higher temperature is required. Timms and his colleagues 
employed this method to synthesize Al2O3–SiC nanocom-
posite bodies [16].

The HP method is the most common and expensive pro-
cedure that is used to synthesize ceramic base composites. 
Other methods are typically significantly more difficult. 
Furthermore, ceramic composites produced by the HP 
have superior quality and reduced thermal incompatibility 
between primary components. For example, Wang and his 
colleagues produced 5% SiC–95%Al2O3 nanocomposites 
at the pressure of 30 MPa and temperatures from 1600 to 
1800 °C for 1 h in a nitrogen atmosphere [17]. Moreover, 
researchers have reported that composites containing 5 wt % 
and 10 wt % SiC nanoparticles in the alumina matrix exhibit 
the best mechanical performances compared to other com-
posites [18, 19].

After the production of Al2O3–SiC nanocomposites, one 
of the most important ways to improve mechanical proper-
ties such as flexural strength and fracture toughness is heat-
treatment. Therefore, the present study sets out to investigate 
this procedure at various temperatures and times after the 
synthesis of nanocomposites by the HP method.

Conveniently, the flexural strength of defective ceram-
ics is restored by heat-treatment. In this case, the improve-
ment of strength is associated with the following reasons: 
release of remaining tensile stress, re-sintering defects, and 
restoration of cracks. Regarding the Al2O3 and Al2O3–SiC 
composite, the release of tensile stress and re-sintering pro-
cedures in vacuum, nitrogen, argon, and air atmosphere is 
achievable [20]. However, crack restoration is not achievable 
in a vacuum, nitrogen, and argon atmosphere, because crack 
restoration is possible through the following reaction:

SiC +
3

2
O2 → SiO2 + CO + 943 KJ/mol

To complete the crack restoration reaction, O2 is essen-
tial. To achieve these conditions and the best state, SiC 
nanosize particles should be added by more than 10 vol. % 

in composite. Ando and colleagues proposed a reliable 
method to manage the life of ceramic parts using crack res-
toration [20]. Kim et al. investigated the effect of anneal-
ing on SiC–alumina nanocomposites. In this study, sintered 
SiC–Al2O3 had a grain size of about 1 μm and a relative 
density of about 99%. Some SiC nanoparticles are distrib-
uted among Al2O3 grains and some others inside the Al2O3 
grains. After sintering and preparation of samples, cracks 
were created by the Vickers indenter using a load of 24.5 N. 
Regular and accurate crack repair was evaluated as a func-
tion of the crack repair temperature (1273–1723 °C) for 1 
h in air [21].

1.1 � Experimental procedure

Primary materials were used in recent research, includ-
ing 90 vol.  % of pure gamma-alumina nanopowders 
(99.9%, ≤ 20 nm size), 10 vol. %, of SiC nanoparticles (99% 
and ≤ 80 nm size), and magnesium oxide nanopowders (98% 
and less than 100 nm size). The concentration of magne-
sium oxide nanopowder was 500 ppm compared to the solid 
weight of the composite specimen. The raw materials were 
mixed with a high-power ball mill with tungsten carbide 
balls in isopropanol solution at 150 rpm for 3 h. The solution 
exiting the ball mill was dried for 24 h at 90 °C in the oven. 
The dried mixture was shaped by a hydraulic-press into rec-
tangular shapes. These shaped samples were sintered by the 
HP device at 1650 °C for 2 h in Ar atmosphere at about 
20-MPa pressure, where the rate of increasing temperature 
was 8 °C/min. Subsequently, nanocomposite samples were 
annealed in the heat-treatment furnace at 1200, 1400, 1500, 
and 1600 °C for 1, 2, and 3 h, and the increasing rate of 
furnace temperature was 5 °C/min. After heat-treatment, the 
furnace turned off, and specimens were cooled at the furnace 
atmosphere.

Mechanical and structural properties of nanocomposites 
(crack restoration, flexural strength, density, fracture tough-
ness, and microstructure at various temperatures and times) 
were investigated. X-ray diffraction was used to study phases 
after the heat-treatment. The Vickers method was used to 
create controlled-size cracks at surfaces of nanocomposites 
to probe crack improvement and its restoration. To this end, 
composite samples were machined using diamond blades 
to desired dimensions according to standard B samples. 
Then, samples were sanded using a diamond plate and sub-
sequently polished with a 30, 6, and 1 μm pulp. The dimen-
sions of the standard B sample are 45-mm height, 4-mm 
width, 3-mm thickness. The apparent density of nanocom-
posites was examined using the Archimedes method with 
the ASTM B311-17 method. Employing this method, sam-
ples were dried at 110 °C for 24 h, and the dried sample 
weight was used to calculate the apparent density [22]. To 
measure the flexural strength of manufactured composites, 
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first they were cut and ground into rectangular specimens 
(4 × 3 × 45 mm), and subsequently they were loaded accord-
ing to ASTM-C1161 [23]. The fracture toughness of nano-
composites after heat-treatment was analyzed. The nano-
composite surfaces were probed by the scanning electron 
microscope (SEM). X-ray diffraction (XRD) analysis was 
used to explore attained phases of composites before and 
after heat-treatment. To investigate the structure, SEM and 
field emission scanning electron microscope (FE)-SEM 
methods were used to study the microstructure and line sec-
tioning of samples.

2 � Results and discussion

2.1 � Crack healing

The healing of cracks in Al2O3–SiC nanocomposites was a 
prominent factor investigated in this study. During the heat-
treatment procedure, more nanocomposite cracks could be 
removed. For a better investigation, some Vickers cracks 
were created in composites. Therefore, an annealing (heat-
treatment) process after the primary sintering process was 
required to restore mechanical properties.

Since machining cracks were hardly visible, some primi-
tive cracks were induced by the Vickers method. In this 
method, several controlled cracks were created on the sur-
face of nanocomposites. Vickers indentation was used to 
create radial cracks on composite surfaces, which can eas-
ily be seen under the microscope. Figure 1a shows SEM 
images of Vickers method cracks. Figure 1b illustrates SEM 
images of samples after annealing at 1400 °C for 1 h. The 
optimum temperature for crack restoration was determined 
according to the results of flexural strength tests. After 

annealing, Vickers method cracks were completely removed 
(Fig. 1). The thickness of Vickers effect cracks was about 
0.5 μm, which were repaired and healed by heat-treatment 
(annealing).

To better understand crack repair, the mechanism is illus-
trated in Fig. 2 [23]. The main reaction for crack restoration 
is the following oxidation:

Oxygen reacts with silicon carbide and forms SiO2. SiO2 is a 
glass and crystalline phase that has some suitable properties 
such as high thermal resistance and high-thermal strength 
[24]. The crack healing was attributed to strong bonding by 
the glass phase on the surface environment of alumina–SiC 
nanocomposites [24].

2.2 � XRD results

Figure  3 shows XRD patterns of the nanoalumina/
nanoSiC composite before heat-treatment. Alumina 

SiC + O2 → SiO2 + CO(CO2)

Fig. 1   a SEM image of 
alumina-SiC nanocomposite; b 
SEM image of composite after 
heat-treatment

Fig. 2   Mechanism of crack healing by SiO2 [22]



506	 Journal of the Korean Ceramic Society (2020) 57:503–512

1 3

and silicon carbide peaks were detected. Figure 4 pre-
sents XRD patterns of nanoAl2O3/nanoSiC composite 
after annealing at 1500 °C for 2 h. XRD patterns of the 
resultant heat-treated nanocomposite comprised mullite 

(3Al2O3.2SiO2), alumina, SiC, and SiO2. The presence of 
mullite and SiO2 indicates a surface reaction between SiC 
and Al2O3 powders.

Fig. 3   XRD results for alu-
mina–SiC nanocomposite

Fig. 4   XRD results for alu-
mina–SiC nanocomposite after 
heat-treatment at 1500 °C for 
2 h
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2.3 � Flexural strength

Figure 5 illustrates the trend of flexural strength for nano-
composites without heat-treatment and after heat-treatment 
at various temperatures for 2 h.

According to the results from Fig. 5, with an increas-
ing temperature of heat-treatment from 1200 to 1500 °C for 
2 h, the flexural strength was raised significantly. The high-
est flexural strength was measured after the heat-treatment 
at 1500 °C, which was about 569 MPa. This value of the 
flexural strength was acceptable when compared with other 
research results [12, 17]. Therefore, the heat-treatment has 
had a considerable effect on the strength of nanocomposites. 
The upgrading of flexural strength can be explained by crack 
improvement after heat-treatment, which led to a decline in 
the density of structural defects, and thus the critical crack 
size was decreased.

The flexural strength of raw materials was determined 
within 425 MPa. The maximum flexural strength in heat-
treated samples at 1500 °C for 2 h was measured at 569 MPa, 
which yielded a 34% increase compared to the primary 
nanocomposite without heat-treatment. This striking rise 
in flexural strength was associated to crack healing, which 
improves mechanical properties and reduces surface defects. 
Moreover, the oxidation of SiC particles in air atmosphere 
during heat-treatment had a positive effect on the improve-
ment of cracks, hence this reaction had an excellent impact 
on upgrading mechanical properties. Declining flexural 
strength at temperatures above 1500 °C could be related to 
the grain size. With increasing heat-treatment temperature, 
the grain growth was increased, which decreases flexural 
strength. (The growth of grain size with increasing annealing 
temperature was demonstrated in Fig. 10 at the microstruc-
ture section).

After sintering, when composites are cooled, residual 
stresses remained in the matrix. Residual stresses can 
result in the formation of micro-cracks, which themselves 

could cause crack branching and stress relaxation near the 
crack tips in composites. The heat-treatment process had 
an impressive impact on the enhancement of mechanical 
properties of alumina–SiC nanocomposites [25, 26]. Further, 
after studying flexural strength at various heat-treatment 
duration (1, 2, and 3 h), a suitable and acceptable time of 
around 2 h was achieved.

2.4 � Fracture toughness

In Fig. 6, the effect of the heat-treatment temperature on 
fracture toughness at various temperatures for nanocompos-
ites (nanoalumina/nanoSiC) is shown. Examinations and cal-
culations for this investigation were performed according to 
the Anstis method.

Given the fracture toughness results for nanocomposites 
after heat-treatment at various temperatures, the fracture 
toughness amount increases from 1200 to 1600 °C. Such 
remarkable fracture mode quantities were achieved particu-
larly after heat-treatment at 1500 °C and 1600 °C for 2 h. 
The fracture toughness at 1500 °C reached 5.5 Mpa m1/2, 
and at 1600 °C it reached 5.563 MPa m1/2. These results are 
very close together, therefore, the optimum heat-treatment 
is considered to be around 1500 °C.

In this study, the important reason to improve fracture 
toughness was related to crack deviation, which causes the 
expansion of tensile fields around SiC particles, which was 
intensified with the difference in the thermal expansion coef-
ficient between the secondary phase particles and base phase 
of the composite. Generally, the crack deviation acted in the 
crack-head. Upon crack growth, the path of the crack reached 
the second phase, and the primary crack plane deviated to a 
new plane, which constitutes the mechanism of crack devia-
tion. Observations in electron microscopy images show that 
the crack deviation in alumina–SiC nanocomposites has a 
direct relationship with silicon carbide nanoparticles and 
micro-cracks in the body of the nanocomposite, which these 
caused to promote fracture toughness.

Fig. 5   Diagram of flexural strength for nanoalumina–nanosilicon car-
bide nanocomposites without heat-treatment and with heat-treatment 
at 1200, 1400, 1500, 1600 °C for 2 h

Fig. 6   Chart of fracture toughness results for alumina-SiC nanocom-
posite before and after heat-treatment at various temperatures for 2 h
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By comparing the results of previous studies, we found 
that the heat-treatment of alumina–SiC nanocomposite sig-
nificantly increased fracture toughness. Previous studies on 
fracture toughness are shown in Table 1, whose values pre-
sent a considerable effect of heat-treatment on the fracture 
toughness of alumina–SiC nanocomposite [17, 19, 27–29].

2.5 � Apparent density

Figure 7 presents the effect of heat-treatment temperature 
from 1200 to 1600 °C for 2 h on the apparent density of 
alumina/SiC nanocomposite specimens. According to this 
figure, the trend of apparent density within heat-treatment 
temperatures was declining slightly, and at 1500 °C and 
1600 °C it reached a steady value of about 3.84 g/cm3.

Results in Fig.  7 indicate that heat-treatment slowly 
decreases the apparent density. With the rising temperature 
in the heat-treatment operation, the density maintains its 
decreasing trend. The density reduction in heat-treated nano-
composites can be related to the evaporation of gas products 
of ongoing reactions and formation of low-density phases, 
such as mullite (3.16 g/cm3) and SiO2 (2.56 g/cm3).

2.6 � FE‑SEM and map analysis

Figure 8a illustrates the line scan from the FE-SEM image 
of the alumina/SiC nanocomposite after heat-treatment at 
1500 °C for 2 h at a distance of 150 μm below the sur-
face. The results obtained from the line scan are shown in 
Fig. 8b, c, and d. After the investigation of linear scanning, 
it was concluded that the oxygen content in the surface was 
remarkable compared to other regions; thus, the thickness of 
the oxide layer could be estimated within 10 μm.

The oxygen content at the surface of the nanocomposite 
is shown in the map method analysis of Fig. 9, which pre-
sents a detailed map image of the nanocomposite after heat-
treatment at 1500 °C for 2 h at a distance of 30 μm below 
the surface. In this image (Fig. 9d), it can be clearly seen that 
the oxygen dispersion (white points) was not monotonous 
across the entire of specimen, and there was a higher oxygen 
content on the surface of nanocomposite, which this is a 
positive sign of complete oxidizing reactions at the surface 
of the nanocomposite after the heat-treatment process. In 
contrast, Figs. 9b and c show that the dispersion of Al and Si 
elements in entire map images is more uniform than oxygen.

2.7 � Microstructure study

Figure 10 illustrates SEM images of the alumina–SiC nano-
composite after heat-treatment at 1400 °C and 1500 °C for 
2 h. The analysis of SEM images shows that white regions 
contain more oxygen than other regions. Further, by increas-
ing the annealing temperature, white areas were increased. 
The higher concentration of oxygen at surface areas indi-
cates the existence of silicon oxide and mullite phases on the 
surface of nanocomposites after heat-treatment.

3 � Conclusions

Finally, the results of heat-treatment on alumina–SiC nano-
composite samples are associated with the improvement 
in the mechanical properties of nanocomposites, and other 
conclusions were related to microstructure specifications. 
First, heat-treatment affects nanocomposites to generate 
new phases, such as mullite and silicon dioxide. These were 
formed by a surface reaction between alumina and silicon 
carbide, improving mechanical properties such as flexural 
strength and crack-healing as well. These compositions after 
heat-treatment are assumed to be a significant achievement 
in the growth of specifications of alumina–SiC nanocom-
posites. Further, newly synthesized phases could penetrate 
among nanocomposite porosities and cause heightened 
resistance against crack growth. The XRD analysis depicts 
several phases, including alumina, silicon carbide, mullite, 
and silicon oxide, demonstrating the generation of these 

Table 1   Previous studies on fracture toughness of Alumina–SiC 
nanocomposite [16, 18, 26–28]

*Spark plasma sintering

Volume fraction 
of alumina–SiC

Synthesis 
method

Fracture tough-
ness (MPa 
m1/2)

Researchers

Al2O3–10%SiC SHS* 4.4 Johnson et al. 
[27]

Al2O3–5%SiC HP 4.7 Wang et al. [17]
Al2O3–5%SiC HP 2.9 Sciti et al. [19]
Al2O3–5%SiC HP 4.7 Sun et al. [28]
Al2O3–5%SiC SHS 2.65 Saheb et al. [19]

Fig. 7   Diagram of apparent density of nanocomposites after heat-
treatment at various temperatures for 2 h
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products. Reviewing the density of nanocomposites, it can 
be seen that there was a slight decline in the apparent den-
sity for samples. This might pertain to the production of gas 
crops, such as silicon oxides, at high temperatures. Moreo-
ver, one of the striking results of this research is related to 
the effect of heat-treatment on the nanocomposites’ flexural 
strength property. The flexural strength values after heat-
treatment increased considerably at temperatures close to 
1500 °C after 2 h, reaching about 568 MPa. This result pre-
sents an impressive effect after heat-treatment for the alu-
mina–SiC nanocomposite. At temperatures above 1500 °C, 
due to growing grain sizes and surface destruction, the 

flexural strength and other mechanical properties generally 
deteriorated. Furthermore, the fracture toughness was inves-
tigated after the heat-treatment process. The results show 
that with the heat-treated nanocomposite at 1500 °C and 
1600 °C, there was a considerable increase in the fracture 
toughness, measured at about 5.5 MPa m1/2. After com-
parison to previous studies, this value seems acceptable. 
Finally, by SEM and FE-SEM image analysis of heat-treated 
specimens at 1500 °C for 2 h, remarkable crack repair is 
observed in the nanocomposites, which indicates a signifi-
cant improvement for mechanical properties of alumina–SiC 
nanocomposites.

Fig. 8   FE-SEM image (a) and line scans results (b, c, and d) of alumina/SiC nanocomposite after heat-treatment at 1500 °C for 2 h
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Fig. 9   Map (FE-SEM) results of Alumina–SiC nanocomposite after heat-treatment at 1500 °C for 2 h
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