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Considering the importance and application of ultrahigh temperature ceramics in oxidizing 
environments, in this research, the effect of ZrC content and spark plasma sintering parameters 
(temperature, time and pressure) on the oxidation response of ZrB2–SiC composites has been 
investigated. After fabricating the ternary composite samples in different SPS conditions and 
with different amounts of ZrC, the post-sintering oxidation process was carried out in a box 
furnace at the temperature of 1400 °C. Increasing the time and temperature of the SPS process 
caused the decrease in the oxidation resistance of the samples. The reason for such 
observations was attributed to the extreme growth of grains with increasing the temperature 
and time of the sintering process despite the better densification of the samples. This research 
did not reach a clear result about the effect of SPS pressure on composites oxidation behavior. 
Increasing the amount of ZrC also did not have a positive effect on the oxidation resistance of 
the samples because this phase itself undergoes oxidation at low temperatures. 
© 2022 The Authors. Published by Synsint Research Group. 
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 Introduction 1.

Some parts of hypersonic vehicles and aircraft must be made of special 
materials that are resistant to oxidation at elevated temperatures. 
Ultrahigh temperature ceramics (UHTCs) have been scrutinized 
extensively as proper candidates for such applications [1–5]. It was 
elucidated that the UHTCs reinforced with a silicon carbide-like binary 
system of ZrB2–SiC have excellent oxidation resistance [6]. Besides the 
binary system, ternary composites have also been investigated to boost 
the resistance of binary systems [7–9]. 
Opeka et al. [10] oxidized the ZrB2–SiC–ZrC composites up to        
1500 °C for 5 h in the Ar/O2 and found that the gained weight 
intensifies with increasing the amount of ZrC additive. Wu et al. [11] 
studied the influence of surface oxidation on the thermal shock 
performance of ZrB2–SiC–ZrC composites. They reported that the 
generation of the oxide layers on the surface of the samples results in 
an enhancement in thermal shock resistance. In addition, Shi et al. [12] 
found  that  the surface  oxidation  trick  is  favorable for enhancing  the 

 

 
flexural strength of these ternary ceramic composites. Wang et al. [13] 
oxidized the ZrB2–SiC–ZrC composites for 30 min at 1750 °C and 
investigated the oxidation kinetics and microstructure of the oxide 
layers. They detected that the oxidized area is composed of a glassy 
SiO2-rich layer, a thin ZrO2–SiO2 layer, and a SiC-depleted ZrB2 and/or 
ZrO2 layer.  
Arai et al. [14] fabricated several ZrB2–SiC–ZrC composites by spark 
plasma sintering (SPS) and examined the role of the ZrB2/ZrC ratio on 
the oxidation performance using the thermogravimetric test. They also 
performed an in-situ observation above 1500 °C through a high-
temperature observation system. Protective oxide layers were formed 
on the composites containing lower amounts of ZrC, but the samples 
with higher ZrC levels were completely oxidized below 1500 °C. 
Kubota et al. [15] studied the oxidation behavior of ZrB2–SiC–ZrC 
composites under low oxygen partial pressure at 1700 °C. The oxide 
layers composed of ZrO2 and SiO2 formed on the surface of the 
samples and thickened by increasing the ZrC amount. They also 
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compared the oxidation behavior of such ternary ceramics in an 
oxygen-hydrogen torch environment at 1700 °C [16].  
Recently, Inoue et al. [17] examined the initial oxidation response of 
ZrB2–SiC–ZrC ternary ceramics above 2000 °C. They found that the 
amount of ZrC can control the morphology of the oxide layers because 
of the volume expansion over the oxidation of ZrC into ZrO2. 
The objective of this research is to determine the role of ZrC additive 
as well as the effects of SPS parameters such as time, temperature, and 
pressure in boosting the resistance of ZrB2–SiC UHTCs against 
oxidation at 1400 °C.  

 Materials and methods 2.

Commercially accessible SiC (purity: 98.7%, particle size: 15 μm, 
supplier: Northwest Institute for Non-Ferrous Metal Research from 
China), ZrC (purity: 98.5%, particle size: 20 μm, supplier: Alfa Aesar 
Co. from the United States), and ZrB2 (purity: 99.5%, particle size:    
20 μm, supplier: Northwest Institute for Non-Ferrous Metal Research 
from China) powders were employed as the starting ceramic particles. 
Several ZrB2–30 vol% SiC-based composites samples were fabricated 
by spark plasma sintering with different ZrC additives and various SPS 
parameters to investigate the role of ZrC content and SPS time, 
temperature, and pressure on the subsequent oxidation resistance of the 
ZrB2–SiC–ZrC UHTCs.  
The initial ceramics were weighed and mixed via high-energy wet-ball- 
milling in  ethanol for 3 h to  prepare  mixtures  with 4, 8, and 12  vol%  

Table 1. Microstructural and densification characteristics of 
composites after SPS for different times. 

SPS time (min) 4  9  14  

ZrB2 grain size (µm) 2.8 4.8 5.9 

SiC grain size (µm) 1.6 3.8 5.3 

Relative density (%) 87.2 90.1 92.1 

Open porosity (%) 8.5 7.9 6.3 

 
ZrC additives. The as-mixed powders were fully dried on a magnetic 
stirrer (Heidolph MR 3001 K, Germany) for 2 h at 150 °C. Each 
prepared batch was loaded into a die made of graphite appropriate for 
sintering processes. The sintering step was completed using an SPS 
machine (20T-10, China) in a 15 Pa vacuum. The processing 
conditions of the samples were not the same, and for this purpose, 
different temperatures (1650, 1725, and 1800 °C), times (4, 9, and      
14 min), and pressures (20, 30, and 40 MPa) were used. The fabricated 
samples were ground to clean the graphite contaminations. The post-
sintering oxidation process was performed in a box furnace at 1400 °C.  
The relative density and percentage of open porosity of the as-sintered 
samples were estimated with the help of Archimedes' principles and 
relations. The average size of ZrB2 and SiC grains in the microstructure 
of sintered composites was measured using ImageJ software. The 
relative mass changes over time were calculated to compare and 
evaluate the oxidation response of the samples. Microstructural 
observation of the oxidized layers was done using a field emission 
Mira3 SEM facility (Made in Czechia, Tescan Co.).  

 Results and discussion 3.

In general, the surface of a non-oxide ceramic sample oxidizes when 
exposed to air, which can be accelerated at high temperatures [18–20]. 
For example, ZrB2 transforms into ZrO2 and B2O3 at temperatures 
above 800 °C [21, 22], SiC into SiO2 and CO at temperatures above 
900 °C [23, 24], and ZrC into ZrO2 and CO at temperatures above    
450 °C [13, 25]. Therefore, by placing the ZrB2–SiC–ZrC composites 
in oxidation conditions at 1400 °C, the following chemical reactions 
are expected:  
ZrB2 + 2.5O2 → ZrO2 + B2O3      (1) 

SiC + 1.5O2 → SiO2 + CO      (2) 

ZrC + 1.5O2 → ZrO2 + CO      (3) 

Fig. 1. Relative weight changes as a function of SPS time. 

Fig. 2. FESEM images of the oxidized cross-section of ZrB2–30 vol% SiC–8 vol% ZrC composites SPSed for different holding times: a) 4 min, 
b) 9 min, and c) 14 min. 
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The formation of the SiO2 oxide layer causes the consumption of 
silicon in the lower layer and hence a Si-depleted zone appears [26–
28]. The formed SiO2 oxide phase creates a sticky glass layer that 
increases the oxidation resistance [29–31]. Therefore, the presence of 
SiC reinforcement in ZrB2-based ceramic composites reduces their 
oxidation rate. This is due to the formation of the B2O3–SiO2 glass 
shell, which is more viscous and stable compared to a single B2O3 and 
has a lower vapor pressure [32–36].  
The diffusion of oxygen in this silica-rich amorphous shell is low due 
to its high viscosity, and it is resistant to a minimum temperature of 
1600 °C in oxidizing environments [37–39]. Another advantage of this 
shell is its sufficient fluidity to fill the voids or discontinuities (empty 
spaces) in the ZrO2 layer and, as a result, completely cover the surface 
of the sample due to its excellent wettability. The diffusion of dissolved 
oxygen in semi-solid B2O3–SiO2 present in porous ZrO2 has been 
proposed as the limiting factor for oxidation up to 1400 °C [29, 40, 41]. 

3.1. Effect of sintering time on the oxidation behavior 

The graph of the relative changes in weight of the ZrB2–30 vol% SiC– 
8 vol% ZrC composites after oxidation for 18 h at 1400 °C as a 
function of the sintering time is presented in Fig. 1. If a composite with 
this composition is sintered for 4 min, the weight change percentage 
reaches 0.98% due to its oxidation. By increasing the SPS time            
to 9 min  and  14 min,  the  weight  changes  reach  1.64%  and  1.85%,  
 

Table 2. Microstructural and densification characteristics of 
composites after SPS at different temperatures. 

SPS temperature (°C) 1650 1725 1800 

ZrB2 grain size (µm) 4.7 5.9 7.8 

SiC grain size (µm) 3.5 3.9 5.1 

Relative density (%) 89.2 91.8 92.2 

Open porosity (%) 8.3 7.1 6.7 

 
 
respectively. In other words, by increasing the duration of holding the 
composite at the maximum sintering temperature from 4 min to 14 min, 
the amount of weight change due to oxidation of the part has doubled. 
Increasing the sintering time caused an increase in weight changes, 
which means a decrease in the oxidation resistance of the sample.  
Because the chemical composition was constant in these three samples, 
it can be concluded that the only factor influencing the amount of 
weight changes affected by oxidation is the microstructural evolutions 
of the composite with the time of the sintering process. The data 
relating to the microstructural characteristics and densification of the 
samples made at different SPS times are given in Table 1. These results 
show that the relative density of the composites increases with the 
increase of the holding time at the maximum SPS temperature, and 
subsequently, the number of open porosities in the parts decreases. 
Such an outcome seems strange at first comparison because it is 
expected that the oxidation resistance of a sample that is denser will be 
higher. But by comparing the size of ZrB2 and SiC grains in different 
samples, this enigma can be solved. As it can be clearly seen, with the 
increase of SPS time, the grain size of both phases has increased 
significantly. Although increasing the holding time of the sample 
during the sintering process leads to better densification of the 
composite, but the oxidation resistance is weakened due to excessive 
grain growth.  
For a more detailed examination, FESEM images of the cross-section 
of the oxidized samples are shown in Fig. 2. With the increase of the 
sintering time, the thickness of different layers affected by oxidation 
has increased, which indicates a decrease in resistance to oxidation. 
The reason for this observation can be attributed to the coarsening of 
grain size with increasing sintering time, which is in complete harmony 
with the data presented in the graph related to weight changes due to 
oxidation (Fig. 1) and the microstructural results reported in Table 1.  

Fig. 3. Relative weight changes as a function of SPS temperature. 

Fig. 4. FESEM images of the oxidized cross-section of ZrB2–30 vol% SiC–12 vol% ZrC composites SPSed at different 
temperatures: a) 1650 °C, b) 1725 °C, and c) 1800 °C. 
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3.2. Effect of sintering temperature on the oxidation behavior 

Fig. 3 shows the graph of relative weight changes based on SPS 
temperature for three samples subjected to oxidation treatment 
at 1400 °C for 18 h. The composition of all composite samples 
was constant and 30 vol% SiC and 12 vol% ZrC were added to 
the ZrB2 matrix. The composite that was sintered at 1650 °C 
showed the lowest relative weight changes of 1.34% after 
oxidation. As the SPS temperature increased to 1725 °C and 
then to 1800 °C, the relative weight changes increased almost 
linearly and reached 1.47% and 1.63%, respectively. Therefore, 
it seems that increasing the sintering temperature from 1650 °C 
to 1800 °C causes the relative weight changes to increase by 
about 20%, which can be interpreted as a decrease in oxidation 
resistance with an increase in SPS temperature.  
The effect of sintering temperature on the microstructural evolution 
caused by subsequent oxidation of these composites can be compared 
in Fig. 4. As the increase in SPS temperature from 1650 °C to 1800 °C 
has linearly intensified the relative weight changes, it has also resulted 
in an increase in the thickness of the layers affected by oxidation. 
Considering that the chemical composition of these composites is the 
same and all of them have 12 vol% ZrC, it seems that the 
microstructure of the samples developed at different SPS temperatures 
is the most important factor affecting their oxidation behavior.         
The microstructural  characteristics  (grain  size  and  porosity) of these 

Table 3. Microstructural and densification characteristics of 
composites after SPS under different pressures. 

SPS pressure (MPa) 20 30 40 

ZrB2 grain size (µm) 4.8 3.9 5.2 

SiC grain size (µm) 3.8 2.4 4.5 

Relative density (%) 90.1 92.9 94.1 

Open porosity (%) 5.8 4.3 3.9 

 
UHTCs are presented in Table 2 and as can be seen, increasing the 
sintering temperature has led to a continuous and significant increase in 
the size of ZrB2 and SiC grains. The significant growth of grains at 
1800 °C is clearly seen in Fig. 4c. However, sintering at a higher 
temperature has partially helped to increase the relative density and 
reduce the number of open porosities. But it should be noted that the 
growth of the grains has been so high that it has finally led to a drop in 
the oxidation resistance of the composite. 

3.3. Effect of sintering pressure on the oxidation behavior 

Fig. 5 shows the relative weight changes due to the oxidation of 
composite samples sintered under different pressures of 20, 30, and    
40 MPa. The composition of all three samples was constant and equal 
to ZrB2–30 vol% SiC–8 vol% ZrC. After the oxidation test for 18 h at 
1400 °C, the sample that was sintered under 20 MPa pressure 
experienced a 1.64% relative weight increase. The composite that was 
produced under a pressure of 30 MPa showed a relative weight increase 
of 1.41%, which had fewer weight changes than the sample sintered 
under lower pressure. The sample prepared under 40 MPa pressure 
showed a different trend and the relative weight changes in this sample 
increased compared to the previous one. Therefore, unlike the specific 
trends that were claimed about the effects of sintering time and 
temperature on the oxidation behavior, it is not possible to make a 
definite statement about the influence of SPS pressure on the 
performance of composites whether increasing the pressure improves 
or weakens the oxidation resistance.  
For additional investigations, FESEM microstructures taken from the 
cross sections of the oxidized layers in three samples are shown in   
Fig. 6. Moreover, the grain size, relative density, and amount of open 
porosity in the sintered samples, before the oxidation test, are given in 
Table 3. As expected, by applying more pressure during the sintering 
process, better densification is provided, and the relative density 

Fig. 5. Relative weight changes as a function of SPS pressure. 

Fig. 6. FESEM images of the oxidized cross-section of ZrB2–30 vol% SiC–8 vol% ZrC composites SPSed under different pressures: 
a) 20 MPa, b) 30 MPa, and c) 40 MPa. 
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increases. Higher pressure causes a better rearrangement of the powder 
particles, increases the probability of the powder being fragmented into 
smaller particles and generally enhances the sinterability of the powder. 

Table 4. Microstructural and densification characteristics of 
composites after SPS with different ZrC content. 

ZrC content (vol%) 4 8 12 

ZrB2 grain size (µm) 4.2 6.1 7.8 

SiC grain size (µm) 1.8 4.0 5.1 

Relative density (%) 94.1 93.1 92.2 

Open porosity (%) 4.4 7.6 7.9 

 
The results obtained about the relative density and percentages of open 
porosity in Table 3 are in full agreement with these expectations. Even 
the smaller grain size in the sintered sample at 30 MPa compared to the 
composite processed under 20 MPa can be justified and attributed to 
the role of pressure on the fragmentation of the powder particles. 
Unfortunately, the authors do not have a justification for the 
contradictory and unexpected observation about the grain size with the 
application of more pressure up to 40 MPa. Maybe there was a test or 
measurement error, or another parameter is involved that was out of the 
authors' knowledge due to the available test facilities. 

Fig. 7. Relative weight changes as a function of ZrC content. 

Fig. 8. Cross-sectional FESEM images of ZrB2–30 vol% SiC–12 vol% ZrC composites oxidized at 1400 °C for different durations  
a) 1 h, b) 2 h, c) 5 h, d) 6 h, e) 7 h, f) 10 h, g) 15 h, and h) 18 h after prepared by SPS at 1800 °C for 9 min under 30 MPa. 
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3.4. Effect of ZrC content on the oxidation behavior 

Fig. 7 shows the relative changes of weight in terms of ZrC content in 
ZrB2–30 vol% SiC composites sintered at 1800 °C for 9 min under      
30 MPa pressure after oxidation for 18 h at 1400 °C. It can be seen that 
with the increase of ZrC amount, the relative weight change increases 
which leads to a decrease in oxidation resistance. In the composite that 
only 4 vol% ZrC was added, the relative weight changes reached 
0.86%. As the amount of carbide additive increases, the relative weight 
change also intensifies, so with the addition of 8 vol% and 12 vol% 
ZrC, the relative changes in weight have reached 1.3% and 1.63%, 
respectively. Considering that the starting temperature of ZrC oxidation 
is much lower than those of the ZrB2 matrix and SiC additive, 
increasing its amount causes a drop in the oxidation resistance of the 
composite, which can be clearly seen in Fig. 7.  
The data presented in Table 4, which shows the microstructural and 
densification characteristics of the SPSed composites with different 
amounts of ZrC addition, can provide further information about the 
relative weight changes after oxidation. As can be compared, with the 
addition of more ZrC, the grain size of ZrB2 and SiC has shown 
significant growth. Therefore, this additive has not only progressed the 
densification of the samples but also caused the extreme growth of the 
grains. The drop in relative density and the increase in the amount of 
open porosity with the addition of more ZrC is evidence for this claim. 

3.5. Oxidation mechanism 

In order to show how the oxidation process progresses via the 
formation and thickening of the oxide layers, the sample sintered at 
1800 °C for 9 min under 30 MPa and containing 12 vol% ZrC, which 
showed a weak resistance to oxidation, was investigated. FESEM 
images of its cross-section after oxidation at 1400 °C for different times 
are shown in Fig. 8. By increasing the duration of exposure of the 
sample in oxidizing conditions, the intensity and extent of oxidation 
naturally increase, because exposing the sample for a longer period, 
oxygen diffusion to the surface of the sample increases, and as a result, 
the thickness of the oxidized layers and the area affected by oxidation 
increases. Therefore, it seems that the rate of oxygen diffusion to the 
underlying layers is a key parameter in the oxidation behavior of these 
composites. What can be clearly seen in these figures is that with 
increasing the oxidation time, the thickness of the upper layer, which is 
SiO2, increases.  

 Conclusions 4.

Several ZrB2–SiC composites with different amounts of ZrC additive 
were fabricated by SPS technology at different temperatures for various 
holding times under different pressures. The role of these variables 
(ZrC content and SPS conditions) on the oxidation performance of 
ternary ZrB2–SiC–ZrC composites were studied and discussed. The 
post-sintering oxidation process was completed inside a box furnace at 
1400 °C up to 18 h. No clear result was found for the effect of applied 
pressure during the SPS step on the post-sintering oxidation behavior 
of the samples. Increasing the SPS temperature, the SPS time, and the 
ZrC content led to a drop in the oxidation performance due to the 
fanatic grains growth in the as-sintered microstructures. According to 
the obtained data and results, the reasons for these observations were 
justified. 
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