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Abstract: A SiC/ZrSiO4−SiO2 (SZS) coating was successfully fabricated on the carbon/carbon (C/C) composites by pack 

cementation, slurry painting and sintering to improve the anti-oxidation property and thermal shock resistance. The anti-oxidation 

properties under different oxygen partial pressures (OPP) and thermal shock resistance of the SZS coating were investigated. The 

results show that the SZS coated sample under low OPP, corresponding to the ambient air, during isothermal oxidation was 0.54% in 

mass gain after 111 h oxidation at 1500 °C and less than 0.03% in mass loss after 50 h oxidation in high OPP, corresponding to the 

air flow rate of 36 L/h. Additionally, the residual compressive strengths (RCS) of the SZS coated samples after oxidation for 50 h in 

high OPP and 80 h in low OPP remain about 70% and 72.5% of those of original C/C samples, respectively. Moreover, the mass loss 

of SZS coated samples subjected to the thermal cycle from 1500 °C in high OPP to boiling water for 30 times was merely 1.61%. 

Key words: C/C composite; SiC/ZrSiO4−SiO2 coating; oxygen partial pressure; anti-oxidation; thermal shock; residual compressive 

strength 

                                                                                                             

 

 

1 Introduction 
 

Carbon/carbon (C/C) composites possess many 

advantages such as light weight, high strength and 

modulus at the elevated temperature [1,2]. They are 

considered to be the potential candidates for high- 

temperature structures. However, the C/C composites are 

prone to oxidation in a oxidizing environment above 

400 °C [3]. Thus, many investigations on curing 

Achilles’ heel of C/C composites have been carried out 

for several decades [4−7]. 

Currently, the coating technology has been regarded 

as an effective way to protect the C/C composites against 

oxidation [8]. It is generally known that the silicon 

carbide (SiC) coating possesses good physical and 

chemical compatibility to C/C matrix, and is widely used 

as bonding layer between C/C and outer ceramic layer to 

provide extra protection for C/C composites [9,10]. 

However, a single SiC layer cannot provide a long-term 

protection for C/C matrix [6]. Hence, great efforts were 

concentrating on the silicon-based multilayer coatings in 

order to improve the anti-oxidation of C/C composites 

[11,12]. The zirconium silicate (ZrSiO4) has been 

considered as a candidate material to apply at 

high-temperature due to its excellent chemical stability 

and low coefficient of thermal expansion (4.1×10−6/°C at 

1400 °C) [13,14]. SUN et al [15,16] and LIU et al [17] 

developed a ZrSiO4/SiC coating by hydrothermal 

electrophoretic deposition which showed a good 

anti-oxidation as well as the SiC−Si−ZrSiO4 coating 

systems. It also proved that the ZrSiO4−SiC coating 

systems offered good solutions for the oxidation 

protection of C/C composites. However, according to the 

work of LIU et al [17], SUN et al [15,16] and LI et al [1], 

the preparation methods for coating systems were pretty 

complicated. Additionally, most of their investigations 

were limited in the isothermal oxidation in ambient air. It 

is well known that the C/C composites suffered to 

different environments with different oxygen partial 

pressures (OPP) presented diversity in properties at high 

temperature during the potential applications [18,19]. 

Hence, the silicon-based coating systems subjected to 

different OPP at high temperature should be 

comprehensively studied. In the present work, the SZS 

coating was simply prepared by combination of pack 

cementation for SiC inner coating and slurry painting 

then sintered for ZrSiO4−SiO2 out coating. The anti-  
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oxidation of SZS coating at 1500 °C in high OPP (air 

flow rate: 36 L/h) and low OPP (ambient air), was 

systematically investigated. Additionally, the 

microstructures, residual compressive strength after 

oxidation test and thermal shock resistance from 1500 °C 

in high OPP (air flow rate: 36 L/h) to boiling water were 

studied to evaluate the performance of the SZS coating 

system. The current study aims to provide some valuable 

information for the further research in the protection of 

C/C composites at the elevated temperature under 

different oxygen partial pressures. 

 

2 Experimental 
 

2.1 Preparation of coatings 

The small specimens (10 mm × 10 mm × 10 mm) 

with the density of 1.67 to 1.70 g/cm3 as substrates were 

cut from the bulk 2.5-dimensional C/C composites, 

which were prepared by chemical vapor infiltration. The 

C/C specimens were polished by using 200, 600 and 

1000 grit SiC paper, successively, then followed by water 

cleaning and drying at 120 °C for 2 h. The powder 

composition for pack cementation included: 60%−65% 

Si, 5%−10% carbon black, 10%−30% β-SiC and 0−5% 

Al2O3 (mass fraction). All the powders (analytical grade) 

were mixed by ball-milling for 2 h in ethanol solution. 

The C/C composite specimens and the powder mixtures 

were placed in a graphite crucible, and heated to 1750 °C 

in an argon atmosphere and then held at 1750 °C for 2 h 

to form the SiC coating. After the preparation of SiC 

layer, the ZrSiO4−SiO2 coating was obtained on the 

as-prepared SiC coating surface by slurry painting and 

sintering method. The slurry painting composition in this 

procedure included: 20%−60% SiO2, 30%−60% ZrO2 

and 0−5% sinter aids (mass fraction). All the powders 

were analytically graded and mixed by ball-milling with 

a ethanol solution containing 3% polyvinyl alcohol for  

2 h. After slurry painting process, the coated specimens 

were dried at 100 °C and then sintered at 1500 °C under 

argon atmosphere for 1 h to form the ZrSiO4−SiO2 

coating. 

 

2.2 Isothermal oxidation test 

The samples with SiC and SZS coatings were tested 

at 1500 °C in low OPP (ambient air) or high OPP (air 

flow air: 36 L/h) in a corundum tube furnace (tube 

diameter: 10 cm, Length: ~100 cm) to investigate the 

isothermal oxidation behavior. The cumulative mass 

change rates (∆w) of the specimens were described by 

the following expression and were reported as a function 

of time: 
 

0

0

100%im m
w

m


                            (1) 

where m0 and mi are measured by an electronic balance 

with a sensitivity of ±0.1 mg and represent the masses of 

the specimens before and after oxidation, respectively. 

 

2.3 Thermal shock test 

The thermal shock test was performed on the SZS 

coated C/C composites samples from 1500 °C in high 

OPP to boiling water. The specimens were placed into 

the corundum tube furnace and heated at 1500 °C for   

3 min. Subsequently, the specimens were poured into the 

boiling water (about 100 °C) to cool down quickly to 

room temperature. Finally, after 2 h drying at 100 °C in 

the oven, the masses of specimens were measured by 

electronic balance with sensitivity of ±0.1 mg, and the 

mass loss was calculated by Eq. (1). The above steps 

were repeated 30 times. 

 

2.4 Characterization 

According to ASTM C1258−97, the compressive 

tests for the residual strength of specimens after 

oxidation were carried out on a universal testing machine 

(Instron 1196) with a loading rate of 1 mm/min. The 

microstructures and the phase composition of the SiC 

and SZS coatings were characterized by scanning 

electron microscopy (SEM, FEI Nova Nano SEM−230) 

with energy dispersive X-ray spectroscopy and X-ray 

diffraction (XRD) analyzer (Rigaku Ltd., Japan), 

respectively. 

 

3 Results and discussion 
 
3.1 Phase compositions and microstructures of 

coatings 

Figure 1 shows the XRD patterns of the as-prepared 

SiC coating and SZS coating. As shown in Fig. 1, the SiC 

coating is composed of α-SiC and β-SiC, and the SZS 

coating is composed of ZrSiO4 and residual SiO2 after the  

 

 

Fig. 1 XRD patterns of SiC and SZS coatings: (a) SiC coating; 

(b) SZS coating after sintering 
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slurry painting and sintering processes. Generally, the 

SiO2 in the coating systems could improve the oxidation 

property by self-healing. 

Figures 2(a) and (b) exhibit the surfaces and 

cross-section microstructures of the SiC coated sample. 

As shown in Fig. 2(a), the SiC coating is composed of 

fine and dense aggregates which are almost uniform and 

smaller than 1 μm in diameter. Additionally, the SiC 

coating surface is fairly rough, which is beneficial to 

improving the adhesion between outer coatings and SiC 

inner coating. As shown in Fig. 2(b), many pores were 

observed in the cross-section of SiC coating. Generally, 

these pores could effectively ease the thermal stress 

caused by mismatch of the coefficient of thermal 

expansion at the elevated temperature. Figure 2(c) 

exhibits the morphology of the SZS coated sample. It is 

observed that the SZS coating surface is pretty dense 

with some micro-cracks. Moreover, it is seen that the 

SZS coating comprises a glass-like phase and bump 

grains. The EDS analysis results of spot A and spot B 

marked in Fig. 2(c) are presented in the Figs. 2(e) and (f), 

respectively. The results indicate that the glass-like phase 

in Fig. 2(c) is mainly composed of SiO2, while the bump 

grains are mainly composed of ZrSiO4. Furthermore, the  

 

 

Fig. 2 SEM images and element line scanning results of as-prepared coatings: (a) Surface micrograph of SiC coating; (b) Cross- 

section micrograph of SiC coating; (c) Surface micrograph of SZA coating; (d) Cross-section micrograph of SZS coating; (e, f) EDS 

analysis result of spots A and B in Fig. 2(c), respectively 
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cross-section micrograph of SZS coating is displayed in    

Fig. 2(d). The obvious two layers are obviously observed 

in the SZS coating. Figure 2(d) also indicates that the 

adhesion and compatibility between inner and outer 

coatings are pretty good. Note that the dense 

ZrSiO4−SiO2 coating presents a mosaic-like structure that 

ZrSiO4 is embedded into SiO2 glass. The phase 

distribution in such mosaic structure is conducive to 

relieve thermal stress caused by the diversity of CTE 

(coefficient of thermal expansion) between ZrSiO4 and 

SiO2. Therefore, the SZS coating is expected to have a 

good resistance to oxidation and thermal shock. 

 

3.2 Oxidation resistance of coating systems 

The isothermal oxidation curves of the SiC and SZS 

coated samples in low OPP at 1500 °C are shown in Fig. 

3. As shown in Fig. 3(a), the SiC coating cannot provide 

a long-time protection for the C/C matrix. The mass loss 

rate of the SiC-coated C/C samples is about 2.1% after 

oxidation at 1500 °C under low OPP for 58 h. However, 

the SZS-coated C/C exhibits a mass gain rate of 0.54% 

after 111 h in low OPP at 1500 °C. In comparison, the 

SZS coating system obviously shows a better 

anti-oxidation property under low OPP at 1500 °C than 

single SiC coating. 

As for the silicon-based coating at high temperature, 

the oxidation kinetic is generally determined by the 

diffusion rate of the oxygen along the molten layers [19]. 

The diffusion behavior of O2 can be expressed by Fick’s 

first and second laws as Eqs. (2) and (3) [20,21]. 
 

d

d

C
J D

t
                                   (2) 
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t x

 


 
                         (3) 

 
where J is the flux density of O2, D is the diffusion 

coefficient, and C is the concentration of O2. 

Based on the oxidation curves as shown in Fig. 3, 

the oxidation behavior of SiC coating and SZS coating 

can be divided into two main stages (parabolic oxidation 

stage and non-parabolic oxidation stage) as shown in 

Figs. 3(b) and (c), respectively. The corresponding 

oxidation kinetic equation in the parabolic stage can be 

described, as shown in Eqs. (4) and (5). Among which x 

is the oxidation time, y is the mass loss rate, R is the 

association coefficient and a, b are constants, 

respectively. 

As for the SiC coated C/C composites under low 

OPP: 
 

y=0.023x2−0.146x+8.18×10−4 (0<x≤4 h, R=0.999)   (4) 
 

As for the SZS coated C/C at 1500 °C under low 

OPP: 
 
y=0.0098x2−0.114x+1.358×10−5 (0<x≤6 h, R=0.999) (5) 
 

 

 
Fig. 3 Isothermal oxidation curves of SiC and SZS coated C/C 

composites in low OPP (ambient air) at 1500 °C: (a) Isothermal 

oxidation curve of coated sample; (b) Stage 1 in Fig. 3(a);     

(c) Stage 2 in Fig. 3(a) 

 

Both the mass changes of coatings versus the 

oxidation time under low OPP at 1500 °C, as shown in 

Fig. 3(b), follow the parabolic rate law. Figure 3(b) 

indicates that the as-prepared coatings exhibit pretty 

good anti-oxidation performance in the initial oxidation 

experience (SiC coating: 0−25 h, and SZS coating:    

0−6 h). Meanwhile, the oxidation of the SZS and SiC 

coated C/C samples is mainly controlled by the diffusion 

of oxygen. The oxidation in this stage can be described 

in Eqs. (6) and (7) 

app:ds:mosaic
app:ds:structure
app:ds:structure
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SiC(s)+2O2=SiO2(s)+CO2(g)                   (6) 
 

2SiC(s)+3O2=2SiO2(s)+2CO(g)                (7) 
 

After the isothermal oxidation at 1500 °C for 25 h, 

the mass loss rate of the SiC-coated sample inclines to 

increase linearly with increased oxidation time. At this 

point, the generated SiO2 cannot seal the cracks and 

pores well. On the one hand, it was caused by the 

volatilization of the molten SiO2 at high temperature [22]. 

On the other hand, the CO and CO2 gas as mentioned in 

Eqs. (6) and (7) will result in new defects such as cracks 

and pores during their escape from the interface between 

SiC and ZrSiO4−SiO2 coatings to the surface. Obviously, 

these new defects could lead to a quick diffusion of 

oxygen into the matrix. As shown in Fig. 4, after 

oxidation for 35 h, the SiC phase on the surface of 

SiC-coated sample can also be detected, which indicates 

that the SiO2 layer is not thick and dense enough owing 

to the above-mentioned two reasons. 

As for the SZS-coated samples, the defects in the 

coating are sealed by the molten SiO2 in the parabolic 

stage (0−6 h). In general, the diffusion rates of oxygen in 

SiO2 and ZrSiO4 are quite low [23]. Therefore, the mass 

change of SZS-coated C/C sample reaches constant, 

which indicates that the mass gain rate from oxidation of 

SiC is almost equal to the mass loss rate from the 

volatilization of SiO2. Moreover, the mosaic-like 

structure of coating as shown in Figs. 2(b) and (c) can 

effectively decrease the volatilization rate. As shown in 

Fig. 4, the main phases in the SZS coating after oxidation 

for 46 h are still ZrSiO4 and SiO2. When compared with 

Fig. 1, the characteristic peaks of SiO2 become stronger, 

which indicates a higher content of SiO2 in the SZS 

coating. 

 

 

Fig. 4 XRD patterns of coatings after oxidation at 1500 °C 

under low OPP: (a) SiC coating after oxidation for 35 h;      

(b) SZS coating after oxidation for 46 h 

 

Figure 5 shows the surface and cross-section 

morphologies of SZS-coated C/C under low OPP at 

1500 °C. As shown in Fig. 5(a), the dense glass layer on 

the surface after oxidation after 46 h at 1500 °C is pretty 

smooth. Note that the glass layer covers the sample 

without apparent holes and big cracks. As shown in   

Fig. 5(b), some defects in the SiC coating and the 

SiC/ZrSiO4−SiO2 interface can be observed on the 

cross-section of the SZS coating systems due to the shift 

and expansion of the gas generated from the oxidation of 

SiC at high temperature. However, the interfaces 

between SiC and C/C, SiC and ZrSiO4−SiO2 are still in 

fairly good adhesions, which prove that the SZS coating 

can protect the C/C matrix at 1500 °C under the low OPP 

for a longer time. 

 

 

Fig. 5 Surface and cross-section morphologies of SZS-coated 

C/C under low OPP at 1500 °C for 46 h: (a) SEM image of 

surface; (b) SEM image of cross-section 

 

Figure 6 shows the isothermal oxidation curve of 

the SZS-coated C/C composites under high OPP (flow 

air: 36 L/h) at 1500 °C. As illustrated in Fig. 6(a), the 

SZS coating exhibits a good anti-oxidation property. 

After oxidation at 1500 °C for 50 h under high OPP, the 

SZS-coated sample did not suffer an obvious mass loss 

(merely about 0.03%). 

Figure 6(b) shows the parabolic oxidation stage at 

1500 °C marked in Fig. 6(a). The corresponding 

oxidation kinetic equation can be described as Eq. (8). 

Among which x is the oxidation time, y is the mass loss 
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Fig. 6 Isothermal oxidation curves of SZS-coated C/C 

composites under high OPP at 1500 °C: (a) Isothermal 

oxidation curve; (b) Parabolic oxidation stage in Fig. 6(a);    

(c) Stage b in Fig. 6(a) 

 

rate, R is the association coefficient and a, b are 

constants respectively. 

As for the SZS-coated C/C at 1500 °C under high 

OPP: 
 

y=0.00727x2−0.0349x+1.7×10−3 (0<x≤3 h, R=0.962) (8) 
 

Generally, the mass gain of SiC/ZrSiO4−SiO2- 

coated C/C composites is mainly caused by the oxidation 

of SiC. As previously shown in Fig. 3(b), the oxidation 

of SiC coating obeys the parabolic rate law well. The 

oxidation rate of SiC is determined by diffusion rate of 

oxygen. Similarly, when the SZS coating is totally 

exposed in air at the initial time of oxidation, it could 

result in a mass gain from the oxidation of SiC into SiO2 

with a fast rate. As the oxidation proceeds, the SiC is 

covered by the SiO2 with the increased thickness. 

Furthermore, the defects on the surface are gradually 

sealed by the molten SiO2, which makes the oxygen 

more difficult to diffuse towards to the matrix. As a 

result, the slope of the mass gain as shown in Fig. 6(b) 

decreases gradually. 

Figure 6(c) shows the stage b as marked in Fig. 6(a). 

It is seen that the mass change of the SZS-coated sample 

as shown in Fig. 6(c) could follow the linear Eq. (9): 
 
y=0.005x−0.0448 (3<x≤18 h, R=0.927)            (9) 
 
where x is the oxidation time, y is the mass loss, R is the 

association coefficient, respectively. 

In stage b, the molten SiO2 at high temperature can 

effectively seal the defects in the SZS coating. Moreover, 

the mass loss from oxidation of carbon and the mass gain 

from oxidation of SiC are in equilibrium. The 

volatilization of SiO2 in this stage is mainly responsible 

for the mass changes. As the oxidation proceeds, the 

oxygen will gradually diffuse into the coating to react 

with SiC or C when the SiO2 layer in the outer surface is 

not thick enough. The oxidation process will lead to the 

new generation of CO and CO2 gas [24,25]. Afterwards, 

the pores with big sizes at the interface as shown in   

Fig. 7(b) will be generated owing to expansion of the CO 

and CO2 gases. These pores were inevitably generated on 

the surface of the SZS coated C/C composites after the 

escape of CO and CO2 gases. Note that the dynamic air 

can accelerate the volatilization of SiO2 at 1500 °C [26]. 

Therefore, the SiO2 in the SZS coating in stage c is not 

so sufficient as before. Consequently, the above- 

mentioned defects could not be sealed quickly. Hence, 

these defects including the pores after cooling down can 

be observed as shown in Fig. 7(a). 

Additionally, as shown in Fig. 6(a), the mass gain 

and the mass loss in stage c are in equilibrium. Therefore, 

the SZS coated sample presents a tiny mass loss rate 

(about 0.03%) after oxidation at 1500 °C for 50 h under 

high OPP. It is clear that the SZS coating shows a good 

oxidation resistance at 1500 °C under high OPP. 

It is noteworthy that the microstructures of the SZS- 

coated samples vary with OPP at 1500 °C. Compared 

with microstructures of the SZS-coated sample tested in 

high OPP at 1500 °C, the SZS-coated sample which 

experienced 46 h in low OPP presented a better 

combination between the inner−outer coatings and 

coating/matrix. Moreover, less pores were observed in 

the area of interface between the internal/external 

coatings when the SZS-coated sample is subjected to the 

low OPP at 1500 °C. Generally, the molten SiO2 could  
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Fig. 7 Surface and cross-section morphologies of SZS-coated 

C/C in dynamic air (0.6 L/min) at 1500 °C for 50 h: (a) Surface 

SEM image; (b) Cross-section SEM image 

 

fill the defects like pores and cracks in the SZS coating. 

Additionally, these cracks usually close at elevated 

temperatures. Hence, the content of molten SiO2 in the 

SZS coating after oxidation should be responsible for 

these differences in microstructures. The air flow could 

probably accelerate the volatilization of molten SiO2 at 

1500 °C and the defects like cracks and pores in the 

coating cannot be effectively self-sealed under high OPP. 

More defects in the coating resulted in a higher diffusion 

rate of oxygen into the C/C matrix, which corresponds to 

a faster oxidation of carbon. More oxidation of carbon 

will result in more CO2 and CO gases which are 

detrimental to the coating systems. 

Figure 8 shows the residual compressive strength 

(RCS) and the load−displacement curves of the SiC- or 

SZS-coated samples. As shown in Fig. 8(a), the RCS of 

SZS-coated samples without oxidation decreases to 

about 85% of that of the virgin C/C owing to the 

thermal- damage on carbon fiber at high processing 

temperature and the corrosion of liquid Si infiltration 

into the C/C matrix. Additionally, the RCSs of 

SZS-coated C/C after oxidation for 50 h under high OPP 

and 80 h under low OPP are approximately 70% and 

 

 

Fig. 8 Residual strength and typical load−displacement curves 

after oxidation at 1500 °C: (a) Diagram of residual compressive 

strength; (b) Load−displacement curves of oxidized samples 

 

72.5% of that of the virgin C/C matrix, respectively. The 

oxidation and thermal damage of C/C matrix could be 

responsible for the mechanical degradation of the SZS- 

coated samples. 

Figure 8(b) shows the typical load−displacement 

curves of the virgin C/C composites and SZS-coated 

sample after oxidations. It is seen that the virgin C/C 

sample shows a nearly linear behavior to the 

compressive stress, and then breaks rapidly when the 

maximum stress achieves. As for the SZS-coated sample, 

the similar fracture as C/C sample can be observed. 

However, the SZS-coated sample after oxidation show 

about 0.5 mm longer displacement because of the 

additional thickness of the SZS coating (the thickness of 

SZS coating after oxidation is about 0.25 mm as shown 

in Fig. 5). Additionally, the weak load (about 45 N) in 

initial stage (from 0 to approximately 0.5 mm of the 

displacement) is mainly responsible for the deformation 

of the SZS coating, because the SZS coating after 

oxidation is brittle, and cannot carry load as high as the 

C/C matrix. 

In conclusion, the SZS coating shows a pretty  

good anti-oxidation performance at 1500 °C under low 
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OPP and high OPP. 

 

3.3 Thermal shock resistance of SiC/ZrSiO4−SiO2 

coating 

The thermal shock resistance of SZS coating was 

evaluated by thermal cycling oxidation between 1500 °C 

and boiling water. The mass loss curve of the SZS-coated 

samples after the thermal shock tests is presented in  

Fig. 9. It is seen that the SZS coating exhibits a good 

resistance to the thermal shock from 1500 °C to boiling 

water. After 30 times of thermal cycling, the mass loss 

rate of the SZS-coated samples is merely 1.61%. 

Additionally, the curve of mass loss during the thermal 

cycling can be characterized as a straight line fitted 

according to the equation (y=Ax+B) and association 

coefficient (R) as shown in Fig. 9. 

 

 

Fig. 9 Thermal cycling oxidation curve of SZS-coating coated 

C/C composites between 1500 °C and boiling water 

 

4 Conclusions 
 

1) The SZS coating shows a good anti-oxidation 

behavior in a long term. It can effectively protect the C/C 

matrix from oxidation at 1500 °C for 111 h under low 

OPP, corresponding to the ambient air, with a mass gain 

rate of 0.54%, and mass loss rate of 0.03% after 50 h 

oxidation at 1500 °C in high OPP, corresponding to the 

air flow rate of 36 L/h, respectively. 

2) The residual strengths of the coated sample after 

oxidation for 50 h under high OPP and for 80 h under 

low OPP are about 70% and 72.5% of that of the virgin 

C/C, respectively. 

3) The SZS coating presents a good thermal shock 

resistance. The mass loss of SZS coated samples 

subjected to the thermal cycle from 1500 °C under high 

OPP to boiling water for 30 times is merely 1.61%. 
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摘  要：为提高炭/炭(C/C)复合材料的高温抗氧化性，采用包埋–刷涂法在其表面制备 SiC/ZrSiO4−SiO2 (SZS)复合

涂层。研究 SZS 复合涂层包覆 C/C 复合材料在 1500 °C 下不同氧分压测试环境下的抗氧化性能以及 1500 °C 至沸

水(100 °C)的热循环性能。结果表明：SZS 复合涂层试样具有优异的高温抗氧化性能和热震性能。在 1500 °C 等温

高氧分压环境下(空气流量 36 L/h)氧化 50 h 后试样仅轻微失重(约 0.03%)， 而在 1500 °C 低氧分压(静态空气)中

氧化 111 h 后仍然增重 0.54%。此外，SZS 复合涂层试样在高氧分压下氧化 50 h 及低氧分压下氧化 80 h 后，其残

余压缩强度分别为 70%和 72.5%。SZS 复合涂层试样在经历 30 次热循环以后，其质量损失率仅为 1.61%，残余压

缩强度约为 74%。SZS 涂层表现出良好的抗氧化性能和抗热震性能，可在高温下为 C/C 复合材料提供长期的保护。 

关键词：C/C 复合材料；SiC/ZrSiO4−SiO2复合涂层；氧分压；抗氧化性能；热震性能；残余压缩强度 
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