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In this study, the UHTC-based composite layers were applied on the graphite substrates using 
the SPS method to protect them against ablation. The protective layers had some defects and 
problems such as crack, fracture, separation, melting, and weak adhesion to the substrate. 
Several factors such as the thickness of the composite layer, the number of protective layers, 
the SPS conditions (temperature, applied pressure, soaking time and mold), the chemical 
composition of the layers, the type of the substrate and the mismatch between the thermal 
expansion coefficients of the substrate and the applied layer(s) affected the quality and 
connection of the protective layer to the graphite substrate. The amount of additive materials 
influenced the melting phenomenon in the composite layer; for example, further MoSi2 in the 
layer led to more melting. The mismatch between the thermal expansion coefficients of the 
graphite substrate and the composite layer caused stresses during the cooling step, which 
resulted in cracks in the applied layer. Hence, proximity in the thermal expansion coefficients 
seems to be necessary for the formation of an acceptable adhesion between the layer and the 
substrate. 
© 2021 The Authors. Published by Synsint Research Group. 
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 Introduction 1.

Carbon materials and carbon-carbon composites are important 
materials in various industries like supersonic spacecraft, furnace 
elements, turbine blades, rocket nozzles, and space shuttle noses.   
These materials are promising candidates for high temperature usages 
where high strength and resistance to wear are demanded [1–6].  
Carbon materials have gained researcher’s attention because of       
their ability to withstand temperatures above 2500 °C without cooling 
fluids, high elastic modulus, good resistance to abrasion and fatigue, 
good machinability, low density, and high tensile strength at 
temperatures above 1200 °C [7–10]. However, some limitations of 
these components are severe oxidation at temperatures above 400 °C in 
oxidizing atmosphere, as well as weight loss and properties degradation 
at high temperatures. Therefore, it is necessary to use a coating            
to prevent the oxidation of carbon substrates at > 400  °C [11–14].  

Ceramic coatings are mainly used to hinder the oxidation of 
carbonaceous materials [15–17]. Among ceramic materials, ultrahigh 
temperature ceramics (UHTCs) are utilized as coatings on the graphite, 
owing to their unique properties such as high melting temperature 
(above 3000 °C), excellent resistance to oxidation, and unique 
mechanical properties [18–20]. As a member of UHTCs, ZrB2 is an 
appropriate choice for use in high temperature thermomechanical 
applications (> 2000 °C) [21–23]. Applying UHTCs coating on carbon-
carbon composites to inhibit oxidation can be an acceptable approach 
to design the heat protection systems if it has followings [24]: 
-Stability and integration to provide erosion resistance and limit 
evaporation. 
-Ability to stop oxygen penetration into the substrate. 
-Compatibility for resistance against lamination due to mismatch 
between the thermal expansion coefficients. 
-Simple manufacturability and reproducibility. 
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There are several techniques to create coatings with fine microstructure 
such as spray deposition, electroplating, electron beam irradiation, 
slurry coating, pack cementation, and chemical vapor deposition. Each 
method has special advantages to control the thickness of the coating 
and the composition of the material [25–29]. To create a reliable 
UHTC coating and to optimize the penetration and adhesion of the 
carbon-carbon composite, understanding of the physical and chemical 
properties of the coating materials is [24, 30].  
Various methods can be used to create UHTC coatings. Among them, 
spark plasma sintering (SPS) is a modern effective method due to the 
proper connection of coating materials with the substrate, the ability to 
control the thickness of the coating, the high durability of coating, and 
the desirable thermomechanical properties. Such coatings with high 
density and good thickness can increase corrosion and abrasion 
resistance, improve toughness and prevent graphite oxidation [31–35].  
Many efforts have been done to increase the oxidation resistance of 
diborides. These studies showed that the addition of SiC to ZrB2 greatly 
increases oxidation resistance at high temperatures [36–43]. 
Thermodynamic calculations of the oxidation of ZrB2–SiC composites 
showed that the formation of a SiC-rich layer, a Zr-rich oxidized layer 
and a SiC-depleted ZrB2 layer due to active oxidation of SiC decreased 
the oxidation rate [44]. In order to improve the oxidation resistance of 
carbon-carbon composites, a two-layer coating including ZrB2 and SiC 
was applied. First, slurries containing ZrB2 and SiC powders were 
prepared separately. Then, carbon-carbon composite samples were 
coated by squeeze infiltration in vacuum and heat-treated in argon 
atmosphere. The results showed that continuous multilayer coatings, 
including both SiC and ZrB2 phases, are required for the protection of 
the carbon/carbon substrate [45]. 
In another study, after surface preparation of carbon-carbon 
composites, SiC coating was applied by low pressure chemical vapor 
deposition (LPCVD) at 1200 °C. Then, HfC-based coatings were 
deposited on SiC-coated samples at 1200 °C under atmospheric 
pressure. It should be noted that the precursor of the SiC coating was 
CH3SiCl3 and the precursors of the HfC coating were C3H6 and HfCl2 
[46]. 
Pack cementation method at 2100-1900 °C for 2 h was used to prepare 
ZrB2–SiC coating on carbon/carbon composites in order to improve the 
erosion resistance. To increase the penetration rate, ZrB2, Si, graphite 
and Al2O3 were chosen as the initial materials of the coating. During 
the  pack  cementation  process,  Si  can  react  with  the  carbon/carbon  

Table 1. Specifications of graphite substrate: type SB-1 (made in 
China). 

composite to form SiC. Then, ZrB2–SiC coating can be formed on the 
surface of carbon/carbon composites. Microstructural observations 
showed some microcracks on the surface of the coating due to the 
mismatch of thermal expansion coefficients between the coating and 
the carbon/carbon composite. The composite coating was dense 
without any infiltrative cracks or pores [47]. A multi-phase SiC–Si–
ZrB2 ceramic coating was applied on the surface of the SiC-coated 
carbon-carbon composite by powder pack cementation process. SiC 
bonding layer was formed on the surface of carbon-carbon composites 
using Si, C and Al2O3 powders at 1700-2000 °C for 2 h in argon 
atmosphere. Outer SiC–Si–ZrB2 coating was applied on the surface of 
SiC-coated carbon-carbon composites at 1900-2200 °C for 2 h in an 
argon atmosphere using Si, B2O3, graphite and ZrB2. The coating 
surface was dense and included microcracks that could be caused by 
rapid cooling to room temperature. The thickness of the coating was 
approximately 120 µm without any cracks or pores. In addition, there 
were no cracks or gaps between the inner SiC and the outer SiC–Si–
ZrB2 coatings, indicating a suitable bonding [48]. 

Table 2. Specifications of graphite substrate: type TC-90               
(made in Japan). 

Property Value Unit 

Density 1.74 g/cm3 

Porosity 16 % 

Bending strength 40 MPa 

Compressive strength 85 MPa 

Thermal    
conductivity 

120 W/mK 

Thermal expansion 
coefficient 

4.6×10-6 °C-1 

Elastic modulus 11 GPa 

Carbon content ~94 % 

Property Value Unit 

Density 1.80 g/cm3 

Hardness 80 Shore D 

Mean particle size 5 µm 

Specific resistance 15 μΩm 

Bending strength 68 MPa 

Tensile strength 50 MPa 

Compressive strength 140 MPa 

Elastic modulus 12 GPa 

Thermal expansion 
coefficient 

5×10-6 °C-1 

Thermal        
conductivity 

110 W/mK 

Volatile substances 
(ash) 

200 ppm 

Fig. 1. Schematic of the compositional range of raw materials used for 
the outer composite layer. 
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Table 3. Specifications of raw material powders used in protective 
layers. 

A dense, well-bonded and crack-free ZrB2–SiC–WC composite layer 
was applied on graphite substrate by SPS process at 1900 °C for 5 min. 
Microstructural observations displayed three regions in the cross-
section of the coating: the upper ZrB2–SiC–WC coating, the 
substrate/coating interface and the diffusion bond. No crack in the 
coating/substrate interface was seen in the ZrB2–SiC–WC coating [31]. 
In this research, the protective layers of ultrahigh temperature ceramics 
are applied on the graphite substrates by the SPS route to increase their 
resistance against oxidation and ablation. Challenges, problems and 
defects in this methodology are identified and discussed to help 
researchers to overcome potential limitations.  

 Experimental procedure 2.

2.1. Materials and methods 

The graphite substrates with a diameter of 30 mm and a thickness of    
5 mm were cut from graphite blocks of two different materials. The 
characteristics of the Chinese (SB-1) and Japanese (TC-90) graphite 
substrates are given in Tables 1 and 2, respectively. Sandpaper No. 400 
was used to prepare the surface of the graphite substrates in order to 
create a uniform surface. The graphite substrates were then cleaned by 
ethanol using an ultrasonic device and finally dried in an oven at      
100 °C for 2 h.  
The specifications of the raw materials used in the composite protective 
layers are given in Table 3. Based on the design of experiments       
(Fig. 1), the raw material powders were weighed to prepare the 
composite mixtures. After that, the powders were ultrasonically mixed 
for 30 min in ethanol. Then, the obtained slurries were more mixed on 
a magnetic hot plate at 200 ºC with a rate of 300 rpm. The prepared 
powder mixtures were completely dried in an oven at 100 ºC for 24 h. 
Finally, the dried mixtures were passed through a 100-mesh sieve to 
minimize agglomeration.  

Table 4. Chemical compositions of the outer composite layers chosen 
for the first methodology. 

The graphite mold used in this research has a diameter of 60 mm 
containing a hole with a diameter of 30 mm. The as-prepared powder 
mixtures were loaded on the graphite substrate embedded into the 
graphite mold, respectively. Then, the mold was placed inside the SPS 
furnace under vacuum conditions.  

2.2. First methodology: double protective layers 

In the first methodology, double protective layers were applied 
on the graphite substrates (type SB-1), as schematically shown 
in Fig. 2. The chemical composition of the intermediate layer 
was SiC-30 vol% Si. The volume ratio of ZrB2/SiC in all outer 
composite layers was 3. The composition range of raw materials 
in the outer composite layer was considered based on the main 
diameter in Fig. 1 (WC/MoSi2=1). Hence, five points were 
selected as the powder chemical compositions of the outer 
composite layers (Table 4).  
To investigate the effect of Si addition in the composition of the outer 
layer as well as the role of the thickness of the intermediate layer (or its 
exclusion) on the connection and the quality of the protective layer, a 
new series of experiments was designed and performed as described in 
Table 5. Table 6 shows the sintering conditions applied to all samples 
made with the first methodology.  

2.3. Second methodology: single protective layers 

In this methodology, single protective layers were applied on the 
graphite substrates (type TC-90), as schematically displayed in Fig. 3. 
The volume ratio of ZrB2/SiC+Si in the composite layer was 
considered approximately 2.33. The composition range of the raw 
materials was also selected based on the main diameter in Fig. 1 
(WC/MoSi2 = 1). The compositions of the chosen powder mixtures are 
presented in Table 7. 

Table 5. Specifications of the protective layers for another series of samples applied to the type SB-1 graphite substrates. 

Sample code 

Outer layer Intermediate layer 

Composition  

(vol%) 

Thickness 
(µm) 

Composition  

(vol%) 

Thickness 
(µm) 

Si SiC ZrB2 Si SiC 

T-1 15 15 70 700  50 50 300 

T-2 - 30 70 700 50 50 200 

T-3 15 15 70 700 - - - 

Material Particle 
size (μm) 

Purity 
(%) Supplier 

ZrB2 1–3 99.9 Hongwu International Group Ltd. 

SiC 1–10 99.0 Hongwu International Group Ltd. 

MoSi2 3–10 99.5 Hongwu International Group Ltd. 

WC 5–15 99.0 Almaseh Saz Co. 

Si < 12 99.0 Almaseh Saz Co. 

Sample 
code 

Composition  

(vol%) 

MoSi2 WC SiC ZrB2 

Z-1 75 25 0 0 

Z-2 71.25 23.75 2.5 2.5 

Z-3 67.5 22.5 5 5 

Z-4 63.75 21.25 7.5 7.5 



M. Jaberi Zamharir et al.                                                                                         SYNTHESIS AND SINTERING 1 (2021) 202–210                                                                                                                                     205 
 

 
Table 6. The SPS conditions for applying the UHTC-based layers on 

the type SB-1 graphite substrates. 

 
The sintering conditions used for the formation of the single protective 
layers are given in Table 8. It should be noted that to achieve better 
results and optimize processing variables, some single protective layers 
were applied to the M-2 sample at lower SPS temperatures and dwell 
times.  

 Results and discussion 3.

3.1. Challenges of applying double protective layers 

The protective layers studied in this section have been applied by SPS 
technology on the type SB-1 graphite substrates. Fig. 4 shows the 
optical microscopy images of the surface of the double protective layer 
of the Z-1 sample. Cracks and separations can be observed on the 
surface of the composite layer. Such defects are mainly caused by 
stresses during cooling rapid cooling of the sample due to the mismatch 
of the thermal expansion coefficients of the graphite substrate with the 
UHTC-based composite layers. Inadequate thickness of the 
intermediate layer can be mentioned as another reason for these 
defects.  
Fig. 5 shows the macroscopic images of the surfaces of the Z-2, Z-3 
and Z-4 samples. As it can be seen, the outer composite layers do not 
have a proper connection with the intermediate layers and the graphite 
substrates. This problem may be occurred owing to the following 
reasons:  
-Mismatch between the thermal expansions coefficients of the 
composite layers and the graphite substrate. 
-Inappropriate SPS conditions (temperature, dwell time and/or applied 
pressure).  
-Insufficient thickness of the intermediate layer. 
-Inappropriate chemical composition of the intermediate and/or the 
outer layers.  
As seen in the macroscopic image of the surface of the T-1 sample 
(Fig. 6), despite the changes in the chemical composition of the outer 
layer (addition of Si) and the intermediate layer, the double protective 
layer  is  not  properly  bonded  and  it  is  separated  from  the  graphite  

Table 7. Chemical compositions of the single protective layers 
considered for the second methodology. 

substrate. Optical microscopy images of the surface and the cross-
section of the central part of the T-1 sample are shown in Fig. 7. The 
applied layers are peeled off at the edges of the sample, but the central 
area is relatively connected to the substrate. Therefore, the strategy of 
adding Si to the outer layer and increasing its amount in the 
intermediate layer did not have an interesting result. 
Fig. 8 shows a macroscopic image of the protective layer applied to the 
T-2 sample. Here, the thickness of the intermediate layer was decreased 
from 300 to 200 μm to reduce the effect of thickness on the mismatch 
in coefficients of thermal expansion of the applied layer with the 
graphite substrate. There are many cracks on the surface that separated 
the protective layers from the edges of the sample. Hence, reducing the 
thickness of the intermediate layer did not have a tangible effect on 
improving the bonding of the applied layer.  
A macroscopic image of the protective layer applied to the T-3 sample 
is presented in Fig. 9. It should be noted that in this sample, the 
intermediate layer was eliminated from its design of experiment, but 
the outer layer contained Si additive. On one hand, there are many long 
and short cracks on the surface. On the other hand, non-uniformity on 
the surface of the applied composite layer is also visible, may be due to 
the surface melting.  
In addition to the above-mentioned efforts, changes were made in the 
SPS process parameters, which can be listed as follows: 
-Reducing the number of graphite foils used between the sample and 
the mold.  
-Changing the electrical current and the maximum temperature.  
-Changing the dwell time at maximum temperature.  
-Holding at 1300 °C for 5 min. 
-Applying maximum pressure at 1800 °C before reaching the final 
temperature.  

Unfortunately, none of the new SPS conditions had a positive effect on 
the adhesion of the composite layer to the graphite substrate as the 
applied layers contained cracks and were separated from the substrate 
in some parts. Therefore, based on the observations in the first  

Table 8. The SPS conditions for applying the UHTC-based layers on the type TC-90 graphite substrates. 

Dwell 
time 

Final 
temperature  

Final 
pressure 

Initial 
pressure 

3 min 1850 °C 25 MPa 10 MPa 

Sample 
code 

Composition (vol%) 

ZrB2 SiC Si MoSi2 WC 

M-1 70 15 15 0 0 

M-2 66.4 14.3 14.3 2.5 2.5 

M-3 62.94 13.53 13.53 5 5 

Sample 
code 

SPS conditions 

Initial pressure Final pressure Final temperature Dwell time at 1300 °C Dwell time at final temperature 

M-1 10 MPa 25 MPa 1950 °C 5 min 10 min 

M-2 10 MPa 25 MPa 1950 °C 5 min 10 min 

M-3 10 MPa 25 MPa 1950 °C 5 min 10 min 

M-2(2) 10 MPa 25 MPa 1872 °C 5 min 10 min 

M-2(3) 10 MPa 25 MPa 1840 °C 5 min 5 min 
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methodology, it seems that the changes in the chemical composition 
and the thickness of the applied layer, removal of the intermediate layer 
and changes in the SPS process conditions have not greatly improved 
the quality of the protective layer created on the type SB-1 graphite 
substrate. Therefore, due to the fact that several effective factors were 
investigated but no acceptable result was obtained, it is likely that there 
is a problem with the substrate material, actually with its thermal 
expansion coefficient.  
3.2. Challenges of applying single protective layers  

The single protective layers investigated in this section have been 
applied by the SPS route on the TC-90 graphite substrates. Fig. 10 
shows the macroscopic images of the surfaces of the M-1, M-2 and M-
3 samples. As it can be clearly seen, there is a kind of melting in the 
center of the composite layers. It seems that the temperature in the 
center of the samples was higher than the edges, which may be due to 
the high applied current and the electrical/thermal conductivity of 
MoSi2 [49]. The presence of many cracks in the surrounding areas, the 
edges of the samples, indicates that the sintering process has not been 
completed and due to the low temperature in these areas, proper 
connections between the graphite substrates and the composite layers 

have not been established. It appears that these cracks occurred during 
the samples cooling step, due to the mismatch of the thermal expansion 
coefficients between the substrates and the applied layers. Considering 
that the thermal expansion coefficients of ZrB2, SiC, Si, WC, MoSi2 
and TC-90 graphite are 6.6×10-6 [47], 5×10-6 [47], 2.5×10-6 [50], 
5.2×10-6 [51], 8.1×10-6 [52] and 5×10-6 K-1

, respectively, the mismatch 
between the applied protective layers with the graphite substrates may 
lead to cracking, separation or even delamination of the coating [46].  
A comparison of the macroscopic images shown in Fig. 10 indicates 
that the M-3 sample includes more melting in the central zone than the 
M-2 sample, due to its more MoSi2 content. It is found that unlike the 
M-2 sample that has short cracks, the M-3 sample has long and deep 
cracks that extend from the center to the edges of the sample. The 
presence of a thermal gradient between the center and surrounding 
areas can also be assumed, which causes stress and subsequently 
creates cracks. The optical microscopy images of the interface of 
melted/non-melted areas and the cross-section of the melted zone in the 
M-2 sample are shown in Fig. 11.  
In order to solve the above-mentioned defects, which are probably due 
to the high temperature (high applied current) and the concentration of 
the current in the center of the samples, new composite layers were 
applied to the type TC-90 graphite substrates under milder SPS 
conditions (lower applied current and shorter dwell time). The 

Fig. 2. Schematic of the arrangement of the double protective layers on 
the type SB-1 graphite substrates. 

Fig. 3. Schematic of the arrangement of the single protective layers on 
the type TC-90 graphite substrates. 

Fig. 4. Optical microscopy images of the surface of the double protective 
layer of the Z-1 sample. 

a) 

b) 
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macroscopic images of these new samples (M-2(2) and M-2(3)) are 
shown in Fig. 12. Compared to the observations of sample M-2       
(Fig. 10b), the melting defects and the number of cracks are decreased 

by moderating the sintering conditions. Although the melting defect in 
the center of the applied layer can be eliminated by adjusting the SPS 
conditions, some cracks are still observed on the surface of the applied 
layers. However, the authors of this paper will continue to research in 
this field and if better results are obtained, we will publish them in the 
future.      

Fig. 6. Macroscopic image of the double protective layer of the T-1 
sample. 

Fig. 7. Optical microscopy image of a) the surface and b) the cross-
section of the central part of the T-1 sample. 

a) 

b) 

Fig. 8. Macroscopic image of the double protective layer of the T-2 
sample. 

Fig. 5. Macroscopic images of the double protective layers of the a) 
Z-2, b) Z-3, and c) Z-4 samples. 

a) 

b) 

c) 
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Conclusions    

Fig. 9. Macroscopic image of the single protective layer of the T-3 
sample. 

Fig. 10. Macroscopic images of the single protective layers of the        
a) M-1, b) M-2, and c) M-3 samples. 

a) 

b) 

c) 

Fig. 11. Optical microscopy images of a) the interface of melted/non-
melted areas and b) the cross-section of the melted zone in the M-2 

sample. 

a) 

b) 

Fig. 12. Macroscopic images of the single protective layers of the   
a) M-2(2) and b) M-2 (3) samples. 

a) 

b) 
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 Conclusions  4.

In this study, challenges of applying protective UHTC-based composite 
layers on the graphite substrates using the SPS method were studied. 
Based on the observations, the layers applied on the graphite had many 
problems such as cracks, separation, weak adhesion, and melting. The 
results showed that several factors affect the connection of the 
protective composite layer to the graphite substrate. The most 
important factor was the mismatch between the thermal expansion 
coefficients of the graphite substrate and the applied composite layer.  
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