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Abstract. In this study, SiC was deposited on carbon/carbon (C/C) composite substrate using 
chemical vapor deposition (CVD) method to investigate the kinetics of the deposition process. 
Therefore, the time, temperature, precursor composition (SiCl4:N2:CH4) and substrate position 
in the reactor were varied to evaluate the deposition rate. X-ray diffraction (XRD) method 
was used to characterize the phase composition and calculate the grain size and the texture 
coefficient of the coatings. Field emission scanning electron microscopy (FESEM) was 
utilized to observe the coating morphology, microstructure and thickness. As observed β-SiC 
was the dominant phase of the coating with varied preferred growth crystalline planes of 
(111), (220) or (311). The coating thickness was 2 µm and 5 µm for the samples treated at 
1000 and 1100ºC, respectively. 
Keywords: chemical vapor deposition, boundary layer, deposition rate, SiC coating, 
C/C composite 
 
 
1. Introduction  
Carbon/carbon (C/C) composites have recently attracted much interest due to their unique 
physical, mechanical and chemical properties. Some advantageous properties such as low 
weight, good high-temperature strength, high thermal conductivity, resistance to thermal 
shock and resistance to high-temperature erosion make C/C composites more useful [1-6]. 
The most important defect of these composites is oxidation at temperatures higher than 
500ºC, which could be prevented by applying an appropriate coating on them. Silicon carbide 
(SiC) is the most applicable coating for C/C composites due to the low thermal expansion 
coefficient and high adhesion between coating and the substrate [7-12]. Chemical vapor 
deposition (CVD) is an attractive and efficient coating method for applying SiC coating on 
C/C composite. This method is based on the decomposition of a gaseous reactant in an 
activated environment and the formation of solid products. The thermodynamics and kinetics 
of CVD process could be used for identification of the process and reactions. Thermodynamic 
calculations could be employed to investigate the feasibility of the reaction, while kinetics 
study could be used to determine the controlling factor in deposition procedure. To obtain a 
uniform coating with a certain morphology and expected properties, an exhaustive 
investigation should be carried out on the deposition process to determine the controlling 
factors [13-18]. The aim of this research is to study the relationship between boundary layer 
theory and deposition kinetics of β-SiC coating on a C/C composite by CVD method. 
Therefore, the influences of various parameters on the deposition rate were studied.  
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2. Material and methods 
C/C 2D bi-directional structured samples was obtained from Jiao company. The modulus of 
elasticity, thermal conductivity and density of the composite were about 180 GPa, 
100 W/m·K and 1.8·10³kg/m³, respectively. Cubic specimens with dimensions of  
10 mm×10 mm×10 mm were cut from the bulk C/C composite by means of wire-cutting 
method. The samples were ground with emery silicon carbide papers of 400-1300 grits. 
Thereafter, the ground specimens were cleaned ultrasonically in acetone and ethanol for 
15 min followed by drying in the oven at 200ºC for 2 h. Low pressure chemical vapor 
deposition (LPCVD) process was carried out by means of a setup with horizontal reactor 
(NSSG, Iran).The deposition was performed using pure Sicl4 (Merck, Germany) and CH4 as 
well as N2 as dilution and carrier gas. The schematic diagram of the CVD setup is shown 
in Fig. 1.  

To evaluate the deposition rate, deposition parameters varied as follows; temperature: 
900, 1000 and 1100ºC, time: 1, 2 and 3 h, SiCl4:N2:CH4: 2:100:100, 4:100:100 and  
6:100:100 (sccm). Furthermore, the samples were deposited at different positions in the 
reactor to study the effect of sample position. 
 

 
Fig. 1. The schematic diagram of the CVD setup 

 
Deposition rate of the SiC coating were calculated utilizing the following equation:  
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where, 0W  and W are the weight of the sample before and after CVD process, respectively, 
A  is the sample surface area and t  is the deposition time. 

X-ray diffraction (XRD) (Bruker, Germany, Cu Kα=1.54 Å) was used to characterize 
the phase composition and measure the grain size and texture of the coatings. Field emission 
scanning electron microscopy (FESEM) (Tescan, Czech Republic) was utilized to measure 
the thickness and investigate the morphology of the coatings. 
 
3. Results and discussion  
X-ray diffraction analysis. Figure 2 illustrates XRD pattern of SiC coating applied on a 
C/C composite by CVD method. It can be seen that β-SiC is the major phase of the coating 
and also one carbon peak is observable. 
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Fig. 2. XRD pattern of β-SiC coating applied on C/C composite by CVD method 

 
The intensity of the carbon peak for the coatings produced at 1100ºC is lower than that 

of the coatings produced at 900 and 1000ºC. This carbon peak is related to the C/C substrate 
as X-ray beam can penetrate through 30 μm thick coatings [19]. As can be seen in FESEM 
cross-sectional images (Fig. 3), the thickness of the coatings produced at 1000 and 1100ºC 
was about 3 and 5 µm, respectively. Therefore, the carbon peak rises from substrate. 
Furthermore, with increasing deposition temperature, the intensity of β-SiC diffraction peaks 
enhanced. From the X-ray diffraction patterns, the texture coefficient (TC) of the coatings 
could be measured. The TC represents texture and preferred orientation of the crystal surface. 
The lower the TC value for certain (h k l) plane, the weaker the growth for that plane and vice 
versa. The TC and preferred growth orientation depend on the deposition conditions and on 
the deposition kinetics. The TC of (111), (220) and (311) crystal planes in polycrystalline SiC 
coating can be calculated using Harris method [19-20]:  
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where, iI  is the measured relative intensity of a (h k l) plane and 0I  is the standard intensity 
of the plane (taken from ASTM standard intensities) and n is the number of reflections. TC 
values for (111), (200) and (311) crystalline planes are shown in Fig. 4. It can be observed 
that at 900 and 1000ºC, the TC of (200) and (311) is higher than (111) plane. At 1100ºC, the 
TC of (111) direction is higher than that of (220) and (311). Hence, with increasing 
temperature, preferred orientation changes from (220) and (311) to (111) and at higher 
temperatures β-SiC tends to grow through densely-packed atomic planes. 
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Fig. 3. Cross section of SiC coated C/C at different temperatures of 1000 and 1100ºC 
 

 
Fig. 4. Texture coefficients of β-SiC coating at different temperatures 

 
The SiC coating grain size was calculated using the Debye-Scherer formula, as given in 

Equation (3) [21]: 
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where, D  is the grain size of the crystallite, λ  is the wavelength of the incident X-ray, β  is 
the width of peak in the middle of maximum intensity and θ  is the related point on the 
horizontal axis. Table 1 presents the average crystal size of the SiC coating deposited at 
different temperatures. As it can be seen, the grain size of coating increases from 70 to 
350 nm as the deposition temperature increases from 900 to 1100ºC. 
 
Table 1. Calculated average grain size of coating at different temperatures 

Deposition temperature (ºC) Average grain size (nm) 
900 70 
1000 145 
1100 350 

 
Effects of different parameters on deposition kinetics. In general, the CVD process 

involves the following seven key steps [22]:  
1. Transport of gaseous species in to the reactor. 
2. Formation of intermediate species from reactant gaseous species.  
3. Diffusion of intermediate species through the boundary layer to the substrate surface.  
4. Adsorption of these species on the surface.  
5. A single-step or multi-step reactions on the substrate surface.  
6. Desorption of by-product species from the substrate.  
7. Forced exit of un-reacted gases and by-product species from the reactor.  
The schematic illustration of CVD steps during the deposition is shown in Fig. 5. 

Steps (1) and (7) are mass transport-controlled processes. Rate of step (1) is controlled by 
experimental conditions and flow rate of the precursors in the reactor. In addition, step (7) is 
controlled by the gas flow rate in the reactor and the power of vacuum systems. Step (5) is 
consisting of the intermediate gas reaction in the surface. Steps (3) and (6) show mass 
transport through the boundary layer. The rate of these steps can be determined by Fick's first 
law. In general, the steps in this model can be classified into two categories; the mass-
transport-controlled steps (1, 3, 6 and 7) and the surface-reaction-controlled steps (2, 4 and 5). 
Amongst, the slowest step determines either the process is a mass-transport or surface-
reaction controlled [18,22]. Thus, various parameters were studied to determine the kinetics 
of coating process.  
 

 
Fig. 5. Schematic diagram of the mechanistic steps of CVD process [20] 
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Temperature. Figure 6 illustrates the deposition rate of coating as a function of 
temperature. It can be seen that the deposition rate increases with deposition temperature due 
to overcoming the thermodynamically-formed barriers. However, at elevated temperatures, 
the consumption rate of the reactants at the surface of furnace hot wall is high too and it has a 
destructive effect on the deposition rate which can be clearly seen in Fig. 6. Thus, increasing 
the deposition temperature can be assumed as a positive and negative factor in SiC deposition. 
 

 
Fig. 6. Deposition rate of coating versus temperature 

 
For determination of deposition kinetics in CVD process, an accurate knowledge of 

boundary layer is necessary. According to boundary layer theory [11], mass transport through 
boundary layer could be pursued utilizing Fick's first law [22]. 

AB A
A

D dCJ
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= − , (4) 

where, AJ  is the diffusion flux of specie A , ABD  is diffusivity of reactants, AC  is 
concentration of specie A , R  is gas constant, T  is temperature and x  is the direction 
perpendicular to the substrate surface. In boundary layer theory of a CVD process, x  is the 
thickness of boundary layer. The average boundary layer thickness as a function of 
temperature is given as [22]: 

10
3

mixL
u
mδ
ρ

= , (5) 

where, L  is the length of the substrate, mixm  is the viscosity of the gas mixture, ρ  and u  are 
the density of the gas and the linear velocity of the gas in reactor, respectively. The density 
and velocity of the gas are function of temperature. The density is estimated by ideal gas law 
and the viscosity is estimated by some models [23]. Calculated results of the average 
boundary layer are shown in Fig. 7. As it is illustrated, an increase in temperature causes an 
increase in the thickness of boundary layer. Increasing the temperature causes the viscosity 
enhancement of the gas in reactor. With increasing gas concentration, the velocity of reactants 
in the reactor decreases. Thus, according to Eq. 5, the boundary layer will get thicker. With 
more thickening of the boundary layer, the growth kinetics will be controlled by mass 
transport. When the deposition rate is controlled by mass transport, the particles pass through 
the boundary layer thickness and reach to the substrate surface and the coating has enough 
time to grow. As can be seen in Fig. 4, the preferred orientation for growth of the crystals at 
high temperatures is (111) crystalline plane. Thus, it can be concluded that at elevated 
temperatures, the boundary layer thickness increases and the deposition process is controlled 
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by mass transfer. Due to having enough time for being ordered, crystals grow in high density 
orientation.  
 

 
Fig. 7. Calculated boundary layer thickness at different temperatures 

 
Precursor composition. The effect of composition of precursor on deposition rate of 

coating is shown in Fig. 8. The results indicate that the deposition rate increases with 
increasing the amount of SiCl4 in the gas composition. Increasing SiCl4 as precursor from 2 to 
4 sccm has a meaningful effect on deposition rate, but increasing it from 4 to 6 sccm has a 
lower effect on deposition rate. When SiCl4 amount is 2 sccm, the concentration of active 
particles containing Si is very low in comparison to the active particles containing C, thus the 
deposition rate is very low. With increasing SiCl4 up to 4 sccm, the concentration of  
Si-containing particles on the surface increases and the deposition rate increases severely. 
However, with increasing SiCl4 content up to 6 sccm, the deposition rate slightly increases. In 
this case, the excessive concentration is the controlling factor of the deposition process. 
 

 
Fig. 8. Deposition rate of SiC coating versus SiCl4 concentration 

 
Time. The deposition time is one of the most important and controlling parameters in 

the nucleation and growth of SiC on C/C composite. Figure 9 shows the effect of time on 
deposition rate of SiC coatings. It can be seen that the deposition rate is low at first hour, 
followed by a significant increase especially when the deposition time increased to 3 hours. 
When the deposition time is low, SiC nucleates on the surface of C/C composite.  
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Fig 9. Deposition rate of SiC coating versus deposition time 

 
Position of the samples in the reactor. Position of substrate in the CVD reactor is one 

of the effective parameters on deposition rate. In different parts of the reactor, temperature, 
pressure and gas flow input is sometimes different. Figure 10 illustrates substrate positioning 
in the CVD reactor and its effects on deposition rate. As it is obvious, the deposition rate is 
higher in position 2 than that in positions 1 and 3. Thermocouples of the CVD reactor furnace 
are located close to this location and displayed temperature is the temperature of this position. 
In this position, since the distance from the inlet and outlet of reactor is high, the temperature 
is higher and mass transfer is easier. Thus, the activated particles suspended in the reactor 
react readily on the substrate surface. However, around position (1) and (3) due to the 
closeness to input and output gates, the temperature is lower and the deposition rate is less.  
 

 
Fig. 10. (a) Schematic illustration of substrate position in reactor, (b) deposition rate of SiC 

coating versus substrate position 
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Controlling factors of deposition. To determine the factors controlling the deposition 
rate, its changes versus temperature is plotted in Fig. 11. The resulted curve can be divided 
into two regions. Due to the changes in region (a), the slope of the curve is constant, but in 
region (b), a noticeable decrease of the slope could be clearly seen. From the calculated slope, 
it could be noted that chemical reactions, mass transfer and surface migration, network 
integration and byproducts desorption from surface are the controlling factors in region (a). 
The surface processes strongly depend on deposition temperature and the processes speed up 
with temperature enhancement. Also, it could be mentioned that deposition could be 
controlled by mass transport of the activated particles in the boundary layer in region (b). 
Hence, there is a limitation in mass transport and deposition rate, which are slightly dependent 
on temperature. In fact, at high temperatures, surface processes are accelerating, thus fewer 
particles could reach the surface. Therefore, the growth mechanism of the deposit also 
changes. The change in mechanism of the crystal growth was also observed by calculation of 
the preferred orientation of crystals. The (111) crystalline plane is more compact than (220) 
and (311) crystalline planes and Si and C atoms, are arranged in this plane in compressed 
mode. It can be concluded that, at low temperatures, deposition is controlled by chemical 
reaction and particles can easily reach the surface at lower speeds. When the surface reaction 
is carried out at lower speeds, the particles deposit in irregular form and may be stacked with 
little compression. In this state, the texture coefficient (TC) of (220) and (311) planes are 
more than that of (111). When the deposition rate is controlled by mass transport, the transfer 
of activated particle to surface is done slower and atoms have adequate time to be arranged 
and compressed. The crystals grow in plane (111) with the lowest surface energy. Certainly, 
there is a little information about the details of the surface process mechanisms, but the 
relationship between temperature and activation energy can be defined by the following 
Arrhenius formula [18]: 

exp aER A
RT

 = − 
 

, (6) 

where E  is the activation energy, A  is a constant; R  and T  are the gas constant and 
temperature, respectively. The activation energy could be obtained from the slope of the 
Fig. 11. Results of the activation energy calculation showed that the activation energies in 
regions (a) and (b) are 69 kj.mol-1 and 18 kj.mol-1, respectively. 
 

 
Fig. 11. The deposition rate curve versus inverse temperature 

 
Region (a) represents a region that is controlled by chemical reaction and the activation 

energy in this area is much greater. The high activation energy indicates that deposition takes 
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place with difficulty and barriers ahead of deposition process are high. Therefore, it is 
expected that the formed coating has a low thickness. In region (b), the activation energy is 
lower. Deposition has a lower dependence on temperature in this region. Hence, SiC deposits 
more easily. 

FESEM images of coatings. Figure 12 demonstrates surface morphology of 
C/C composite before and after SiC deposition. As it is observed, C/C has a laminate 
configuration due to the flake-like structure of C/C, which acts as a template for further SiC 
growth. As it is seen from the figure, SiC crystals grow according to flakes of the substrate 
and are not capable of growing on the surface porosities of C/C surface. Therefore, deposition 
time needs to be extended. On the other hand, since the temperature is an effective parameter, 
it also needs to be elevated to prepare adequate energy for SiC particles to grow in porosities. 
 

 
 

Fig. 12. Surface morphology of C/C composite (a) before and (b) after SiC deposition 
 

Figure 13 presents EDS analysis of SiC coating. As it is seen, the coating is consisted of 
high percentage of C and Si. Presence of O in composition of coating indicates that some 
areas of SiC have undergone oxidation. However, as the amount of oxygen is low, oxidation 
cannot be widespread on the coating.  
 

 
Fig. 13. EDS analysis of SiC coating on C/C substrate 
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Figure 14 shows FESEM images of SiC-coated C/C with two different magnifications. 
As it is observed, at 900 and 1000ºC, the generated clusters are very small and by increasing 
temperature, they start to grow and become bigger and bigger. At 1100ºC, many crystals 
could grow and in some cases, crystal size has even reached 300 μm. 
 

 
 

Fig. 14. FESEM images of SiC coated C/C with two different magnifications at  
900 and 1000ºC 

 
Effect of deposition time on growth morphology of coating. Figure 15 presents 

FESEM images of the applied SiC coating in different periods of times. As it is observed, by 
increasing deposition time, the crystallized grains on the surface of C/C have grown and their 
size have increased. When the deposition time is less, crystals nucleate and if they reach 
critical radius, begin to grow. As can be observed in the figure, during 1 h, small particles 
have been generated on the surface of the composite. By increasing deposition time up to 2 h, 
the same particles exist on the surface. However, they had the sufficient time to absorb more 
Si and C atoms to be enlarged and reach the diameter of 100 nm. When the time was further 
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allocated, initial nucleation and growth both occurred at the first hour of deposition. However, 
the main growth happened at the last hour of deposition and crystals have been able to reach 
themselves to the diameter of 200 to 300 nm homogeneously. From above mentioned 
discussion, it is concluded that SiC crystals grow in an Island-type manner. 
 

 
 

Fig. 15. FESEM images of the applied SiC coatings in different periods of times 
 
4. Conclusions 
From the above-mentioned results, the following conclusions could be drawn;  

1) Phase characterization of SiC coating applied at different temperatures shows that the 
β-SiC phase in crystalline planes (111), (200) and (311) grows on the surface of C/C 
composite and the phase peak intensity increases with increasing temperature.  
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2) Texture coefficient calculation results using XRD analysis revealed that crystal 
preferential orientation at 900 and 1000ºC were (311) and (200) and at 1100ºC, preferred 
orientation of crystalline plane was (111).  

3) Grain size calculation by utilizing XRD analysis revealed that grain size of the 
coating applied at 900, 1000 and 1100ºC were 70, 145 and 350 nm, respectively. 

4) With increasing temperature, the amount of SiCl4 in precursor, and placement of 
sample in middle position of reactor, deposition rate of SiC on C/C composite increases. 

5) Kinetics studies show that at 900 and 1000ºC, controlling factor is the chemical 
reaction and at 1100ºC, it is mass transport.  
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