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Density, microstructure and preferred crystal orientation of CVD SiC-C nanocomposites were 
studied for every composition from SiC to C. The relationships between these properties are 
discussed. The CVD SiC prepared in this work was dense with its density close to the 
theoretical value. However, some pores were formed by addition of dispersed C. The densities 
of CVD C were as low as about 80% of the theoretical value. The densities approached close 
to the theoretical density by adding a small amount of SiC. The preferred crystal orientations 
parallel to the substrate were (1 1 0) or (1 1 1) for CVD SiC and (002)  for CVD C. When the 
quantity of dispersion phases exceeds a certain value, a decrease in the preferred orientation is 
found for both SiC and C matrices and the formation of pores becomes much easier. 

1. Introduct ion  
In recent years, the development of materials which 
can be utilized under severe temperature conditions as 
experienced in the aerospace and nuclear fusion tech- 
nologies has been undertaken. One of the approaches 
in this development is the preparation of "nanocom- 
posites" in which a second phase of nanometre size is 
dispersed in the matrix [1]. Among these the material 
receiving considerable attention is the so called "func- 
tionally gradient material" [2, 3] in which the material 
properties are continuously changed by gradually 
varying the dispersion to matrix ratio from one sur- 
face of the material to the other surface. 

Chemical vapour deposition (CVD) technique is an 
effective approach in fabricating nanocomposites and 
functionally gradient material through a codeposition 
process using multi-component gas reactions [4, 5]. 
The main advantage of the CVD technique is its ease 
of controlling the composition and microstructure of 
the deposited materials. 

Recently, a functionally gradient material consisting 
of silicon carbide (SIC) and carbon (C) prepared by 
CVD was examined as a thermal barrier for a space 
plane [-6] due to its excellent oxidation resistance and 
good thermal shock resistance. To design and prepare 
the CVD SiC/C functionally gradient material, it is 
necessary to study the relationships between composi- 
tion, microstructure and properties of CVD SiC-C 
nanocomposites for every composition. However, the 
preparation of SiC-C nanocomposites having its com- 
position (C/(SiC + C)) over the entire range of SiC to 
C has not been attempted. 

Investigators are conducting studies on CVD 
SiC-C nanocomposites for every composition pre- 
pared by use of SiC14-C3Hs-H 2 and attempting to 
find the relationships among the deposition condi- 
tions, composition, microstructure and properties. We 
have reported in our earlier paper [7] concerning the 

proper CVD conditions for the preparation of dense- 
plate SiC-C nanocomposites. These deposition con- 
ditions were obtained by thermodynamic calculation 
and deposition experiment. In the present work, dens- 
ity, microstructure and preferred crystal orientation of 
CVD SiC-C nanocomposites were studied and the 
relationships among these properties are discussed. 

2. Experimental procedure 
The preparation method of CVD SiC-C nanocompos- 
ites has been reported in a previous paper [7]. A 
graphite substrate (40 mm • I2 mm• 2 ram) placed in 
a cold-wall reactor was heated by an electric current. 
SIC14, C3H8 and H 2 were  used as source gases. The 
C3H8 gas flow rate was kept constant. SIC14 reservoir 
was kept at 293 K and its vapour was transported into 
the furnace by bubbling hydrogen carrier gas. The 
molar ratios of Si to C (msi/c) in the input gas were 
changed by controlling H2(SiCI4) vapour flow rate. 
The deposition conditions are shown in Table I. 

The free-carbon contents in the deposits were deter- 
mined by chemical analysis in which powdered sam- 
ples were burnt in oxygen at 1073 K and the CO2 gas 
thus formed was titrated by coulometry. The density 
of the deposits was determined by Archimedes' princi- 
ple. In order to accurately measure the density of the 
deposits containing pores, the actual density measure- 

TABLE I CVD conditions 

Deposition temperature, Tdep(K): 1673, 1773, 1873 
Total gas pressure, Ptot(kPa): 6.7, 13.3, 40 
Gas flow rate(10-6m3s 1), H/: 0 to  11.7 

SIC14: 0 to 3.9 
C3H8: 0.67 

Si to C ratio in input gas, ms~/c: 0 to 1.9 
Deposition time, tdop(ks): 3.6 
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ment was made after varnishing the samples. Micro- 
structure was investigated by a scanning electron 
microscope (SEM) (Akashi: ALPHA-30W). An X-ray 
diffractometer (Rigaku: RAD-IIB) was used to meas- 
ure the degree of preferred crystal orientation parallel 
to the substrate for SiC and C. Electrical conductivity 
of CVD SiC-C nanocomposites was measured by four 
point direct current method. 

3. Results 
3.1. Density 
Fig. 1 shows the change in composition of CVD 
SiC-C nanocomposites with msi/c of input gas. These 
deposits were prepared at the conditions of Table I. 
The compositions change continuously from C to SiC 
with the increase of the msi/c in the input gas [7]. The 
deposits were able to be categorized into "dense-plate" 
deposits and "porous" deposits. The conditions where 
the dense-plate were formed are shown as blocks in 
Fig. 2. As shown by continuous blocks in Fig. 2, at the 
conditions of Tamp = 1673 K and Pto t  = 6.7 to 40 kPa 
and at Toe p = 1773 K and Ptot = 40 kPa, dense-plate 
deposits are formed at all the msi/c range examined. 
The densities of the deposits formed in these condi- 
tions are shown in Fig. 3. The theoretical densities of 
the deposits shown by a broken line in Fig. 3 were 
calculated by use of the mixture rule and the theoret- 
ical density of SiC ( 3 . 2 x l 0 3 k g m  -3) and C (2.26 
x 103 kg m-3). The densities of CVD SiC agree fairly 

well with the theoretical value, however, the density of 
CVD SiC-C composites was lower than their theoret- 
ical value. The densities of CVD C are 1.64 to 1.85 
x 103 kgm -3 and as low as about 80% of their 
theoretical values which were calculated from their 
lattice parameters. The densities reached as high as 
1.95 to 2.15 x 103 kgm -3 by adding SiC ( < 5 tool %) 
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Figure I Relationship between the composition of deposits and 
Si/C molar ratio in input gas (Ta~ p = 1673 to 1873 K, Pto~ = 6.7 to 
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Figure 2 Deposition conditions for SiC-C dense plates. 
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Figure 3 Relationship between density and composition. Tdep, Ptot: 
(O) 1673 K, 6.7 kPa; (A) 1673 K, 13.3 kPa; (O) 1673 K, 40 kPa; 
(11) 1773 K, 40 kPa; and (---) calculated. 

in CVD C. These values are much closer to the 
theoretical density than what were measured for a 
single phase C. This result suggests that the deposition 
of a small quantity of SiC can densify the resulting 
product. 

Fig. 3 shows that in the composition range up to 
25 too l% C, the deposits formed a t  P to t  = 6.7 to 
13.3 kPa have a significantly lower density than those 
formed at Pto t  = 40 kPa. Even for the deposits formed 
at Pto t  = 40 kPa, the difference in the densities be- 
tween the experiment and the calculation increases 
with an increase of dispersion phases (SiC or C). The 
density of the deposit containing 56.6 tool % C was 
about 85% of the calculated value. 

3.2. M i c r o s t r u c t u r e  
Fig. 4a to c show the SEM micrographs of deposition 
surface for CVD SiC formed at Tde p = 1673 to 1873 K 
and Pto t  = 40 kPa. The CVD SiC deposited at Toe p 
= 1673 K Showed a fine pebble structure (Fig. 4a). 

When Td~ p = 1773 K, the size of their pebbles (Fig. 4b) 
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Figure 4 Scanning electron micrographs of CVD SiC prepared at Ptot = 40 kPa  and (a) Tdep = 1673 K, deposited surface, (b) Tdop = 1773 K, 
deposited surface, (c) Td~ v = 1873 K, deposited surface, (d) T = 1673 K, cross-sectional surface. 

amounts to ten times the ones formed at Tdop 
= 1673 K. The structure changes to an advanced 

facet structure at Tdop = 1873 K (Fig. 4c). Though 
there are some differences in cross-sectional surfaces 
for CVD SiC formed at different deposition temper- 
atures, they are all columnar structures with their 
axes perpendicular to the substrate. Fig. 4d shows an 
example of this structure. 

Fig. 5 shows the cross-sectional surface structure of 
CVD SIC-5.8 mol % C. With the introduction of dis- 
persed C phase, fine pores begin to form at the bound- 
ary of SiC crystals. Fig. 6 shows the cross-sectional 
surface of CVD SIC-24.3 mol % C. The SiC crystals 
are flake-like and have no preferred growth direction. 

At the boundary between the flakes having different 
growth direction, pores of the size about 1 gm can be 
observed. Fig. 7 shows the cross-sectional surface of 
CVD SIC-71 mol % C, where fine crystals of SiC and 
C had a dendritic structure. Within these dendrites 
and at their boundaries as much as 12 vol % pores 
were observed. It is noted that some parts of C phase 
in the deposit have a layer structure. 

Figs 8 and 9 show the cross-sectional surface of 
CVD SIC-98.5 mol % C and 100% CVD C, respect- 
ively. All of them show a layer structure with their 
layer plane parallel to the substrate. The general 
structural arrangement of CVD SIC-98.5 mol % C is 
much more regular than that of CVD C. 

Figure 5 Optical micrograph of polished cross-sectional surface of 
CVD SIC-5.8 mol % C (Td, p = 1773 K, Ptot = 40 kPa). 
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Figure 6 Scanning electron micrograph of polished cross-sectional 
surface of CVD SIC-24.3 tool % C (Too p = 1773 K, Ptot = 40 kPa). 



Figure 7 Scanning electron micrograph of cross-sectional surface of 
CVD SIC-71.0 tool % C (Tamp = 1773 K, P,o, = 40 kPa). 

Figure 10 Scanning electron micrograph of deposited surface of 
CVD SiC 3.3mo1% C (Tde p -- 1673 K, Ptot = 13.3 kPa). 

The deposits formed at Ptot = 6.7 to 13.3 kPa had 
more large scale structure than that formed at Pro, 
= 40 kPa and contained large pores as shown in 

Fig. 10. This observation agrees well with the earlier 
result that the deposits formed at Ptot range of 6.7 to 
13.3 kPa and having C contents of up to 25 tool % 
had lower densities (Fig. 3). 

Figure 8 Scanning electron micrograph of cross-sectional surface of 
CVD SiC 98.5 mol % C (Tae p = 1773 K, Ptot = 40 kPa). 

Figure 9 Scanning electron micrograph of cross-sectional surface of 
CVD C (Tde p = 1773 K, Ptot = 40 kPa). 

The deposits so far shown in Figs 5 to 9 are all 
formed at Tae p = 1773 K and Ptot = 40 kPa. For  the 
deposits formed at Tae ~ = 1673 K and Pro, = 40 kPa, 
their microstructure was generally similar to the one 
formed at Td<p = 1773 K and Ptot - -  40 kPa but had a 
more homogeneous structure. Furthermore, even for 
CVD SIC-73.5 too l% C formed at Td~ p = 1673 K, 
layered C as shown in Fig. 7 was not observed. 

3.3. Preferred crystal orientation 
X-ray diffraction clearly showed that SiC-C nano- 
composites prepared in this work consisted of a cubic 
SiC and a hexagonal planar carbon. Generally, CVD 
C tend to lie on the substrate by their (0 0 2) planes [8] 
and cubical CVD SiC by their (1 1 0) or (1 1 1) planes 
[9]. In this work, the same preferred orientations 
were found. CVD SiC formed at Tdep = 1673 K and 
Ptot = 40kPa  showed (1 1 1) plane, while at the 
other deposition conditions it showed (1 1 0) plane. 

Having the data of X-ray diffraction, the degree of 
preferred orientation for SiC contained in the CVD 
SiC-C nanocomposites (Tsic) is calculated by the 
equation [10] 

Tsic(h k 1 ) = Ib(hkl)/Ip(hkl) (1) 

(1/n)~Ib(h k l)/Ip(h k 1) 
t l  

where I b and Ip are X-ray diffraction intensity of bulk 
and powder samples, respectively, and n is the number 
of diffractions. The degree of preferred orientation for 
C in CVD SiC-C nanocomposites (Tc) is calculated by 
the equation. 

180 ~ 
rc(0 0 2) - (2) 

W 

where W is the half-value width (degree) of inclination 
angle of (002)c obtained from X-ray diffraction 
intensity distribution that was measured by rotating a 
stick-like specimen for a fixed diffraction angle 20 
[11]. In the calculations using Equations 1 and 2, 
random oriented crystals for both SiC and C are 
signified when T = 1. 

Fig. 11 shows the variation for the preferred ori- 
entation degree of SiC with the composition and 
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Figure 12 Effect of the composition on the preferred orientation of 
C crystallites contained in CVD SiC-C nanocomposites. Tdep, Ptot: 
(O) 1673 K, 6.7 kPa; (A) 1673 K, 13.3 kPa; (�9 1673 K, 40 kPa; 
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Fig. 12 shows that of C. From Figs 11 and 12, it can be 
seen that the preferred orientation degree of SiC and 
C is very high when a little dispersion phase existed, 
but the orientations disappear quickly as the disper- 
sion phase contents increases. 

than 2000 K, the resulting CVD C is known to show 
lower density than the theoretical value [12, 13]. Hirai 
and Yajima reported that 45 vol % of inter-crystallite 
pores are contained for a low density CVD C sample 
[14]. The presence of pores was also demonstrated 
by the results of X-ray small angle scattering [15]. 

Yajima and Hirai [16,1 and Marinkovi6 et al. [17] 
reported the improvement in the density of CVD C by 
adding a small amount of SiC dispersion phase in C 
matrix. Yajima and Hirai prepared CVD C SiC 
( < 2 mol % SiC) at Tdop = 1673 to 2273 K and re- 
ported that the densities were higher than that of CVD 
C. In addition, the minimum density that appeared in 
CVD C at near Tdep = 1900 K was not found in CVD 
C-SiC [16]. Moreover, the crystal size in "a" axial 
direction and the preferred orientation degree of C 
matrix was greater than that of CVD C [18]. These 
results were explained as a consequence of graphitiz- 
ation of amorphous C existing in CVD C due to the 
catalysis effect of some intermediate products of Si-H- 
C-C1 system. Just as Yajima and Hirai [16], 
Marinkovi6 et al. [17] reported the density of CVD C 
deposited at Tdep = 1800K was about 1.8 
x 103 kg m -  3, while that of CVD C-SiC ( < 5 mol % 
SiC) was higher than 2.1 x 103 kgm -3. The results 
presented in this paper are in good agreement with 
these Values. 

Table II compared the structural parameters of 
CVD C and CVD C - 1 . 5 m o l % S i C  prepared in 
this work. The interlayer spacing of C (Co/2) in CVD 
C-1.5 tool % SiC is similar to that ofCVD C as shown 
in Table II. However, both crystal size in "a" axial 
direction (L,) and the preferred orientation degree 
(Tc) were considerably greater than that of CVD C. 
Thus, one may conclude that the improvement of the 
density by addition of SiC in CVD C is due to the 
progress in structural regularity of C matrix. 

Kaae and Gulden [19-1, Bonnke and Fitzer [20] and 
Hirai et al. [-21] have studied the density of CVD 
SiC-C nanocomposites in a relatively wide composi- 
tion range. Fig. 13 compares their results with the 
present work. Though the deposition conditions and 
the source materials in each experiment was different, 
the results showed the same tendency, i.e., the relative 
density of CVD SiC C decreased with increasing the 
content of the dispersion phases. This result implies 
that pores tend to be formed when C and SiC are 
combined to form a composite by CVD in a wide 
composition range. The cause of these pores forma- 
tion has not been reported. 

From the results of the present work, it was dis- 
closed that single phase CVD SiC and CVD C possess 
a high degree of preferred orientation but as the 
content of the dispersion phase increases to a certain 

TABLE II Characterization of C and C-1.5mol % SiC 

C C-1.5 tool % SiC 

Co/2 (nm) 0.344 0.342 
L, (nm) 3.83 7.46 
T c (002) 1.4 2.1 

4 .  D i s c u s s i o n  
4.1.  D e n s i t y  
When the deposition temperature is in the range lower 
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Figure 13 Comparison of density of CVD SiC-C prepared at differ- 
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level the formation of both SiC and C lose orientation 
and take place in random fashion. Therefore, the cause 
of the density of SiC-C nanocomposites decrease with 
the increasing content of dispersion phases may be 
due to that pores are formed easily accompanying the 
irregular crystal growth. Though it is necessary to 
study further in detail the effects of the pores on the 
thermal and mechanical properties of the composites, 
one can anticipate the thermal shock resistance and 
thermal stress relaxation of CVD SiC C nanocompos- 
ites should be improved due to the presence of the 
pores. 

4.2. Microstructure 
SiC monolith prepared in this work had a columnar 
structure with its axis perpendicular to the substrate, 
however, with an increase of C contents, SiC showed 
flack-like and fine crystals. Furthermore, the CVD C 
and CVD C 1.5 mol % SiC had a layer structure in 
the direction parallel to the substrate, and C phase 
had fine crystals as the quantity of SiC was increased. 
Fig. 14 illustrates these structures in a schematic 
diagram. The remarkable microstructure change with 
the composition as shown in Fig. 14 can be explained 
by the difference of the crystal structures and crystal 
growth features of SiC and C. 

Yajima and Hirai [22] reported that SiC in CVD 
C-SiC ( <  2 mol %) showed'disc-like single crystals 

having the plane parallel to (0 0 2) planes of C. On the 
other hand, Muench and Pettenpaul [23] reported C 
dispersion phase contained in CVD SiC matrix tends 
to exist at the grain boundaries of SiC. Fig. 15 shows 
the relationship between the electrical conductivity 
and the composition of CVD SiC-C nanocomposites. 
The conductivity increased with increasing C contents 
rapidly. It signifies the C phase tends to form a 
continuous network and gives higher electrical con- 
ductivity. This result agrees with that in BN-C [24] 
and Si3N 4 C [25] systems and can be related to the 
microstructure of CVD SIC-24.3 mol % C (Fig. 6) 
where continuous grain boundaries of SiC were ob- 
served on the polished surface for the C existence. 

Up to now, only a few papers have reported on the 
microstructure of CVD SiC-C composites formed in a 
wide composition range. Bonnke and Fitzer [20] 
deposited CVD SiC-C in the range of 0 to 72 mol % C 
using (CH3)~SiCI4_ x CH 4 system by hot-wall type 
reactor and reported SIC-30 mol % C had a layer 
structure piled upon by SiC and C crystals. Their 
results are consistent with the CVD SIC-24.3 mol % C 
prepared in this work. Kaae and Gulden [19] pre- 
pared SiC-C composite particles in a fluidized bed 
furnace using CH3SiC13-C3Hs-He system. They re- 
ported that SiC phase in C matrix was particle-like, 
and the size of SiC particles increased as the quantity 
increased from 5 to 45 tool % and gradually formed a 
continuously connected structure. In the present work 
a continuously connected structure due to the SiC 
particles was not identified. It is possible that charac- 
teristics of the microstructure of CVD SiC-C nano- 
composites are affected not only by the composition 
but also by the furnace type and source materials. 

5. C o n c l u s i o n s  
Density and microstructure of SiC-C nanocompos- 
ites prepared by CVD using SiC14-C3Hs-H / system 
at /'de v = 1673K, Ptot = 6.7 to 40kPa and Tdev 
= 1773 K, Ptot = 40 kPa were studied. The following 

results were obtained: 

1. The density of CVD SiC agreed well with the 
theoretical value. However, pores were formed when 
C dispersion phase was introduced in SiC. The density 
of CVD C was as low as 80% of the theoretical value, 
and became more dense when added SiC was less than 
5 mol %. 

0 24.3 71.0 98.5 10 0 

SiC 

Figure ]g Schematic diagram of mJcrostructure of CVD SiC C nanocomposites. 

, mot % C 
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Figure 15 Electrical conductivity of CVD SiC-C nanocomposites 
(Tde p = 1773 K, Ptot = 40 kPa). 

2. Morphology of SiC in CVD SiC-C nanocom- 
posites changed from columnar to flack-like to fine 
crystals as the C contents was increased. CVD C and 
about 1.5 mol % SiC containing C both showed a 
layer structure with their plane parallel to the sub- 
strate. Whether~ C or SiC is the matrix the pores 
increased with the increase of dispersion phase. 
3. Deposits containing up to 25 mol % C formed at 
Ptot = 6.7 to 13.3 kPa showed bulky structure and 
contained some large pores. Their densities were lower 
than those formed at Ptot = 40 kPa. 
4. The preferred crystal orientation was such that 
(002) plane for CVD C and (1 10) or (1 1 1) plane for 
CVD SiC parallel to the substrate. The presence of a 
few dispersion phase strengthened the preferred ori- 
entation of the matrix, however, the matrix became 
randomly oriented when dispersion phase exceeded a 
certain level. 
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