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Structure of chemically vapour deposited silicon 
carbide for coated fuel particles 
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Department of Fuels and Materials Research, Japan Atomic Energy Research Institute, 
Tokai-mura, Ibaraki-ken, Japan 

The silicon carbide coating layers prepared under various conditions were examined by density 
measurement, X-ray diffractometry, and optical and scanning electron microscopies in order to 
clarify the relation between deposition conditions and structure of the coating layers. It was 
found that the deposition temperature was the main parameter affecting the content of free 
silicon, density, crystallite size and lattice distortion, and microstructure. The dependence of 
these properties on the coating rate and the composition of fluidizing gas was not observed 
clearly. Free silicon was co-deposited with/Y-SiC at temperatures lower than 1 400 to 1 500 ° C, 
and the content of free silicon increased with decreasing deposition temperature. The density 
of the layers without free silicon was more than 3.21 0 Mg m -3 and the density decreased with 
increasing content of free silicon. Crystallite size increased with deposition temperature and 
lattice distortion decreased with increasing deposition temperature. The outer surfaces of the 
layers without free silicon consisted of large interlocked grains, whereas those of the layers 
with free silicon showed a cauliflower-like structure of which the apparent grain size was 
small. 

1. Introduction 
Chemical vapour deposition of silicon carbide (SIC) 
has been applied to Triso-coated fuel particles for 
high-temperature gas-cooled reactors (HTGR). The 
Triso-coated fuel particle, which is less than 1 mm in 
diameter, consists of a microspherical fuel kernel sur- 
rounded by four layers: porous pyrolytic carbon 
(PyC), dense PyC, SiC, and dense PyC. The function 
of these layers is to retain fission products within the 
particle. In particular the SiC layer acts as a diffusion 
barrier to metallic fission products and a miniature 
pressure vessel for the particle. 

As far as the SiC properties are concerned, the 
following behaviour has been studied in the coated 
fuel particles. The experimental results of F6rthmann 
et al. [1] and Bullock [2] suggested that the diffusion 
behaviour of fission products in the SiC layer depends 
on the microstructure of the layer. The reaction of the 
SiC layer with fission-product palladium during 
irradiation was observed [3-6]; its reaction rate may 
be affected by the deposition conditions of the layer 
[4, 5]. It was also suggested that the thermal degra- 
dation of the SiC layer during irradiation was partly 
attributed to the content of free silicon in the layer [7]. 
Since the irradiation behaviour of the SiC is thus 
affected strongly by its properties depending on the 
deposition conditions, characterization of the SiC 
layers is of importance from a viewpoint of the 
irradiation performance. 

The microstructure and properties of the SiC layers 
have been studied as a function of deposition con- 
ditions [8-13], but these results were not completely 
related to the irradiation behaviour. 

In the present study, as the first step, the SiC layers 
prepared under various conditions were character- 
ized by density measurement, X-ray diffractometry, 
and optical and scanning electron microscopy in 
order to clarify the relation between deposition 
conditions and the structure of the deposits. The rela- 
tion between deposition conditions and irradiation 
behaviour of these layers will be discussed elsewhere 
[14]. 

2. Experimental procedure 
2.1. Materials 
Silicon carbide coating layers examined in the present 
study were chemically vapour deposited on PyC-coated 
fuel particles in a fluidized-bed coater under various 
conditions. Methyltrichlorosilane (CH3SiC13, MTS) 
was used as a reactant with a fluidizing gas of hydro- 
gen (H2) or a mixture of hydrogen and argon (Ar). 
The deposition temperature ranged between 1700 and 
1150°C (1973 and 1423K), and the deposition rate 
between 1.10 and 0.08 #m min -1. The deposition tem- 
perature referred to the temperature measured at the 
inner surface of the coater during deposition. The 
deposition rate was defined as the thickness of the 
coating divided by the coating time. Deposition con- 
ditions of the materials are listed in Table I. Details of 
the deposition apparatus and conditions have been 
described elsewhere [15]. 

2.2. Density measurement 
The SiC samples for density measurement were 
prepared by crushing SiC-coated fuel particles and 
collecting fragments of the coatings. Since these 
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T A B L E  I Coating conditions of the deposits 

Run No. Bed temp. Flow rate (mlmin -1) 
(of) 

Argon H 2 

(H 2 + Ar)/MTS Coating Coating Density 
rate thickness (Mg m - 3) 
(#m min-  l ) (,um) 

HI024 1700 0 7000 239 1.I0 55 3.216 
H0612 1700 0 7000 357 0.66 53 3.215 
H0907 1700 0 7000 504 0.56 50 3.217 
H0918 1700 0 7000 837 0.25 30 3.216 
H1022 1600 0 7400 304 0.88 53 3.216 
H0625 1600 0 7400 378 0.71 57 3.217 
H0709 1600 0 7400 533 0.53 37 3.212 
H0703 1600 0 7400 885 0.33 30 3.213 
Hl106 1500 0 8600 294 0.88 35 3.141 
H0619 1500 0 7800 398 0.66 33 3.211 
H0710 1500 0 7800 562 0.48 25 3.210 
H0919 1500 0 8600 1028 0.22 35 3.209 
HI l l 3  1400 0 8600 294 0.75 45 2.923 
H0626 1400 0 7800 398 0.56 45 2.980 
H0911 1400 0 7800 562 0.36 25 3.061 
H0912 1400 0 8600 1028 0.21 14 2.938 
H0614 1300 0 8000 409 0.63 50 2.903 
H0306 1200 0 9400 479 0.29 23 2.626 
H0321 1150 0 9400 479 0.08 9 2.477 
M1213 1600 1750 1750 252 0.43 32 3.214 
M1219 1500 1750 1750 252 0.39 35 3.213 
M1221 1400 1750 1750 252 0.36 30 3.186 
M1222 1300 1750 1750 252 0.33 30 3.033 
M0311 1200 1750 1750 252 0.26 31 2.676 
M0322 1150 1750 1750 252 0.17 20 2.557 
M1227 1600 2250 750 251 0.44 24 3.214 
Mll01 1500 2250 750 251 0.43 34 3.217 
M1029 1400 2250 750 251 0.36 32 3.213 
M1223 1300 2250 750 251 0.30 33 3.118 
M1031 1200 2250 750 251 0.25 28 2.772 
M1030 1150 2250 750 251 0.21 25 2.630 

coatings consisted of PyC and SiC, the fragments were 
heated at 800 ° C in air to burn off PyC. 

The density of the SiC fragments were measured by 
the sink-float technique with use of methylene iodide 
(CH212) and benzene (C6H6). 

2.3. X-ray diffract ion 
Fragments of SiC, prepared in the same manner as 
described above, were powdered and analysed by 
X-ray diffractometry. The content of free silicon was 
determined with the use of a calibration curve. 

Crystallite size and lattice distortion were evaluated 
from the breadths of the diffraction line profiles. 
Observed line profiles were corrected in terms of 
Lorentz and polarization factors, and then K~ and 
K~2 line profiles were separated by the Rachinger 
method [16]. When the shape of the pure, observed, 
and instrumental line profiles is Gaussian, the pure 
line profile is obtained by the equation 

f12 g_ b 2 = B 2 (1) 

where fl, b and B are the integral breadths of the pure, 
instrumental and observed line profiles, respectively 
[17]. The instrumental line profiles were determined 
with the use of annealed silicon powder. Broadening 
of the pure line profile is caused by the effects of 
crystallite size and lattice distortion. When the shape 
of the two contributing line profiles is Gaussian, the 
crystallite size and lattice distortion are given by 
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where 0 is the Bragg angle, 2 the wavelength of X-rays, 
L the crystallite size and e the lattice distortion [17]. 
If at least two profiles are measured, one can obtain 
L and e by plotting (fl cos 0/2) 2 as a function of 
(sin 0/2) 2 . 

2.4. Optical and scanning electron 
microscopy 

The SiC-coated particles were polished to the mid- 
plane and observed by an optical microscope. The 
polished SiC layers were then etched electrolytically. 
Etching was carried out in the two steps [12]. In the 
first step an electrolyte of 4 g potassium dicromate 
(K2Cr207) in 100ml phosphoric acid (H3PO4) was 
used and the SiC layers were etched for 20 to 30 sec at 
15 V. In the second step the surfaces of the SiC layers 
were washed with 20% hydrofluoric acid (HF) and 
then etched with a solution of 10g oxalic acid 
(C2H204  " 2H20) in 100ml water for about 30sec at 
15V. 

Fracture and outer surfaces of the SiC layers were 
observed with a scanning electron microscope (SEM). 

3. Results and discussion 
3.1. Density and chemical composition 
The chemical composition of the coatings analysed 
by X-ray diffraction was fl-SiC or (fl-SiC + Si) 
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Figure 1 Compositions of the deposits determined by X-ray dif- 
fractometry as a function of the deposition conditions. 
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Figure 3 Density of the deposits as a function of the content of free 
silicon. ~ denotes the density and Xsi the content of free silicon in 
weight fraction. H / A r  = (o) 100/0, (zx) 50/50, ([3) 25/75. 

depending on the deposition conditions. Fig. 1 shows 
the chemical composition as a function of the coating 
rate and the bed temperature. When the bed tempera- 
ture was higher than 1600°C (1873K) the deposits 
were/~-SiC. Free silicon was included in the deposits 
at temperatures lower than around 1400 to 1500°C 
(1673 to 1773 K). The content of free silicon increased 
with decreasing bed temperature. The effect of the 
coating rate on the chemical composition was not 
clear. 

Co-deposition of free silicon with /?-SIC was also 
observed in other work [9, 18-21] when the deposition 
temperature was lower than 1400 ° C. The mechanism 
of deposition of free silicon has been discussed in 
terms of thermodynamics and chemical kinetics [15]. 

The relation between the density and the bed tem- 
perature is shown in Fig. 2. The density of the coatings 
deposited at temperatures higher than 1500°C 
(1773K) is near the theoretical value for SiC 
(3.217 Mgm 3) [8] and almost constant. When the bed 
temperature is lower than 1500°C (1773 K), the den- 
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Figure 2 Density of the deposits as a function of the bed tem- 
perature. H2/Ar = (O) 100/0, (a) 50/50, (D) 25/75. 

sity decreases with the bed temperature. It can be seen 
in Fig. 2 that the density slightly depends on the 
composition of the fluidizing gas; when the bed tem- 
perature is fixed, the larger the content of hydrogen is, 
the smaller is the density. This result may be attributed 
to temperature profile changes in the fluidized-bed 
coater. A relation between the density and the coating 
rate was not clearly observed. 

The coating density is plotted as a function of the 
content of free silicon in Fig. 3. If the deposits are a 
mixture of/%SIC and silicon crystals without pores, 
the density of the mixture is given by 

1 Xsi 1 - Xsi 
- + - -  ( 3 )  

~si ~sic 

where Q is the density of the mixture, Xs~ the content 
of free silicon in weight fraction, ~si the theoretical 
density of silicon crystals and Qsic the theoretical den- 
sity of B-SiC. The density of the deposits with lower 
than about 40 wt % free silicon agreed with Equation 
3, whereas the density was smaller than the calculated 
value at the higher free silicon contents. This means 
that at lower free silicon contents the density decrease 
was mainly attributed to the content of free silicon, 
and that the pores as well as the free silicon affected 
the decrease in density at the higher free silicon 
contents. 

3.2. Crystallite size and lattice distort ion 
The crystallite size and lattice distortion of the SiC 
coatings determined by X-ray diffractometry are 
presented in Fig. 4 as typical results, where the best 
straight lines are drawn through all the data points. 
According to Equation 2, the Y-axis intersection of 
the line indicates (l/L) 2 and the slope of the line (4e) 2. 
It can be seen in Fig. 4 that crystallite size and lattice 
distortion depend on crystallographic directions: the 
crystallite size and lattice distortion in the [1 0 0] direc- 
tion (L~ 0o and el 00) evaluated by the (2 0 0) and (4 0 0) 
reflections are different from those in the [1 1 1] direc- 
tion (L~I~ and e ~ )  evaluated by the (1 1 1) and (2 2 2) 
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Figure 4 Crystallite size and lattice distortion analysis by X-ray 
diffraction./~ is the integral breadth of the pure line profile, 0 the 
Bragg angle and 2 the wavelength of X-rays. 

reflections. Although anisotropy was observed, the 
ratios L~ oo/L~]~ and el 00/e~ ~ were almost constant in 
all the deposits studied. The data from all the measured 
reflections were, therefore, used to determine the mean 
size and distortion parameters in the present study. 

The relation between the crystallite size of the 
deposits and the deposition temperature is shown in 
Fig. 5. The crystallite size increases with deposition 
temperature regardless of the fluidizing gas com- 
position. The crystallite size of SiC deposited at 
1200°C (1473K) is about 10nm, whereas for that 
deposited at 1700 ° C (1973 K) it is about 100 nm. Lat- 
tice distortion of the SiC coatings is also dependent on 
the deposition temperature. As seen in Fig. 6, the 
lattice distortion decreases with increasing bed tem- 
perature. A dependence of lattice distortion on the 
fluidizing gas composition was not seen. Effects of the 
coating rate on the crystallite size and lattice distortion 
were not clearly observed. 

The dependence of crystallite size and lattice dis- 
tortion on the deposition temperature can be explained 
qualitatively as follows: at high deposition tern- 
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Figure 5 Crystallite size of the SiC coating layers as a function of the 
bed temperature. H2/Ar = (o) 100/0, (zx) 50/50, (D) 25/75. 
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Figure 6 Lattice distortion of the SiC coating layers as a function of 
the bed temperature. H2/Ar = (O) 100/0, (zx) 50/50, (El) 25/75. 

peratures, high mobility of individual atoms over the 
crystal surface resulted in the formation of large crys- 
tallites with small lattice distortion, whereas low sur- 
face mobility of atoms led to small crystallites with 
large lattice distortion at low deposition temperatures 
[22]. Holub [21] has also observed the same depen- 
dence of crystallite size and lattice distortion on the 
deposition temperature. 

3.3. Texture  and m o r p h o l o g y  
Optical micrographs of a polished section of the SiC 
layers deposited in H2 are shown in Fig. 7. The SiC 
layers deposited at 1400°C (1673 K), which contain 
free silicon, show two phases:/F-SiC and silicon. Free 
silicon is seen as small white spots. Growth cones [22] 
were observed in the deposits prepared at 1300 and 
1400°C (1573 and 1673 K). The spots of free silicon 
are larger in the coating layers deposited at 1500°C 
(1773K), whereas white spots are not seen in the 
deposits prepared at 1600 to 1700 ° C (1873 to 1973 K). 

Etched sections of the coating layers are presented 
in Fig. 8. It is seen in the figure that the apparent grain 
size increases with deposition temperature. These 
results showed the same tendency as the results of 
crystallite size analysis. White spots in Fig. 8a are the 
same as those seen in Fig. 7b. Although the densities 
of the coating layers presented in Figs 8b to e are 
nearly the same (3.211 to 3.216 Mgm-3),  the etched 
structures are quite different from each other. 

Fracture surfaces of the coating layers observed by 
SEM are shown in Fig. 9. These coating layers are of 
the same kind as those presented in Fig. 7. It is seen 
again in Fig. 9 that the apparent grain size increases 
with deposition temperature. 

Scanning electron micrographs of the outer surfaces 
of SiC layers deposited in H 2 are presented in Fig. 10 
as a function of deposition conditions. It is seen in the 
figure that the coating layers deposited at 1400°C 
(1673 K) show a cauliflower-like structure [13], which 
may result from growth cones, and the apparent grain 
size is small. The structure of the outer surface gradu- 
ally changes with deposition temperature. When the 
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Figure 7 Optical micrographs of polished sections of the SiC coating 
layers deposited at (a) 1400 ° C (H 1113), (b) 1500 ° C (H 1106) and (c) 
1600 ° C (H1022). 

deposition temperature is 1700° C (1973 K), the outer 
surface consists of large interlocked grains. An effect 
of coating rate is not seen clearly on the outer surface 
structure. 

The structure of etched, fracture and outer surfaces 
of the coating layers deposited in the H2-Ar-MTS 
system resembled that of the coating layers deposited 
in the H2 MTS system. The relation between the 
structure of the outer surface and coating conditions 

is shown in Fig. 1 l, where the ratio (H2 + Ar)/MTS 
and the coating rate are almost constant. The struc- 
ture also depends strongly on the bed temperature. 
When the ratio of gas flow rate Ar/(Ar + H2) is 
changed from 50 to 75%, the outer surface structure 
seems not to be influenced. 

4. Conclusions 
The SiC coating layers prepared under various con- 
ditions were examined by density measurement, X-ray 
diffractometry, and optical and scanning electron 
microscopies. The following relations were found 
between deposition conditions and structure of the 
SiC layers: 

1. Deposition temperature was the main parameter 
affecting the content of free silicon, density, crystallite 
size and lattice distortion, and microstructure. Effects 
of coating rate and Ar/(Ar + H2) ratio were not 
observed clearly in the range studied. 

2. Free silicon was co-deposited with fl-SiC at tem- 
peratures lower than 1400 to 1500°C (1673 to 

Figure 8 Optical micrographs of etched sections of the SiC coating layers deposited at (a) 1500 ° C (H 1106), (b) 1500 ° C (H0619), (c) 1600 ° C 
(HI022), (d) 1700°C (H0612) and (e) 1700°C (H1024). 
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Figure 8 Continued, 

Figure 9 Scanning electron micrographs of the fracture surfaces of 
SiC coating layers deposited at (a) 1400°C (Hl l13), (b) 1500°C 
(Hl106) and (c) 1600°C (H1022). 
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Figure 10 Scanning electron micrographs of the outer surfaces of the SiC coating layers deposited in the H= MTS system. 

75 

oq =. 

< 50 

1300 1400 1500 1600 

Bed temperature (°C) 
Figure 11 Scanning electron micrographs of the outer surfaces of the SiC coating layers deposited in the H2-Ar MTS system. 

1773 K). The content of free silicon increased with 
decreasing deposition temperature. 

3. The density of  the layers without free silicon was 
more than 3.210 M g m  -3, and the density decreased 
with increasing content of free silicon. 

4. Crystallite size increased with deposition 
temperature and lattice distortion decreased with 
increasing deposition temperature. 

5. The outer surface of  the layers without free sili- 
con consisted of large interlocked grains, whereas that 
of the layers with free silicon showed a cauliflower-like 
structure and the apparent grain size was small. 

The SiC layers examined in the present study were 
irradiated and post-irradiation examination (PIE) will 
be started in the near future. This PIE is expected to 
reveal important relations between the deposition 
conditions and irradiation behaviour. 
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