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Abstract - The HTR design envisions fuel operating temperatures of up to 1000°C 
and in case of an accident even 1600°C are conceivable. To ensure safety in all 
conditions a thorough understanding of the impact of an extreme temperature envi-
ronment is necessary. This work assesses the high temperature mechanical perfor-
mance of the silicon carbide (SiC) layer within the tristructural-isotropic (TRISO) 
fuel particle as it poses the main barrier against fission product release into the 
primary circuit. Therefore simulated fuel was fabricated by fluidized bed chemical 
vapour deposition; varying the deposition conditions resulted in strongly differing 
SiC microstructures for the various samples. Subsequently the TRISO particles were 
annealed in inert atmosphere at temperatures ranging from 1600°C up to 2200°C. 
Scanning electron microscopy and Raman spectroscopy showed that strong disinte-
gration of the SiC layer occurred from 2100°C onwards, but initial signs of porosity 
formation were visible already at 1800°C. Still, the elastic modulus and hardness as 
measured by nanoindentation were hardly impaired. After annealing stoichiometric 
SiC coatings showed a reduction in fracture strength as determined by a modified 
crush test, however the actual annealing temperature from 1600°C to 2000°C had 
no measureable effect. 

Furthermore, a technique was developed to measure the elastic modulus and hard-
ness in-situ up to 500°C using a high temperature nanoindentation facility. This ap-
proach allows conducting numerous tests on small sample volumes and thus prom-
ises to improve our knowledge of irradiation effects on the mechanical properties. 
For the SiC layer in TRISO particles it was found that the elastic modulus decreased 
slightly from room temperature up to 500°C, whereas the hardness was reduced 
more severely to approximately half of its ambient temperature value. 

 

I. INTRODUCTION 
 
The HTR fuel design foresees the application of 

a composite fuel, where the fissionable material is 
fully enclosed by successive layers of pyrolytic car-
bon and silicon carbide (SiC). Within each tristruc-
tural-isotropic (TRISO) fuel particle the SiC coating 
poses the main barrier against fission product release 
into the primary circuit, hence retaining its mechani-
cal integrity in all conditions is a vital safety con-
cern. Envisioned fuel operating temperatures for the 
HTR are up to 1000°C, but in case of an accident 

1600°C can be reached. Even though this benchmark 
temperature has been established as a limit for safe 
fuel performance the exact impact on the physical 
properties of the fuel at this threshold temperature 
and beyond are not unambiguously clear [1]. Ap-
proaches have been developed to assess the mechan-
ical properties of coatings in TRISO fuel (due to the 
specimens’ spherical shape and low sample volume 
many established tests are not feasible) and a range 
of studies report mechanical data of SiC [2]-[4], but 
the information on high temperature performance is 
still limited [5], [6]. 
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Sample 
ID 

Furnace        
reference             

temperature* 

Coating 
thickness 

Deposition 
rate 

MTS con-
centration 

H2 flow 
rate Grain morphology and impurities 

(°C) (µm) (µm/min) (%) (l/min) 

sample 1 1700 35 0.58 1.2 12 
Fully crystalline and stoichiometric com-
position, increasing grain size along the 
deposition direction of the coating 

sample 2 1600 32 0.36 0.6 12.4 
Crystalline with traces of amorphous 
silicon, similar grain morphology as 
sample 1, but minor porosity visible 

sample 3 1500 38 0.69 9 6 
Reduced crystallinity of the SiC and 
presence of amorphous silicon; thin, 
elongated equiaxed grains  

Table 1: Sample deposition conditions and microstructural characteristics. *The furnace reference temperature is 
measured outside the heating element; the actual temperature in the deposition zone is lower. 

  
Here a modified crush test [3] and nanoindenta-

tion were used to evaluate simulated fuel annealed at 
1600°C to 2200°C and extensive microstructural 
characterisation was executed to develop a better 
understanding of the related physical phenomena. 
Furthermore an approach was developed to measure 
the evolution of elastic modulus and hardness with 
temperature in-situ up to 500°C by high temperature 
nanoindentation. These are the first results of this 
kind and offer the opportunity to assess the mechan-
ical properties closer to the actual operating condi-
tions. 

 
II. MATERIALS AND METHODS 

 

II.A. SAMPLE FABRICATION 
 
Simulated TRISO fuel has been fabricated within 

a fluidized bed chemical vapour deposition 
(FBCVD) furnace using zirconia kernels with a 
nominal diameter of 500 µm diameter as a substrate. 
Firstly, two layers of carbon were fabricated: a high-
ly porous (buffer) and a dense pyrolytic carbon 
(IPyC) coating. Subsequently, the silicon carbide 
coating was deposited using methyltrichlorsilane 
(MTS) as a precursor that was picked up and diluted 
by hydrogen (H2). The exact deposition conditions 
are listed in Table 1; the temperature was varied 
strongly to obtain different SiC microstructures and 
the MTS concentration had to be adjusted to sup-
press porosity formation. No outer pyrolytic carbon 
(OPyC) layer had been produced to allow a better 
comparison of the individual SiC sample perfor-
mance. 

Batches of sample 1, 2 and 3 were placed inside 
a graphite crucible and covered with a lid. Thermal 
treatment was executed in low-pressure (2 mbar) 
argon atmosphere with maximum temperatures from 

1600°C to 2100°C that were held constant for 1 h. 
Annealing duration at 2200°C was 15 min. 

II.B. SAMPLE CHARACTERISATION 
 
Samples were embedded into copper containing 

resin and polished to the approximate cross-section. 
Scanning electron microscopy (SEM) and electron 
backscatter diffraction (EBSD) mapping were con-
ducted using a Quanta FEG 650 (FEI). Raman spec-
troscopy (He-Ne laser line in a Renishaw 1000 Ra-
man System) was executed either directly on the 
sample surface or on the polished specimen cross-
section. X-ray diffraction (XRD) patterns were col-
lected using a Philips PW 1830 XRD instrument 
with a CuKα1 radiation source. Therefore the intact 
samples had been fixed onto a single crystal silicon 
substrate with silicon paste. 

The fracture strength was determined by apply-
ing the modified crush test approach as proposed by 
Hong et al. [3]. Around 30 samples were used for 
each sample and condition. Nanoindentation tests at 
room temperature were conducted using a 
Nanoindenter XP (MTS systems) and the measure-
ments at elevated temperature were performed with 
a MicroMaterials (UK) system. Measurements were 
taken on the polished cross-section of the particles to 
either a penetration depth of 500 nm or 100 mN 
maximum load depending on the system. Both fa-
cilities are equipped with a diamond indenter tip of 
Berkovich shape and analysis was done by applying 
the Oliver-and Pharr-method [7]. The MicroMateri-
als facility uses an individually heated indenter tip 
and the sample is mounted onto a hot stage. The 
equipment is situated inside an atmospheric cham-
ber, which was filled with argon for tests at 300°C 
and above. Tests were conducted on sample 1 and a 
thin disk cut from a bulk CVD piece of SiC (Rohm 
& Haas, Dow Chemical Company). 



  Proceedings of the HTR 2014 
  Weihai, China, October 27-31, 2014 

Paper HTR2014-31101 

III. RESULTS AND DISCUSSION 
 
Thermal treatment of the samples led to visible 

changes in their appearance and detectable weight 
loss from 2000°C onwards. 

 

III.A. MICROSTRUCTURAL EVOLUTION WITH 
TEMPERATURE 

 
SEM characterisation revealed a similar grain 

morphology in sample 1 and 2 with a faceted surface 
consisting of features of several micron size. The 
polished cross-section shows grains growing radially 
with the deposition direction (Figure 1a). The much 
faster deposition rate used for sample 3 led to the 
formation of a hemispherical granular surface struc-
ture and the grains as seen in the cross-section are 
strongly elongated, thin and of equal size throughout 
the coating (Figure 1d). In the cross-section of all 
three sample the development of pores was visible 
towards the outer surface of the coating after anneal-

ing at 1800°C. With further increase of the annealing 
temperature pores were found to be present through-
out the whole coating and from 2100°C onwards the 
disintegration of the SiC was so severe that layer 
thinning occurred (Figure 1b). After annealing above 
2000°C the formation of SiC crystals on the sample 
surface was noticed (Figure 1c) and at even higher 
treatment temperatures the complete SiC layer had 
migrated in some specimen exposing the underlying 
carbon coating. In sample 3 the formation of large 
precipitates in the SiC coating’s cross-section was 
detected after annealing temperatures of 1800°C and 
above (Figure 1e).  

These observations were attributed to an evapo-
ration-precipitation mechanism occurring in SiC at 
temperatures of 1600°C and above. Evaporation 
occurs on the SiC grains causing porosity formation, 
since the vapour phase migrates along grain bounda-
ries and partly precipitates on the surface where it 
forms new SiC crystals. 

 
 

   

   Figure 1: SEM micrographs of SiC samples: polished cross-section of (a) sample 1 and (b) sample 1 after an-
nealing at 2200°C; (c) SiC crystal formation on TRISO particle surface after annealing at 2100°C; polished 

cross-section of sample 3: (d) as deposited and (e) after annealing at 2000°C; (f) porosity content in the SiC coat-
ings after the highest annealing temperatures. 
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Figure 2: EBSD maps taken of sample 1 (deposition direction from bottom to top): (a) as deposited; and an-
nealed at (b) 2000°C and (c) 2100°C; the grain boundaries (black) were reconstructed and white areas show 

where indexing failed due to nano-sized grains and porosity. 

 
The porosity was measured from SEM micro-

graphs taken of the polished coating cross-section 
and as seen in Figure 1f it increased exponentially 
with treatment temperature, the variations between 
the samples were however minor. Even though po-
rosity formation and crystal growth were seen in all 
samples the effect was more pronounced in sample 2 
than 1 and most severe in sample 3. The presence of 
a protective outer pyrolytic carbon layer would in-
hibit the evaporation thus slowing down pore for-
mation in the SiC. 

EBSD maps taken of sample 1 are displayed in 
Figure 2 and results of the grain analysis are given in 
Table 2. The presence of numerous nano-sized 
grains in some locations presented difficulties when 
measuring the maps causing the indexing to fail 
completely in some areas (those were left white in 
the maps). Indexing was accomplished for β-SiC and 
the maps were noise reduced without creating new 
artefacts. Overall, grains were found to be on aver-
age of submicron size and exhibited a slightly elon-
gated shape along the deposition direction. No obvi-
ous change in the grain shape was noted upon an-
nealing. Small variations in the average grain size 
were found, but these were minor and there was no 
consistent grain growth with temperature. The step 
size for the measurement was 0.1 µm and only 
grains with a diameter ≥ 0.3 µm were taken into ac-
count in the statistical grain size analysis.  

 

sample 1 Mean grain diameter 
(µm) 

as deposited (767)* 0.86 ± 0.56 
2000°C (1173) 0.74 ± 0.46 
2100°C (755) 0.88 ± 0.56 

Table 2: Grain statistics from EBSD measurements 
*number of grain included in analysis. 

Raman spectroscopy of the three samples re-
vealed significant differences in their respective 
stoichiometry. Sample 1 showed bands relating to 
cubic (β-modification) SiC exclusively (Figure 3a), 
whereas sample 2 and 3 exhibited traces of second 
phase silicon shown by a wide band of low intensity 
with a centre at ~480 cm-1. In addition, the broad-
ness of the SiC bands and their low intensity indicat-
ed that sample 3 was of less crystallinity than the 
other two (Figure 3b). After thermal treatment the 
spectra of all samples showed the development of 
peaks proving the formation of thin graphitic sheets 
of carbon on the specimen surface as well as in the 
polished cross-section. These carbon bands appeared 
after annealing at 1600°C (none for found in any of 
the samples in the as deposited state) and became 
more intense with increase treatment temperature. 
This observation was taken as another prove that 
evaporation of SiC had occurred. Even much below 
its decomposition point (2700°C), a vapour phase is 
formed above silicon carbide with silicon possessing 
the highest vapour pressure thus leaving the solid in 
excess of carbon [8]. The carbon bands could be 
detected throughout the complete coating thickness 
showing that the evaporation process was not limited 
to the specimen surface, but also occurred on the 
grain surface within the coating. 

Only Raman spectra of samples annealed at the 
highest treatment temperatures (2100 and 2200°C) 
indicated the existence of hexagonal SiC (α-
modification) in sample 1 and 2. Traces of α-SiC 
were found within the β-SiC matrix in some areas, 
but the content appeared to be low (Figure 3a grey 
spectrum). In sample 3 the intensity and sharpness of 
the bands increased with annealing temperature lead-
ing to a separation of the bands into distinguishable 
peaks. After this crystallisation process α- and β-SiC 
were present and the ratio of their respective peaks 
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varied depending on the exact measurement loca-
tions (Figure 3b, blue and grey spectrum were taken 
on different locations in the same sample). The wide 
peaks indicating the presence of second phase amor-
phous silicon in sample 2 and 3 disappeared after 
annealing. Therefore some sharp peaks of crystalline 
silicon (520 cm-1) were found in some locations of 
those two samples. 

 

 

 
Figure 3: Raman spectra taken on (a) the surface of 

sample 1 and (b) cross-section of sample 3. 

  

 
Figure 4: XRD patterns collected of sample 3 as 

deposited and after thermal treatment. 

The XRD patterns collected on sample 1 and 2 
showed all main peaks related to β-SiC and peak 
intensities and ratios did not change after thermal 

treatment (patterns not shown here). The presence of 
silicon was not visible in the XRD patterns, thus its 
content within the main SiC phase must have been 
low. 

In the pattern of sample 3 the peaks were weaker 
in the as deposited state and the peak width was re-
duced consistently after annealing at increasing tem-
peratures as expected in a crystallisation process. 
Weak peaks indicating the presence of α-SiC were 
observed after annealing at 2100°C or more, those 
were not obvious in the other samples, leading to the 
conclusion that α-SiC content was significantly 
higher in sample 3 compared with sample 1 or 2. 

III.B. MECHANICAL PROPERTIES 
 
Weibull plots depicting the fracture strength of 

the freestanding SiC shells showed that there was an 
immense variation between the three samples 
(Figure 5). In its pristine state sample 1 exhibited an 
exceptionally high value of 1277 MPa, which was 
twice the fracture strength compared with the other 
two samples and higher than most literature data [3], 
[6]. The variation of the individual strength values 
was acceptable, leading to a Weibull modulus of 7, 
which is higher than the value of 6 currently used in 
HTR fuel modelling codes [9]. A reduction of the 
fracture strength occurred after thermal treatment, 
however the exact treatment temperature appeared 
not to affect sample 1 and the fracture strength was 
reduced to ~800 MPa irrespective of the actual an-
nealing temperature of 1600, 1800 or 2000°C. Due 
to the obvious layer thinning setting in from 2100°C 
onwards, the crush test was not applied on speci-
mens treated beyond 2000°C. 

Sample 2 and 3 possessed a significantly lower 
fracture strength of ~500 MPa and at the same time 
the variation within each set of samples was larger, 
leading to low values for the Weibull modulus with 
~4 and 2, respectively. Both sample showed some 
reduction in the fracture strength after being an-
nealed at 1600°C, which was more severe after 
treatment at 1800°C. In sample 3 significant changes 
in the specimen shape had occurred after annealing 
at 2000°C, hence the analysis is not fully correct and 
the data is shown for comparison only. In sample 2 
however a significant increase in the fracture 
strength was observed in the 2000°C annealed sam-
ples. The characteristic fracture strength was in-
creased to 580 MPa, which was higher than the 
446 MPa measured in the specimens in the as depos-
ited state.  

The reasons for the observed changes in the 
strength values are not unambiguously clear. The 
porosity content was found to be highly dependent 
on the annealing temperature, whereas the crush test 
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   Figure 5: Weibull plots of fracture strength of the SiC shells after thermal treatment, sample 3 had strong layer 
migration after annealing at 2000°C and the data is only shown for comparison.  

results of sample 1 appeared to be unrelated to the 
actual treatment temperature, thus suggesting that 
minor porosity in the coating played a subordinate 
role. Oxidation effects are excluded, since thermal 
treatment was conducted in argon atmosphere in a 
graphite environment and there were no visible signs 
for degradation due to oxidation. However, the pres-
ence of silicon with its low melting point (1420°C) 
is known to have a strongly detrimental effect for the 
high temperature mechanical performance of SiC. Its 
crystallisation and potential evaporation will affect 
the SiC integrity, which might be the cause for the 
more pronounced weakening observed in sample 2 
and 3 after the treatment temperature increased from 
1600 to 1800°C. The increase of the fracture 
strength in sample 2 upon a further raise in tempera-
ture to 2000°C might be related to the precipitation 
of SiC, which could act as a flaw healing mecha-
nism. The inner surface of the SiC coatings had been 
investigated by SEM and changes were not easily 
visible, but it is conceivable that thermal treatment 
had some effect leading to the lower fracture 
strength observed in the annealed specimens of sam-
ple 1 and the changing fracture strength in sample 2 
and 3.  

The values of the elastic modulus and hardness 
were determined as an average of at least 30 indents 
taken on different particles for each sample and con-
dition. Nanoindentation experiments conducted at 
room temperature showed some variation in the elas-
tic modulus for the different samples (Figure 6b), the 
hardness however was almost identical (Figure 6a). 
Annealing the samples did not have an obvious det-
rimental effect. There was a slight decrease between 
the elastic modulus measured after annealing at 
1600°C and 1800°C in sample 1, but beyond, even 
up to the highest annealing temperatures, the values 
for the elastic modulus were well within the standard 
deviation of the measurement. The hardness was 

 

 
Figure 6: Plots of (a) hardness and (b) elastic modu-
lus as determined by nanoindentation after annealing 

experiments. 

found to remain constant for sample 1 and 2 over the 
whole temperature range, for sample 3 however it 
dropped after annealing at 1800°C and remains con-
stant from there onwards. This might have been a 
reflection of the more pronounced microstructural 
changes upon annealing as described above for sam-
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ple 3. The small silicon content in sample 2 however 
did not show a measurable impact on the hardness 
after annealing. The observed porosity formation, 
even though significant was not reflected in the val-
ues obtained by nanoindentation here, which was 
probably due to the small measurement volume. 

 

 

 
Figure 7: Evolution of hardness and elastic modulus 
with temperature as measured in sample 1 and a bulk 
CVD SiC sample by high temperature nanoindenta-

tion. 

Using a nanoindentation facility capable of con-
ducting measurements at elevated temperatures the 
elastic modulus and hardness of sample 1 were 
measured in-situ up to a maximum temperature of 
500°C. Comparable tests were conducted on a bulk 
CVD SiC piece to exclude potential effects caused 
by the embedding required for measuring the TRISO 
particles and both data plots are displayed in Figure 
7. Overall, the results compared favourable with 
each other. The hardness decreased continuously 
over the measured temperature range: from 36 GPa 
at room temperature to 23 GPa at 500°C in the 
TRISO coating and 20 GPa in the bulk CVD SiC 
piece. The bulk CVD SiC possessed a grain size that 
was about one magnitude larger than the TRISO 

coating, which could be the reason for the more pro-
nounced drop in hardness. 

The decrease of the elastic modulus with temper-
ature was only minor. Some reduction with tempera-
ture is expected due to a decrease of the stiffness of 
the atomic bonds, but this effect was found to be 
small. Raman spectroscopy can determine the elastic 
modulus evolution with temperature given the spec-
imen is placed on a hot stage [10]. The temperature 
evolution of the elastic modulus was measured using 
this approach for sample 1 and the results were add-
ed to Figure 7b. The curve shows a flat decrease of 
the elastic modulus with temperature. Raman spec-
troscopy does not reflect microstructural features 
such as grain boundaries or porosity, so the obtained 
values were higher overall. However, the tempera-
ture dependency determined was comparable with 
the nanoindentation results thus verifying their va-
lidity. 

 
IV. SUMMARY 

 
The first signs of SiC disintegration were seen 

after annealing in low-pressure, inert atmosphere at 
1600°C by the formation of graphitic sheets on the 
sample surface, which occurred irrespective of the 
sample stoichiometry. With increasing treatment 
temperature porosity was formed throughout the SiC 
coating and from 2100°C onwards layer thinning 
could be observed. Due to precipitation new SiC 
crystals consisting of large grains were found to 
form on the specimen surface at temperatures above 
2000°C. Within the coating no systematic grain 
growth could be detected and traces of non-cubic 
SiC were only identified after annealing at 2100°C 
or beyond. However, SiC of insufficient crystallinity 
underwent a crystallisation process during annealing 
leading to the formation of α and β-SiC. 

The fracture strength measurements identified a 
very high value for stoichiometric SiC (sample 1) 
that was somewhat reduced after thermal treatment. 
The samples containing second phase silicon had a 
lower strength in their as-deposited state and showed 
further reduction after thermal treatment. But despite 
the immense microstructural changes the elastic 
modulus and hardness as measured by nanoindenta-
tion were not impaired significantly by the thermal 
treatment. In-situ nanoindentation measurements at 
elevated temperatures showed a slight decrease of 
the elastic modulus up to 500°C that was similar to 
the trend found in Raman spectroscopy tests. The 
hardness decreased significantly in the same temper-
ature interval. 
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V. CONCLUSION 
 

Stoichiometric SiC retains its mechanical integri-
ty remarkably well after short-term exposure to ex-
treme temperatures. Within reactor operation the 
OPyC layer helps to supress SiC evaporation, thus 
the process of porosity formation is likely to be 
slowed down. However, particularly in case of a 
defective OPyC layer the SiC coating is subject to 
evaporation thus generating porosity, which might 
potentially form a pathway for fission products. This 
effect would need to be considered when raising the 
maximum threshold temperature TRISO fuel can 
endure safely. On the other hand the mechanical 
properties as measured by crush test and nanoinden-
tation were only slightly impaired, thus mechanical 
failure of SiC due to temperature alone appears un-
likely. 

The initial results from the high temperature 
nanoindentation tests were very encouraging. Meas-
urement uncertainty was acceptable and the obtained 
values were well within the expected range. Further 
application of this technique will facilitate an eval-
uation of irradiation impact on the mechanical prop-
erties, since contrary to macroscopic methods many 
measurements can be conducted on small specimen 
volumes. 
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