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Abstract –The potential for reducing oxidation of the supporting graphite 
components during normal operation and accident conditions in the VHTR design 
has been studied. SiC coating on graphite has been studied taking into 
consideration of possible dimensional change of graphite by the neutron-irradiation. 
Functionally gradient (FG) SiC coating on the graphite has been performed to 
moderate the SiC/Graphite interface: E-beam evaporative coating from varied 
compositions of graphite/SiC mixture in the source crucibles was carried out with 
an ion beam mixing. The cylindrical graphite samples were uniformly coated by 
rotating and revolving the samples. Auger depth profile reveals that the ion beam 
mixed interface is broadened and a cross sectional EDS Si elemental mapping 
shows a smoothly graded Si profile. The grown film exhibited a stacked columnar 
structure owing to a frequent sample position change during the coating process, as 
observed by FE-SEM. As a result of 18 thermal cycling test of 500-1000℃, no film 
delamination was found on the coated layer, but film cracks were formed, 
suggesting a strong bonding. When samples were heated at 600°C in static air for 2 
h, ~ 45 wt% of the graphite was burnt off, whereas for the SiC coated graphite only 
5 wt %. When heated at 1000 °C in air, vigorous oxidation of graphite took place 
through a few paths (maybe the mars and/or the crack lines) in the film only leaving 
the coating layer. As the crack lines were covered with SiC by repeating the ion 
beam mixed coating process, the oxidation resistance was improved.  
 

 
I. INTRODUCTION 

 
When air ingress occurs during the normal 

operation and/or an accident such as D-LOFC 
(Depressurized-Loss of Forced Convection), oxygen 
can and will attack the graphite support components 
at temperatures < 400 °C (Oh, et al., 2009). During a 
long reactor shut down, the graphite components will 
be at high temperatures allowing the potential for 
significant oxidation of the support components with 
a corresponding loss of mechanical strength which 
will lead to a core collapse, that is, a severe accident 
event. For this reason, reduction of the oxidation rate 
of these critical graphite components during 

operation and through an accident event is highly 
desirable.  

SiC is a candidate material for high temperature 
oxidative environment applications to reduce 
graphite oxidation as well as one of the accepted 
nuclear materials (Carpenter et al., 2007). A 
protective SiC coating on the graphite components 
could assist in slowing the oxidation down. However, 
the irradiation induced dimensional changes in the 
graphite (shrinkage followed by swelling) would 
provide internal stresses capable of delaminating the 
coating from the graphite, eliminating this as an 
option (Ishiyama et al., 1996, Burchell, 1997). 
Therefore, the prime concern in the SiC coated 
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graphite under the irradiation condition would be the 
coating robustness and the coating/substrate 
adhesion at the expected elevated temperature. 

Along with the irradiation induced dimensional 
change, the difference in the thermal expansion 
coefficients between the SiC and graphite needs to 
be considered at the elevated temperature (CTE of 
graphite at 1100 °K: 8.6x10-6 K-1 and CTE of SiC at 
1100 °K: 5.5x10-6 K-1) (Burchell et. al., 1991). 

In this work, functionally gradient electron beam 
evaporative coating with an ion beam processing was 
conducted: The ion beam is irradiated onto the 
functionally graded (FG) Graphite/SiC mixture films, 
mixing the SiC atoms and the graphite atoms 
together at the interfaces, and then SiC coating on 
the FG coating to the desired thickness is followed. 
These efforts are aiming at mitigation of the interface 
abruptness in order to reduce the residual stresses in 
the coating layer. Oxidation and thermal cycling tests 
of the coated specimens were performed and 
reflected in the process development to get more 
reliable SiC coated graphite. 

 
 

II. EXPERIMENTAL 
 

II.A. Sample preparation 
 

The nuclear grade graphite specimens (IG110, 
Toyo Tanso) were used for the substrate materials. 
The specimens are bar-shaped with ~7.20 mm in dia. 
X ~ 6.35 mm L adapted for the irradiation test 
capsule.  Before the coating, the samples were dried 
at 130°C for of 3 hrs. The SiC film was deposited on 
the graphite substrate with Ar+ ion beam mixing. 
The e-beam evaporative deposition device of 10 kW 
and 500mA is equipped with a 120 keV and 15mA 
ion implanter, aiming the coating and ion beam 
bombardment to be performed in the same vacuum 
work chamber. Multiple samples held in jigs were 
both revolved around the jigs’ main axis and rotated 
on its individual axis for a uniform coating on all the 
sample surfaces.  

Crucibles for e-beam evaporation were prepared 
with varied compositions of graphite and SiC such as 
G80/SiC20, G50/SiC50, G40/SiC60, G30/SiC70, 
G20/SiC80, G10/SiC90 and SiC100. The granules 
size of the graphite and SiC e-beam source materials 
was ~ 0.5 mm. The coating thickness for each 
composition was determined in consideration of the 
stresses in the total film thickness of ~ 30μm (Kim et. 
al., 2005).  The ion beam mixed functionally graded 
coating in this work is schematically shown in Fig. 1: 
Ar+ ion beam mixing was performed at every 
compositional change in order to obtain less abrupt 
interface before building-up the thickness of full SiC 
coating on top of the graphite/SiC mixed  films. 

 

 
Fig. 1. The schematic of the ion beam mixed 
functionally graded coating: the FG coated interfaces 
are further moderated by ion beam bombardment. 
 

II.B. Oxidation and thermal shock tests 

The oxidation test was performed in a 
temperature range of 600 - 950 °C.  using a three-
zone controlled tube furnace: A sample was loaded 
in the wire basket and weighed by the analytical 
balance during the whole test period. At the 
beginning of the test, dry nitrogen (99.9999 %) was 
purged into the chamber at a flow rate of 10 L/min. 
Upon reaching the test temperature the sample was 
kept for 30 min to stabilize the test system and then 
the gas changed to dry air. The sample was 
continuously weighed and recorded through an 
automated data collection system.  

The 18 thermal cycles were carried out in 
vacuum (~ 5x10-5 torr) with each cycle that holds at 
1000℃ for 10 min, furnace-cools to 500 ℃, and 
heats to 1000 ℃ in 10 min. Multiple Halogen lamps 
were used for heating. The surfaces and the 
interfaces were observed with SEM. The analyses of 
these tests give information on the resistance to 
sudden changes of temperature of C/SiC structures.  

 
II.C. Film and surface morphology observation 

 
The cross sectional view of coating and the film 

surface morphology was investigated with Carl Zeiss 
model ULTRAplus FE-SEM equipped with EDS.  
The film growth as multiple compositional changes 
during the evaporative coating were investigated and 
cracks, pores and pinholes on the coating layer were 
observed. The film thickness monitored by the 
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quartz crystal was confirmed by the coating 
thickness measured with the FE-SEM. 
 

II.D. Interface analysis 
 

The ion beam mixing effect on the film/substrate 
interface was examined with AES depth profiling. 
ULVAC PHI model 700 was used. Electron gun 
energy/current was 10kV/10nA.  C and Si elements 
were depth profiled, for which the specimen stage 
was tilted by 30 ˚ , ion gun energy and sputter 
interval were 3kV and 0.3min, respectively, and the 
sputter yield was 6Å/s (Ref : SiO2).  

Elemental line scans of cross sectioned SiC 
coated samples were investigated with EDS equiped 
in FE-SEM. 

 
II.E. Film structure analysis 

 
X-ray diffraction (XRD) was conducted with a 

Rigaku Geiger count diffractometer with CuKα 
radiation to see the phase changes of SiC film. The 
step size for the data acquisition was 0.01˚ in 2θ and 
X-ray tube voltage and current were 40 kV and 30 
mA, respectively. 

 
III. RESULTS AND DESCUSSION 

 
III.A. Ion beam mixing effect 

 
As shown in Si and C depth profiles (Fig.2), the 

ion mixed interface between the film and the 
substrate becomes less abrupt than the simply coated 
interface. This suggests that the functionally gradient 
compositional steps which was formed by EB-PVD 
can thus be smoothened by the ion beam mixing.  

EDS line scan shows that the elemental profile in 
the interface (Fig. 3) is continuous rather than 
compositional steps in accordance with the Fig. 2. 
This should be attributable to the ion beam mixing, 
that is, when an incident Ar+ ion strikes the target 
graphite and/or SiC atoms, the target atoms recoil 
away from their initial location depending on the 
angle of incidence and the incident ion's kinetic 
energy. A forceful intermixing by the energetic ions 
mitigates the effect of the initial surface/interface 
conditions.  

 

 
 
Fig. 2. The ion beam mixed specimen shows more 
broadened interface than the simply coated interface. 
In this way, the functionally gradient coating is 
expected to be more gradient. 
 

 
 

 
Fig. 3. EDS line scans across the coating and the 
graphite substrate. As shown in the elemental 
distributions in the mapping and the profiles, the 
elemental profile across the interface is continuous 
rather than compositional steps. 
 
 

The ion beam process may produce not only the 
graded interface but also the modification of the 
bonding property in the near surface layers of the 
graphite. 
 

III.B. FE-SEM of the coated 
 

Although graphite sublime at~ 3900K and SiC is 
decomposed at ~ 3100K, the evaporation of the 
mixture of SiC and Graphite by e-beam 
bombardment is possible. As shown in Fig. 4a, the 
surface of the coated becomes much smoothened in 
nature. The film structure at the initial stage of 
coating shows somehow a dense columnar (Fig. 4b). 
The column structure is believed to be strain tolerant 
against a dimensional change of the graphite as a 
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result of the neutron irradiation. However, if the 
inter-column width is larger, the graphite substrate 
may be more prone to oxidation. In this work, the 
samples were frequently re-positioned whenever 
crucibles are replaced during the coating, aiming at 
more complete coating against mars or defects 
formed by the sample holding pins. This may have 
resulted in multiply stacked columnar growth of the 
film as shown in Fig. 4c. 
 
 

 
 
Fig. 4. As-received rough surface becoms after SiC 
coating (a), the coating morphologies at the 
beginning of the film deposition exhibit a columnar 
growth (b), and multiply stacked columnar growth of 
the film may be attributed to the frequent sample 
position changes (c). 
 

III.C. Thermal cycling test 
 

After 18 times thermal cycling (1000 – 500 °C) 
in vacuum, no coating delamination and/or no cracks 
formation at the interface due to the difference in 
CTE between the film and the substrate are observed, 
but the film is cracked (Fig. 5), ensuring the strong 
adhesion. The strong bonding may be attributable to 
the ion beam mix and the functionally gradient 
coating.  

 

Fig. 5. After annealing at 1000 °, the film crack was 
formed rather than the delamination, suggesting the 
strong bonding.  
 

III.D. Oxidation test 
 

When samples are heated to 600 °C in air for 2 
hrs, 45 wt% of the graphite is burnt off, whereas for 
the coated graphite only 5 wt % at 600 °C in air for 2 
h (Fig. 6a). The weight loss of the coated sample 
seems to be due to mars and/or defects caused by the 
sample holding pins for the sample rotation. When 
this sample was heated-up to 1000 °C in air, a 
vigorous oxidation took place only leaving the SiC 
cask (Fig. 6). A few paths on the SiC cask were 
found after heating at 1000 °C in air, which may 
have caused by mars formed during the sample 
holding or cracks formed in the film due to the 
differences in the thermal expansion between the 
graphite and the SiC film, and a film spallation 
during a heating due to a difference in the thermal 
expansion coefficients between the graphite and SiC 
film (Fig. 6b). It is thus suggested that the careful 
coating is required for more slowing down the 
oxidation rate.  

 
 

 

 
Fig. 6. When samples are heated to 600 °C in air for 
2 hrs, 45 wt% of the graphite is burnt off, whereas 
for the coated graphite only 5 wt % at 600 °C in air 
for 2 h (a). Vigorous oxidation of graphite took place 
through the mars and/or defects only leaving the SiC 
coating layer when heating at 1000 °C in air (b). 
 
We thought that covering the crack lines would be 
the solution for retardance of the oxidation. In order 
to cover the crack lines, ion beam mixed coating 
followed by heating was repeated. As is seen in Fig.7, 
the crack line widths of ~ 1μm upon heating at 
1000℃ (Fig.7a) were much reduced as the process 
repeats (Fig. 7b). 
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Fig.7. The crack line width was ~ 1μm upon heating 
at 1000℃ (a). The widths were much reduced as the 
process repeats (b). 
  

The oxidation resistance is gradually improved as 
the crack line widths were reduced by repeating the 
ion beam mixed coating process, as can be seen in 
Fig. 8. This suggests that efforts need to be paid for 
the samples having the minimized crack line widths 
for the oxidation retardance. 
 

 
Fig.8. The oxidation resistance is gradually 
improved as the crack line widths were reduced by 
repeating the process.  
 
The samples prepared in this work are waiting for 
the neutron irradiation test within the USA’s 
Advanced Graphite Creep (AGC) graphite 
irradiation experiment for the NGNP Graphite R&D 
program. The irradiation test will be performed at 
900˚C (near the expected lower plenum temperatures 
for an outlet temperature of 750˚C) to the expected 
end of life dose levels for the support columns (~ 0.5 
- 2 dpa).  

 
VI. SUMMARY AND CONCLUSIONS 

 
The functionally gradient compositional steps 

formed by EB-PVD could be smoothened by the ion 
beam mixing, exhibiting the interface between the 
coating and the graphite substrate is continuous 
rather than compositional steps. The evaporation of 
the mixture of SiC and Graphite by e-beam 
bombardment is possible. The film structure at the 
initial stage of coating shows somehow a dense 
columnar. Multiply stacked columnar growth of the 
film is formed due to a frequent re-clamping of the 
sample. The column structure is believed to be strain 
tolerant against a dimensional change of the graphite 
as a result of the neutron irradiation and the multiply 
stacked columnar growth may be helpful for the 
oxidation protection. When samples are heated to 
600 °C in air for 2 hrs, 45 wt% of the graphite is 
burnt off, whereas for the coated graphite only 5 
wt % at 600 °C in air for 2 h. Vigorous oxidation of 
graphite took place through the mars and/or crack 
lines only leaving the SiC coating layer when heating 
at 1000 °C in air. The oxidation resistance is 
gradually improved as the crack line widths were 
reduced by repeating the ion beam mixed coating 
process. Efforts are being paid to prepare the 
samples having the minimized crack line widths. 
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