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Abstract: Preventing severe corrosion incidents caused by air ingress accidents in high-temperature
gas-cooled reactors (HTGRs) while improving heat removal efficiency from the core is of paramount
importance. To enhance both safety and efficiency, a sleeveless silicon carbide (SiC)-matrix fuel
compact has been proposed. This study evaluates the 10-hour oxidation of reaction-sintered SiC
(RS-SiC)-matrix fuel compact under the conditions of an air ingress accident within the temperature
range of 1000 to 1400 ◦C. The oxidation tests were conducted in a stagnant air environment without
flow. As a result, it is demonstrated that RS-SiC exhibits exceptional resistance to air oxidation up
to 1400 ◦C, as shown by the thermogravimetric analysis (TGA), with minimal mass loss due to the
oxidation of free carbon. Scanning electron microscopy with energy-dispersive X-Ray spectroscopy
(SEM–EDX) analysis reveals that the morphology and thickness of the SiO2 layer formed on the
RS-SiC surface vary with temperature. At 1400 ◦C, uniform oxide layer thickness ranging from
1.59 to 4.10 µm and localized nodule-like oxide formations of approximately 10 µm are observed. In
contrast, at 1000–1200 ◦C, thinner oxide layers are identified, indicating that oxide growth accelerates at
higher temperatures. The oxidation rates measured provide insights into the mechanisms of oxide growth.

Keywords: silicon carbide; reaction sintering; oxidation; corrosion resistance; high-temperature
gas-cooled reactor (HTGR)

1. Introduction

It has become increasingly evident that nuclear energy holds immense potential as a
sustainable and clean source of power worldwide, capable of meeting the ever-growing
global energy demands [1]. The high-temperature gas-cooled reactor (HTGR) stands
out among nuclear technologies due to its inherent safety features that reduce the risk
of core melting, its potential to generate hydrogen for industrial use, and its ability to
safely and efficiently consume plutonium from Light Water Reactor spent fuel, offering a
solution for nuclear waste management. Studies also show that Pu-burner HTGRs achieve
better burnup than uranium fuel-loaded reactors [2,3]. These positive characteristics
have captured global attention, positioning HTGRs as promising candidates for the next
generation of reactors worldwide.

To facilitate commercial application, it is essential to enhance the core power density
during normal operation and ensure safety during abnormal events [4,5]. The fundamental
reactor core design of pin-in-block type HTGRs has remained unchanged for the past
30 years [6]. In the current design, a graphite sleeve is employed as a chemical barrier
against corrosion of a graphite-matrix fuel; meanwhile, this sleeve limits the allowable
thermal power output from the core due to the thermal resistance of a gap between the
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sleeve and the fuel matrix, preventing the maximum fuel temperature from exceeding its
acceptable design limit [7].

To address these challenges and improve the overall efficiency, a new fuel design
has been proposed using silicon carbide (SiC) ceramics as a replacement for the fuel
matrix, thereby eliminating the need for the sleeve [8–12]. Removing the sleeve would
decrease thermal resistance and allow the fuel compact to be in direct contact with the
helium coolant. Figure 1 illustrates the concept of the proposed sleeveless design and its
supporting method, which involves the use of spacers [9]. In addition, assume a case where
the flow distribution ratio between the inner and outer channels of the fuel compact can
be adjusted by modifying the shape of the spacers. In the newly proposed design, the
fuel compact can be cooled down both from the central and outer sides (between the fuel
compact and the graphite core block) under normal power operation. The coolant pass
region is widespread. This makes it possible to improve the heat removal efficiency; thus, a
higher power density operation will be achievable.
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Figure 1. Schematic view of sleeveless fuel compacts supported by some spacers.

In the previous fuel design, the graphite sleeve was intended to serve as a chemical
buffer against oxidation; however, in the sleeveless fuel design, the fuel matrix is naked
and exposed to gases. This implies that the use of graphite as a fuel matrix is not viable
due to its susceptibility to oxidation, which could result in the deterioration of the fuel
integrity. Therefore, an alternative material is required instead of graphite. In this context,
SiC has garnered interest in extreme environments, including nuclear reactors, due to its
high mechanical strength, thermal conductivity, and chemical stability [13]. With the pro-
posed sleeveless fuel compacts design (Figure 2), the fuel matrix needs great anticorrosion
properties to protect the TRISO fuel particles embedded in the fuel matrix, particularly in
the event of an air ingress accident arising from a guillotine-type break of the main coolant
pipe [14–17] that leads to severe mechanical and material degradation of the core structures
and fuel compacts due to high temperature oxidation [18–21].
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Figure 2. Conceptual illustration of the size and internal view of the SiC-matrix fuel compact. 

In the design of an accident-tolerant fuel (ATF), fully ceramic microencapsulated 
(FCM) fuel [22–28] utilizes SiC ceramics for their excellent ability to protect the fuel matrix 
during LWR accident conditions. Recently, the design has been employed commercially in 
the Micro Modular Reactor (MMR) of Ultra Safe Nuclear Corporation. As for the fuel waste 
management, although direct disposal seems to be the most reasonable option for TRISO 
spent fuel, conducting studies on reprocessing is also important, given the economic and 
environmental determinants of the future and the circular economy requiring the recovery 
of nuclear resources and reducing the amount of disposed waste. The management of spent 
sleeveless fuel is expected to reduce graphite waste production. The detached compacts or 
TRISO particles can be directed to storage or reprocessed for U and Pu recovery [29]. 
Guittonneau et al. proposed a method [30] that allows the total degradation of graphite 
blocks and the separation of TRISO particles while maintaining their cohesion. The method 
was based on the intercalation of sulfuric acid into graphite layers to separate the grains. It 
was found that a good partition of the TRISO grains from the graphite-matrix of compacts 
occurs through acid treatment. Similar to this method, it must be noted that the treatment 
allows for preventing damage to the spent TRISO fuel particles during the process of re-
moving TRISO particles from the SiC-matrix in the proposed design. 
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the radioactive release from the fuel matrix to the environment in the case of accidents; 
thus, the SiC fuel matrix greatly helps the safety of HTGRs. The oxidation characteristics 
of SiC largely depend on its crystal structure and fabrication process [32]. The previous 
investigation addresses the oxidation behaviors that have been widely discussed but lack 
consensus due to the different types of SiC and experimental variables. In our proposed 
design, we have chosen the reaction sintering process for fuel fabrication. This is because 
various conventional methods [33–36], such as pressure-less sintering, hot pressing, hot 
isostatic pressing, chemical vapor deposition, spark plasma sintering, and nano-infiltra-
tion transient eutectic-phase (NITE) formation process [37], are unsuitable for the SiC fuel 
matrix in HTGRs. The high mechanical pressure and temperature conditions involved in 
these processes pose a risk of severe damage to the TRISO-coated fuel particles embedded 
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In the design of an accident-tolerant fuel (ATF), fully ceramic microencapsulated
(FCM) fuel [22–28] utilizes SiC ceramics for their excellent ability to protect the fuel matrix
during LWR accident conditions. Recently, the design has been employed commercially in
the Micro Modular Reactor (MMR) of Ultra Safe Nuclear Corporation. As for the fuel waste
management, although direct disposal seems to be the most reasonable option for TRISO
spent fuel, conducting studies on reprocessing is also important, given the economic and
environmental determinants of the future and the circular economy requiring the recovery
of nuclear resources and reducing the amount of disposed waste. The management of spent
sleeveless fuel is expected to reduce graphite waste production. The detached compacts
or TRISO particles can be directed to storage or reprocessed for U and Pu recovery [29].
Guittonneau et al. proposed a method [30] that allows the total degradation of graphite
blocks and the separation of TRISO particles while maintaining their cohesion. The method
was based on the intercalation of sulfuric acid into graphite layers to separate the grains. It
was found that a good partition of the TRISO grains from the graphite-matrix of compacts
occurs through acid treatment. Similar to this method, it must be noted that the treatment
allows for preventing damage to the spent TRISO fuel particles during the process of
removing TRISO particles from the SiC-matrix in the proposed design.

SiC not only resists steam oxidation but also maintains a stable “passive mode” during
dry oxidation at high temperatures [31].

SiC +
3
2

O2 → SiO2 (s) + CO (g) (1)

During an air ingress event, the passive behavior of SiC significantly contributes to
protecting the fuel matrix by forming an oxide layer that prevents corrosion. From the
perspective of fuel safety, SiC oxidation in passive mode plays a key role in preventing
the radioactive release from the fuel matrix to the environment in the case of accidents;
thus, the SiC fuel matrix greatly helps the safety of HTGRs. The oxidation characteristics
of SiC largely depend on its crystal structure and fabrication process [32]. The previous
investigation addresses the oxidation behaviors that have been widely discussed but lack
consensus due to the different types of SiC and experimental variables. In our proposed
design, we have chosen the reaction sintering process for fuel fabrication. This is because
various conventional methods [33–36], such as pressure-less sintering, hot pressing, hot
isostatic pressing, chemical vapor deposition, spark plasma sintering, and nano-infiltration
transient eutectic-phase (NITE) formation process [37], are unsuitable for the SiC fuel
matrix in HTGRs. The high mechanical pressure and temperature conditions involved in
these processes pose a risk of severe damage to the TRISO-coated fuel particles embedded
in the matrix. It is crucial to investigate the oxidation kinetics of reaction-sintered SiC
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(RS-SiC) to assess fuel safety in the event of accidents. However, there is currently a lack of
comprehensive understanding of the fundamental kinetics of the RS-SiC oxidation.

In our previous study, thermogravimetric tests demonstrated that graphite experiences
severe weight loss at elevated temperatures, while SiC follows a passive oxidation mode
with a slight weight gain up to 1400 ◦C. The Deal–Grove model was observed in the
SiC’s oxidation kinetics, with an activation energy of 323 kJ/mol, indicating SiC’s superior
oxidation resistance compared to graphite [8]. The next research validated the oxidation
behavior of real-scale SiC fuel compacts under HTGR air ingress conditions using integrated
experiments and CFD simulations. SiC exhibited passive oxidation at both 900 ◦C and
1100 ◦C, with slightly reduced weight gain at higher temperatures, indicating potential
damage to the SiO2 layer. The experiments confirmed the absence of active oxidation
mode at oxygen concentrations above 10 ppm and temperature values below 1100 ◦C,
ensuring the safe use of SiC fuel compacts within these parameters [11]. The last study
focused on the passive/active oxidation transition of RS-SiC at high temperatures. We
identified the passive-to-active transition under specific conditions, particularly at 1400 ◦C
and low oxygen concentrations. The proposed kinetic model described the SiO2/SiC
interface reaction, crucial for preventing active oxidation, which could lead to severe
material degradation [12].

This study will focus on the mechanism of oxide growth on RS-SiC, as estimating the
oxide thickness is important for safety evaluation. The main objectives are to investigate
the oxide structure of the SiC fuel matrix and to elucidate the oxidation kinetics during
the postulated accidents to support the development of the innovative fuel design with
enhanced thermal efficiency and safety for future HTGR applications.

2. Experimental Details

Aiming to evaluate the oxidation behavior of SiC fuel matrix, commercially available
reaction-sintered SiC matrices (RS-SiC) (Sato Tekko Co., Ltd., Chiba, Japan) were used as
test samples. X-Ray diffraction (XRD) study detected less free crystalline Si phase in this
sample [8]. The samples were cut from SiC balls to form cylinders (average D = 3.01 mm,
H = 2.65 mm, and W = 56.72 mg). The samples were cleaned before testing in acetone
under ultrasonic treatment and then dried in air.

The oxidation tests of the samples were conducted using Thermogravimetry Dif-
ferential Thermal Analysis (TG-DTA, Bruker, MA, USA, model TG-DTA2020SA). The
temperature was elevated from room temperature (27 ◦C) to the targeted temperatures
at a constant rate of 20 ◦C/min under atmospheric pressure. The air oxidation process
was observed for 10 h at a constant temperature within the range of 1000~1400 ◦C for
replicating accidental conditions [15]. In an accident, the fuel temperature rises due to the
loss of helium coolant. After the scram, decay heat from the core would be the primary
reason for the temperature rise, and reaction heat from fuel oxidation also accelerates the
heating. The oxidation tests were conducted in stagnant environment without flow. Even
though the flow conditions are different from the actual accident, we believe that the flow
effect is negligible. In fact, we have previously demonstrated that there is not a large
difference in oxidation rates between stagnant air and air flow [8,12]. In this experiment,
temperature has a huge impact on SiC oxidation behaviors as a main parameter, not flow
rate. Moreover, the air ingress accident progresses very slowly via molecular diffusion [38],
which means that the air comes through the reactor core in almost stagnant environment
after Loss-Of-Coolant Accident (LOCA) and depressurization caused by guillotine-type
break of the primary coolant pipes. Therefore, we believe that the experimental conditions
can be representative of the accidental environment. The mass changes were measured at
real-time monitoring with 1.0 sec sampling time for 10 h. The accuracy of the mass change
measurement was 0.1 µg.

Crystalline phases were determined using XRD method (XRD, Aeris, Malvern Pana-
lytical, Eindhoven, The Netherlands). For the microstructure observation, field emission
scanning electron microscope (FE-SEM; S-4800, Hitachi High-Tech Corporation, Tokyo,
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Japan) equipped with energy dispersive X-Ray spectroscopy (EDX) detector (EDAX, active
area 300 mm2) was used. The accelerating voltage was 5.0 kV. The samples after oxidation
tests were mounted in epoxy resin, then cut or ground to expose the SiC–SiO2 interface
and coated with a thin layer of platinum to prevent electron charging.

3. Results and Discussion

Figure 3 shows the XRD pattern of the RS-SiC sample after oxidation at 1400 ◦C.
Before the oxidation, the sample consisted of α and β SiC mixture [8]; after oxidation, SiO2
in cristobalite form was formed on the surface as indicated. The microstructure of the
oxidized samples was investigated through FE-SEM observation. For specifying the chemi-
cal compounds of the product, SEM–EDX mapping data highlight the existence of SiO2,
reflecting the Si, O composition profile as presented. In Figures 4–6, cross-sectional images
of microstructures are provided, focusing on the resin/SiC interface for characterizing
the oxide structure. Small and large particle structures can be recognized that are typical
polycrystalline structures for reaction-sintered SiC consisting of α-β mixed matrix with a
large crack running through the surface. Crack formation was probably due to compressive
stress caused by thermal shock applied to the oxide/SiC interface. In the sample case
at 1400 ◦C, a uniform oxide layer was detected on the SiC surface with a thickness of
approximately 1.59–4.10 µm (Figure 4a,b). A nodule-like oxide product was also found
on the SiC surface (Figure 4c). From the cross-sectional view, the thickness and width of
the nodule-like product were measured to be approximately 10 and 80 µm, respectively.
Due to its polycrystalline structure and rough surface, RS-SiC showed nonhomogeneous
oxide growth, leading to the local formation of thick nodule-like oxide and a thin uniform
oxide layer in different areas. At 1200 ◦C (Figure 5a,b), thin oxide layers (2.7 µm in average)
were identified with relatively large pores in the matrix. In general, SiC contains pores,
which make it easier for oxygen to diffuse through open pores. At 1000 ◦C (Figure 6a,b),
thinner oxide layers were detected with less than 1.3 µm thickness. From Figures 4–6, it was
confirmed that oxide growth is accelerated under elevated temperatures up to 1400 ◦C for
10 h duration. During the oxidation, no corrosion was identified due to protective passive
oxidation with the formation of dense oxide layers, which contributes to the nuclear fuel
safety during accidents.
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(a,b) after oxidation in air at 1200 ◦C for 10 h: secondary electron image (SEI) and SEM–EDX C, Si,
and O mapping with overlapping image.

Next, Figure 7a,b presents mass changes in the test specimens during air oxidation
at 1000–1400 ◦C for a 10 h duration. Each full line shows a stable mass gain process,
demonstrating passive oxidation mode with parabolic-type mass gain behavior [38,39].
In the initial stage of the passive mode, the mass increases linearly (reaction-controlled
regime), whereas, as time passes, the mass increases parabolically (diffusion-controlled
regime). In these passive phenomena, the growth of SiO2 contributes to the total mass gain.
Obviously, the mass change rate is accelerated under elevated temperatures. The 1400 ◦C
case has achieved the highest total mass gain at 10 h duration with minimal amount of
mass loss at later stage of oxidation due to the oxidation of free carbon [8,11]. Figure 8a–c
provides the mass change rates at elevated temperatures (from room temperature to each
target temperature) corresponding to each measurement (Figure 7). The temperature is
shown from room temperature to each targeted temperature; thus, horizontal coordinates
include 10 h (at constant temperature oxidation time) and start-up time until targeted
temperatures, totally exceeding 10 h. During the heating process, every case indicates
a narrow peak of mass loss around 800 ◦C. This mass loss may be associated with the
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oxidation of free carbon contained as an impurity in the specimens. Over 800 ◦C, the mass
change rate positively increases at a higher rate (reaction-controlled regime). In a diffusion-
controlled regime, the mass change rate gradually decreases and eventually approaches
zero. Especially in the 1200 ◦C case, the mass change has completely terminated; thus,
passive oxidation has stopped nevertheless during isothermal heating.
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measurement (Figure 7).

B/A and B are denoted as the linear and parabolic rate constants of oxidation, respec-
tively. It should be noted that B/A and B are the rate coefficients for the interfacial reaction
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and the diffusion of oxidants, as stated in Equation (3), where k is the interfacial oxidation
rate constant, Co is the limit of solubility in SiO2, N0 is the molecular density of SiO2, D is
the diffusivity in SiO2, and the subscript means the value of the corresponding atom. This
model argues that the oxidation is suppressed by the diffusion-controlled mechanism of
oxygen; thus, the oxidation rate is reduced as the time passes. Based on this theory, the
mass gain continuously occurs as a parabolic behavior even at lower rates. In the present
results, however, oxidation behavior may not have reproduced the typical para-linear
kinetics. When applying the DG model to the obtained result, the total mass gain indicates
large differences between the prediction of the DG model and the measured data at 10 h
(Figure 7a). In fact, the DG model and its related models [43–45] were originally devel-
oped to simulate the initial stage of oxidation. Focusing on the very initial stage of mass
changes, the DG model has predicted the measured data well. Although the oxidation
nearly ended at 4 h duration, the DG model predicts a higher mass gain rate in parabolic
law. Since the current DG model is likely to overestimate the RS-SiC mass changes during
long-term observation, it is not suitable for estimating oxidation in the RS-SiC fuel matrix
over durations of several hundred hours [46] during the air ingress event. Here are other
potential models that support the present result. Massoud et al. have reported that the
oxidation rate depends on the oxide thickness [47,48]. They have successfully modified the
DG model by adding an exponential term as follows (Equation (4)):

dX
dt

=
B

A + 2X
+ C exp

(
−X

L
)

(4)

where C and L are the pre-exponential constant and the characteristic length, respectively.
In this empirical relation, they have tried to decelerate the oxidation rate depending on the
oxide growth. Another previous example has proposed an interfacial Si and C emission
model [49] to reduce the oxidation rate at the SiO2/SiC interface due to the accumulation
of out-warding Si and C atoms. In this theory, Hijikata et al. have argued that the oxide
growth rate can be a function of oxide thickness. Some plots indicate that the oxide growth
rate decreases as the oxide thickness increases [49] and may saturate at 20 nm for oxidation
of the C face.

As introduced so far, several studies have measured the oxidation rate for different
types of SiC; this work has found that the DG model may need a minor correction to
adequately estimate the oxide growth during a longer period as well. According to this
hypothesis, Massoud’s model has been applied to our measurements (Figure 7b). The
modification has produced higher errors at the initial stage of oxidation compared to the
DG model; however, the Massoud model has shown better agreement with the measured
data in the total mass gain within the error range of 18.9, 7.71, and 7.37% at 1400, 1200, and
1000 ◦C, respectively. Throughout the present analysis, it may be suggested that the passive
oxidation rate (or oxide growth rate) decelerates depending on the oxide thickness at the
targeted temperatures and may converge to zero when the terminal thickness is reached.

4. Conclusions

This study investigated the oxide-growth mechanisms of the SiC fuel matrix under
postulated air ingress accident conditions for fuel safety evaluation. TGA was used to
monitor the oxidation kinetics, resulting in an oxide growth model that accurately fits
the measured data. The SEM–EDX observations identified the oxide structures at various
temperatures, enabling the estimation of oxide thickness and the prediction of corrosion
resistance. These findings confirm that the SiC fuel matrix maintains its durability against
corrosion up to 1400 ◦C for 10 h without any unacceptable morphological changes. The
oxide growth mechanisms of the RS-SiC during the accident are elucidated, referring to
several theoretical models.
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