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Silicon carbide (SiC) has recently attracted much 

attention as a potential material for accident tolerant fuel 

cladding. To investigate the performance of SiC in severe 

accident conditions, study of steam oxidation at high 

temperatures is necessary. However, the study focusing on 

steam oxidation of SiC at temperatures above 1600oC is 

currently still limited due to lack of test facilities. With the 

extreme oxidation/corrosion environment in steam at high 

temperatures, current refractory materials such as 

alumina and zirconia would not survive during the tests. 

Application of laser heating technique could be a great 

solution for this problem. Using laser heating technique, 

we can localize the heat and focus them on the test sample 

only. In this study, we developed a laser heating facility to 

investigate high-temperature oxidation of SiC in steam at 

temperature range of 1400-1800oC for 1-7 h.  The 

oxidation kinetics is then being studied based on the weight 

gain and observation on cross-sectioned surface of tested 

sample using field emission scanning electron microscope.   

 

I. INTRODUCTION 

 

Silicon carbide (SiC) has attracted much attention as 

high-temperature structural materials over the past decades. 

With many advantages such as high strength, high thermal 

shock resistance and excellent oxidation resistance,1 

applications of SiC can be ranging from gas turbines to heat 

exchanger tubes for industrial furnaces.  As used for high 

temperature applications, oxidation of SiC have been 

extensively studied.2-4  Oxidation of SiC at high 

temperatures induces formations of both a condensed 

phase oxide, SiO2, and a volatile sub-oxide, SiO, 

depending on the oxygen potential and temperature.5  The 

condensed phase oxide, SiO2 forms as a protective layer 

when oxygen potential is high and the formation of this 

oxide is termed “passive oxidation”.  Whereas the 

formation of volatile products occurs in environments with 

low oxygen potential such as CO/CO2, H2/H2O, 

oxygen/inert gas and water vapor.  As formation of the 

volatile products which can lead to rapid material 

consumption, this phenomenon is termed “active 

oxidation”. 

Currently, SiC is also being developed for use as a 

replacement for Zircaloy cladding in light-water reactors. 

Being known as high-temperature structure material, SiC 

was also reported to have many features suitable for 

nuclear industry such as high radiation damage tolerance, 

high thermal conductivity and high neutron economy.6  As 

expected to be accident tolerant fuel cladding, performance 

of SiC in steam under severe accident conditions must be 

investigated.  Many studies have been conducted, focusing 

on steam oxidation of SiC over the past decades.7-9  

However, those studies mainly focused on investigation of 

steam oxidation for SiC at temperatures lower than 1600ºC, 

due to the difficulties of high temperature experiment with 

steam. Whereas, the accident that occurred in Fukushima 

Daiichi nuclear power station showed that the temperature 

of the hottest fuel rod could exceed 2000ºC during the 

accident progression.10   This raises a strong demand on 

investigation of SiC performance in steam at such high 

temperatures. To complete this task, we have designed and 

developed a new test facility using laser heating technique 

where the heat will be localized and focused on test sample 

only.  

In this study, steam oxidation of monolithic SiC was 

investigated at temperatures ranging from 1400-1800ºC for 

1-7 h by using the laser heating facility (LAHF).  The 

670Top Fuel 2019, Seattle, WA, September 22-27, 2019



oxidation behavior of SiC under the investigated 

conditions was then discussed, based on the mass evolution 

of samples. 

 

II. EXPERIMENTAL PROCEDURE 

 

Fig. 1 shows the appearance of the Laser Heating 

Facility (LAHF) which was designed and manufactured for 

this study.  The main unit consists of laser head, pyrometers, 

video camera, test vessel, vacuum pump, gas heaters and 

flow rate controllers. The test vessel is made of stainless 

steel.  The sample holders inside the test vessel are made 

of zirconia.  Five quartz windows are attached to the vessel 

for the purposes of laser light incidence, temperature 

measurement by pyrometers and in situ observation of 

sample.  Temperature of test vessel and gas flow can be 

controlled in a range of room temperature to 200ºC.  Gas 

flow rate of steam, Ar carrier and hydrogen can be 

controlled in the ranges of 0.1~3.0 g/min, 0.1~5.0 l/min 

and 0.06~3.14 g/min, respectively.  The laser module has a 

maximum power of 2500 W which allows to heat sample 

with a heating rate of 1000 K/s.  All the test program, gas 

flow rate, vessel temperature and so on can be remotely 

setup and monitored in the control system located on the 

right site.  A gas chromatograph is attached in the off-gas 

system to sample and measure the concentration of 

hydrogen and carbon monoxide. The gas analysis of LAHF 

can also be implemented with a mass spectrometer if 

needed.  All of the parameters of the test are recorded by a 

data logger. 

SiC samples (10x10x1 mm) used in this study were 

monolithic β-SiC.  After setting the SiC sample into the 

chamber (as described in Fig. 2), the ambient air inside the 

chamber was evacuated.  A pre-heated (150ºC) gas mixture 

of steam and Ar-carrier was then purged into the chamber.  

The entire gas pipes, chamber and view ports were also 

heated up to 150ºC to keep dry steam.  After setting the gas 

flows and test conditions as described in Table I, the 

sample was irradiated by the laser beam that focused on the 

sample surface.  Two pyrometers were managed to 

measure the sample temperature.  The value of pyrometer 

measuring at sample center was used to give feedback to 

the temperature control system.  Whereas, the second 

pyrometer focusing on the edge of sample was used for 

reference.  The difference between the values from the first 

pyrometer and the second pyrometer was less than 100ºC 

under the tested conditions.  During heating, the sample 

surface was observed by an in situ video camera.  The off-

gases (H2 and CO) generated during the test were analyzed 

via a sensor gas chromatograph.  Mass of samples was 

measured before and after the tests by using an analytical 

balance.  Microstructure of the samples after test was 

observed using field-emission scanning electron 

microscope (JSM-7800F, JEOL Ltd.) with energy 

dispersive x-ray spectroscopy (EDS).  Phase identification 

of samples was carried out using X-Ray diffraction (XRD) 

technique. 

 

 

Fig. 1. Laser Heating Facility (LAHF) 

 

 

Temp. Duration Heating rate Steam Carrier gas (Ar) Steam partial pressure 

ºC h ºC/s g/min L/min atm 

1400 

1~7 0.5 3 0.2 0.96 
1600 

1700 

1800 

In situ 

observation 

Main unit 

Control system 

Gas analysis 

TABLE I. Test conditions for steam oxidation of SiC 
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III. RESULTS AND DISCUSSION 

 

Figure 3 shows a typical temperature profile of the 

investigation conducted for SiC using LAHF. The sample 

temperature was raised from room temperature to 1000ºC 

within 10 s in the first step.  From 1000 to 1800ºC, the 

heating rate was managed as 0.5ºC/s to simulate a 

prototypic loss-of-coolant accident condition in the second 

step.  After achieving the targeted temperature, the 

interaction between SiC sample and steam was continued 

for fixed times in the third step to investigate the time 

variation of the interaction.  After the dwelling time, it was 

set with a cooling rate of 100ºC/min. 

Figure 4 shows photographs of SiC samples before 

and after the tests conducted at 1400ºC and 1800ºC for 1 to 

7 h of dwelling time.  Apparently, the steam oxidation at 
Fig. 3. Temperature profile of steam oxidation 

of SiC conducted at 1800ºC for 1 h via the 

laser heating facility. 
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Fig. 2. Schematic diagram of the laser heating facility 

 

Fig. 3. Temperature profile of steam oxidation of 

SiC conducted at 1800oC for 1 h via the laser 

heating facility. 

(a) 1 h 

2 mm 

(f) 

3 h 5 h 7 h 

1 h 3 h 5 h 7 h Before 

Before 

Fig. 4. Appearance of SiC sample before and after exposed in steam at (a-e) 1400ºC and (f-j) 1800ºC for 1 to 7 h. 

(b) (c) (d) (e) 

(g) (h) (i) (j) 

672Top Fuel 2019, Seattle, WA, September 22-27, 2019



1400ºC gave minor change on physical appearance of SiC 

samples.  Whereas, the appearance of SiC sample oxidized 

at 1800ºC changed significantly.  Bubbling phenomenon 

was observed at the center of the sample under this 

conditions.  Due to the heat loss at the contacting points 

between sample holders and test sample, the oxidation rate 

in the sample periphery seems to be lower than the one in 

the center as seen in Fig. 4 (g-j). 

Figure 5 plots the mass change of monolithic SiC as a 

function of dwelling time at 1400-1800ºC for 1-7 h.  The 

monolithic SiC samples experienced a mass loss under the 

tested conditions.  When exposed to steam at high 

temperatures, SiC interacts with steam and forms silicon 

dioxide (SiO2) on the sample surface.  The formation of 

SiO2 is controlled by diffusion of oxidizing species through 

the oxide scale and obeys parabolic law.  The mass gain 

(Δw1) induced by formation of SiO2 is expressed by: 

Δw1 = (kp.t)1/2                                  (1) 

where kp is the parabolic rate constant and t is time.  In the 

meantime, SiO2 interacts with steam that results in 

formation of volatilized products.  The volatilization of 

SiO2 caused the mass loss (Δw2) of samples which is 

expressed by:  

Δw2 = - kl.t                                    (2) 

where kl is linear volatilization rate constant.  The total 

mass evolution (ΔW) of the specimen is the sum of the mass 

gain caused by formation of oxide layer and the mass loss 

caused by volatilization of that oxide layer.  The total mass 

evolution is thus expressed as below:  

ΔW = (kp.t)1/2 - kl.t                              (3) 

When the formation of SiO2 is equivalent to its 

volatilization, the mass evolution of the specimen will 

reach to its steady stage.  At the steady stage, the mass loss 

of the specimen can be calculated by the amount of SiC 

that consumed to form SiO2.  Based on the Eq. (3), the 

parabolic oxidation and linear volatilization rate constant 

as shown in Table II were calculated to match the obtained 

data from Fig. 5. 

 Figure 6 plots the common logarithm of the parabolic 

oxidation rate constant versus the reciprocal of oxidation 

temperature.  The apparent activation energy of SiO2 

formation process was calculated to be 85 kJmol-1.  Opila9 

Fig. 5. Mass change of monolithic SiC samples as a 

function of exposed time in steam at 1400-1800ºC 

Fig. 6. Temperature dependence of parabolic rate 

constant on steam oxidation of monolithic SiC in 

comparison with previous reports. 

TABLE II.  Calculated parabolic oxidation rate and linear volatilization rate constant, based on the Eq. (3) to 

match the obtained data from Fig. 5. 

Temperature, T/ºC 1400 1600 1700 1800 

kp/mg-2cm-4h-1 0.004 0.008 0.01 0.13 

kl/mgcm-2h-1 0.13 0.25 0.33 0.45 
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investigated the steam oxidation of CVD-SiC in various 

H2O/O2 mixture.  The apparent activation energy of the 

process investigated in 90% H2O environment was 

reported to be approximately 52 kJmol-1.  In another place, 

Terrani7 studied steam oxidation of CVD-SiC by using 

three different experimental systems, a thermogravimetric 

analysis, a high-temperature furnace, and a high-pressure 

steam rig.  The average activation energy obtained in 100% 

H2O environment was reported to be 238 kJmol-1.  In 

comparison to the previous reports, the activation energy 

derived from this study was in good agreement with the 

others. 

 

IV. CONCLUSIONS  

 

Steam oxidation of monolithic SiC was investigated at 

1400-1800ºC for 1-7 h in a mixture of steam and argon gas 

containing 97% of steam at 1 atm using newly developed 

laser heating facility.  At the investigated conditions, 

monolithic SiC underwent a mass loss process.  The 

oxidation kinetics followed the paralinear laws.  The 

parabolic oxidation rate and linear volatilization rate 

constants were calculated. Based on the results of this 

investigation, the mass evolution process of the specimens 

reached to its steady stage.   The apparent activation 

calculated based on the data of this study is to be 85 kJ/mol.  

Bubbling phenomenon of SiC at temperatures above 

1800ºC was observed.   
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