
KR9700380

The 2™̂  Seminar on The New Fuel Technology Toward The 21 Century

November 25-26, 1997, KAERI, Teajon, Korea

Development of Coating Technology for Nuclear Fuel by
Self-propagating High Temperature Synthesis

Y. Choi*, Bong G. Kim and Y. W. Lee

* Sunmoon University, Asan, Chung Nam 336-840, Korea
Korea Atomic Energy Research Institute, Taejeon, 305-353, Korea

Abstract

This paper presents experimental results of the preparation of silicon carbide and graphite
layers on a nuclear fuel from silane and propane gases by a conventional chemical vapor
deposition and combustion synthesis technologies. The direct reaction between silicon and
pyrolytic carbon in a high temperature releases sufficient amount of energy to make a
synthesis self-sustaining under the preheating of about 1200°C. During this high temperature
process, lamellar structure with isotropic carbon layer and beta-silicon carbide layer was well
formed by self-propagating high temperature synthesis. A full characterization of phase
composition and final morphology of the coated layers by X-ray diffraction, SEM and AES
is presented.

Introduction

Coating on a nuclear fuel is one of methods to enhance the safety and reliability of the
nuclear fuel.[1,2] The coating layers contains pyrolytic carbon, silicon carbide and zirconium
carbide layers. Since the most important function of the pyrolytic carbon layer on a nuclear
fuel is to retained the fission products generated during reactor operation and prevent cooling
gas contamination, pyrolytic carbon layers with a desirable neutron irradiation behaviors and
structural integrity are required to be prepared. The good neutron irradiation behavior and
reliable strength of the carbon layer are obtained when its microstructure is so called,
"carbon-black-like component (CBC), which contains the ratio and the distribution of ordered
and disordered carbon in the pyrolytic carbon. To fulfill this function like withstanding the
loads, the pyrolytic carbon is produced from such hydrocarbons as methane, propylene and
acetylene by thermal deposition.[3] Silicon carbide layer on the nuclear fuel for high
temperature gas cooled reactor acts as a diffusion barrier and prevents radioactive fission
products from migrating into the coolant circuit. [4] The silicon carbide is well prepared by
the thermal decomposition of various source gases including methychrolosilane and methane,
acetylene and propane at high temperatures above 1400°C. Considering the irradiation effect
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and thermal and mechanical properties for the application of nuclear fuel, P-SiC with fine
columnar grains is optimum microstructure, which is normally formed at the thermal
deposition temperature range of 1600 and 1700 °C. This kind of high deposition temperature

-resulted in introducing structural defects in the layers and difficulties to operate the
production systems in the field. It is known that the silicon carbide is also well prepared
with relatively low thermal shock by a combustion synthesis between silicon and graphite.
This study was initiated to develop unique coating technology including a combustion
synthesis reaction and to prepare the pyrolytic carbon and silicon carbide layers for a nuclear
fuel. A full characterization of phase composition and final morphology of the coated layers
prepared by a combustion synthesis reaction was carried by X-ray diffraction, SEM and AES.

Experimental procedure

Figure 1 shows the schematic diagram of the carbon deposition unit, which consists of a
1500 kW resistance furnace, a preheater of the source gases, a gas mixer to prepare mixing
gases, temperature controller, and gas controller systems. Inside of the furnace, a coater with
a cone angle of 60° chamber and 300 mm in length is installed. The total gas flow dunng
each experiment maintained constant by gas flow meter and mass flow controller.
Propanc(99.9%) and argon gases were used as a carbon source and a earner gas. respectively.
The total pressure in the coating chamber was 1 atm. The source gas and earner gases were
blended in a gas mixer with various compositions and preheated at 400 °C in pre-heater
before flowing into the coater. The coating temperature was measured by Pt/Pt-5% Re
thermocouples contacted to the graphite coater in the furnace. Coating conditions employed in
this study are shown in Table 1.

The silicon was deposited on dummy fuels with spherical and cylindrical shapes with
ECR PECVD unit., which contains 3-dimensional coating stage as shown in Fig. 2.
Expenmental method is mentioned in detail in the previous study [7]. Combustion reaction
between silicon and carbon was carried out by igniting with heating coil after preheating
above 1000°C. During the reaction combustion behavior was observed with a video camera.
The phase identification of the deposits was performed with a X-ray
diffractometer(MXP3A-HF2000) and an auger electron spectroscope(VG 2400). The
microstructure of each deposit was observed by scanning electron microscopy (Jeol 6400).

Results and discussion

Figure 3 is a cross section of a coated fuel, which shows the uniform coating layer on
the substrate Figure 4 shows x-ray diffraction pattern of the bottom coated layer, which is
typical carbon spectra. Figure 5 is the top and cross sectional views of the carbon layer
observed by SEM. The thickness of the pyrolytic carbon was about 100 |im. As shown in
figure 5, the morphology of pyrolytic carbon is round shape with isotropic structure.

Figure 6 shows the effects of the composition of flow gas and the coating temperature on
the pyrolytic carbon deposition rate with various total flow rates. Deposition rate increased
as both the temperature and the flow rate increased. The temperature dependence of the
deposit layer is related to the thermal decomposition of propane. The propane can be
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thermally decompensates above the temperature of about 900°C.[6] Since the decomposition
process is endothermic, the increased coating temperature resulted in enhancing the
decomposition process. The denser carbon content in the flow gas produced the thicker coated
layer due to the amount of carbon in the flow gas, which was thermally decomposed inside
the coater. Although the density of the coated layer was not determined in this study, it is
clear that the deposition rate was significantly dependent upon the thermal decomposition of
carbon in the source gas.

Figure 7 is the combustion wave propagating behavior observed by video camera. The
combustion reaction between silicon and graphite was well occurred after preheating above
1200°C followed by a ignition with tungsten heating coil. Figure 8 is the surface morphology
of the silicon layer. The morphology is round shape with average diameter of about 1.0 pm.
Figure 9 is the EDX spectra of the each layer. Inner and outer layer show typical graphite
and silicon carbide spectra, respectively. Figure 10 shows the X-ray diffraction pattern
of the top layer before and after combustion reaction P-SiC was formed after the combustion
reaction. Figure 11 is auger spectra of the deposit surface after combustion reaction. As
shown in figure 11. a typical silicon carbide spectra was observed. Comparing figures form 8
to 10, lamellar structure with isotropic carbon layer and beta-silicon carbide layer was well
formed by self-propagating high temperature synthesis. Since the isotropic microstructure of
pyrolytic carbon and beta-silicon carbide is recommended structure for the coated nuclear fuel,
the coating technology selected in this study is useful for the preparation of the coated
nuclear fuels.

Summary

To develop coating technology for the preparation of coated nuclear fuel, a microstructure
evaluation of the coated layers prepared by chemical vapor deposition and combustion
synthesis reaction was carried out with XRD, SEM, EDX and AES. The uniform and
relatively homogeneous deposition was formed on dummy fuels. The pyrolytic carbon with
about 100 nm thickness has isotropic structure with spherical morphology. The deposition rate
of pyrolytic carbon was about 11 Jlm/hr. in the flow gases containing Ar-30% C3H8 gas at
1300°C with 2.0 1/min. of total flow rate. Silicon layers has also fine round grains. The
deposition rate was depended on the microwave frequency. After combustion reaction between
two layers, isotropic carbon layers with beta-silicon carbide was prepared. This process makes
desirable microstructure for the coated nuclear fuel considering the structure integrity and
neutron irradiation behavior.
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Table 1. Coating conditions of pyrolvtic carbon

deposition temperature [°C]
total flow rate [//mini
composition of source gas [%]
total weight of specimen installed [g]
size of each sample [mm]
preheating temperature [°C]
cone angle of coater [degree]
size of coater [mm]
cone angle of distributer [degree]
size of distributer [mm]
nozzle size of distributer [mml

1100-1300
1.5-2.0
5-30
80
dia. 2.0
400
60
ID 50x300
60
ID 23x20
10
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Fig. 2. Photographs of operating mechanism of 3-dimensional coating unit of ECR
PECVD



Fig. 4. X-ray diffraction spectra of the bottom coated layer



Fig. 5. Scanning electron micrographs of pyrolytic carbon layer
(a) top (b) cross section



Fig. 7. Combustion wave propagation behavior observed by video camera



Fig. 9. EDX spectra of the interface layers (a) bottom (b) top



Fig. 11. Auger spectra of the coated layer


