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Abstract 

For fuel particles of the high-temperature gas-cooled reactors, three types of new combinations of the coating layers were 
invented to prevent the corrosion of the SiC layer by fission products. The idea was that a layer to trap fission products was 
added inside the SiC layer of the Triso-coating. Two kinds of materials of SiC and SiC with free carbon were selected as 
additional layers. The fuel particles with these advanced coatings were fabricated to test the effectiveness of the coatings in 
out-of-reactor and irradiation experiments. These experiments showed that the advanced coatings had good irradiation 
performance and functioned effectively against corrosion of the SiC layer, although further irradiation tests are needed to 
completely demonstrate the effectiveness of the advanced coatings. © 1997 Elsevier Science B.V. 

1. Introduction 

The high-temperature gas-cooled reactor (HTGR) uses 
coated fuel particles, which are dispersed in a graphite 
matrix to form fuel elements. The Triso-coated fuel parti- 
cles are to be used in current HTGR designs [1-3]. The 
Triso-coated fuel particles consist of a microspherical ker- 
nel of oxide or oxycarbide fuel and coating layers of 
porous pyrolytic carbon (PyC), inner dense PyC (IPyC), 
silicon carbide (SIC), and outer dense PyC (OPyC). Fig. 1 
shows an optical micrograph of the polished cross-section 
of a Triso-coated fuel particle. The function of these 
coating layers is to retain fission products within the 
particle. The porous PyC coating layer, called the buffer 
layer, attenuates fission recoils and provides void volume 
for gaseous fission products and carbon monoxide. The 
IPyC coating layer acts as a containment to gases during 
irradiation and protects the fuel kernel from the reaction 
with the coating gases during the SiC coating process. The 
SiC coating layer provides mechanical strength for the 
particle and acts as a barrier to the diffusion of metallic 
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Fig. 1. Optical micrograph of the polished cross-section of the 
Triso-coated fuel particle. 

fission products which diffuse easily through the IPyC 
layer. The OPyC coating layer protects the SiC coating 
layer mechanically. 

Chemical interaction of the SiC coating layer with 
fission products is one of the possible performance limita- 
tions of the Triso-coated fuel particles. Fission products of 
palladium and lanthanide are known to react with the SiC 
layer. Corrosion of the SiC layer could lead to fracture of 
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Fig. 2. Typical example of corrosion of the SiC layer by the 
fission product palladium in a Triso-coated UO 2 particle irradi- 
ated to 3.8% FIMA at 1480°C. 

the coating layers or provide a localized fast diffusion 
path, which degrades the capability of retaining fission 
products within the particle. The corrosion of the SiC layer 
by the fission product palladium has been observed in 
irradiated Triso-coated fuel particles with almost all kinds 
of fuel compositions of UO 2, UC 2, UCxOy, PuO2_x, 
3ThO 2 - PuO2_ x, ThO 2 and (Th,U)O 2 [4-10]. Fig. 2 shows 
an example of the corrosion of the SiC layer by palladium 
observed in a Triso-coated UO 2 particle irradiated to 3.8% 
FIMA at 1480°C. The SiC layer was attacked locally by 
palladium or the reaction product formed nodules at the 
attacked sites. The corrosion of the SiC layer by lanthanide 
has been observed only in irradiated Triso-coated UC 2 and 
UC~.O,. ( O / U  < 1.1) particles [11-13]. 

To avoid the degradation of the coating layers caused 
by extensive corrosion of the SiC layer, one has to limit 
the burnup, fuel temperature, and /o r  irradiation time, or 

Fig. 3. Optical micrographs of the polished cross-section of the coated fuel particles; (a) type-A coating, (b) type-B coating, (c) type-C 
coating, and (d) Triso-coating. 
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increase the thickness of the SiC layer. These limitations 
narrow the range of choice for a design and operation of 
HTGR. 

In the present work, new combinations of the coating 
layers against the corrosion of the SiC layer, especially 
caused by palladium, were invented, and the performance 
of the new coatings was tested in out-of-reactor and irradi- 
ation experiments. 

2. Designs of advanced coatings 

The chemical interaction of the SiC layer with fission 
products occurs when the fission products are released 
from the fuel kernel and subsequently reach the SiC layer 
through the IPyC layer. Generally, two methods may be 
available to prevent the corrosion of the SiC layer: method 
(a) to keep the fission products within the fuel kernel, and 
method (b) to make a barrier to the diffusion of the fission 
products to the SiC layer. The corrosion of the SiC layer 
by lanthanide seen in the Triso-coated UC 2 and UC~Oy 
( O / U  _< 1.1) particles could be avoided, when the oxide or 
oxycarbide ( O / U >  1.1) fuel kernels are used [11-13]. 
Lanthanide is kept as a stable oxide within the oxide and 
oxycarbide ( O / U >  1.1). This is a typical example of 
method (a) mentioned above. The compositions of the fuel 
kernel of oxide, oxycarbide, and carbide showed, however, 
little effect on the corrosion of the SiC layer by palladium 
[4-101. 

To prevent the corrosion of the SiC layer by the fission 
product palladium, three types of new combinations of the 
coating layers were invented according to method (b). The 
idea was that a layer, which traps palladium by chemical 
reaction, was added inside the SiC layer of the Triso-coat- 
ing. Two kinds of additional layers were selected: a SiC + 
PyC layer and a SiC layer. The SiC + PyC layer is com- 
posed of SiC with free carbon [14]. This kind of layer has 
been studied to improve the capability of fission product 
retention of the dense PyC layer, as reviewed by Bullock 
[15]. 

Fig. 3 shows ceramographs of three types of advanced 
coatings, together with that of the Triso-coating for com- 
parison. The type-A coating, shown in Fig. 3(a), has an 
additional layer of SiC + PyC adjacent to the inside of the 
SiC layer. As the SiC + PyC layer has a better capability 
of fission product retention [15], the thickness of the IPyC 
layer can be reduced, where the IPyC layer should act as a 
seal to prevent the chemical reaction of the fuel kernel 
during the coating process. 

The type-B coating is similar to the type-A coating, as 
shown in Fig. 3(b), but the dense PyC layer is present 
between the SiC + PyC and SiC layers. The expected role 
of the intermediate dense PyC layer is to interrupt the 
radial extension of the corrosion zone from the SiC + PyC 
layer to the SiC layer. The corrosion zone would extend 
circumferentially in the SiC + PyC layer when the inter- 
mediate dense PyC layer is present. The thickness of the 

IPyC layer can be reduced in the same manner as the 
type-A coating. 

In the type-C coating, SiC is used for an additional 
layer, as shown in Fig. 3(c). The role of the inner SiC 
layer is to react with fission products and the intermediate 
dense PyC layer is expected to interrupt the radial exten- 
sion of the corrosion from the inner to outer SiC layers. 

The increase in the thickness of the SiC layer of the 
Triso-coating may be one of the solutions to the corrosion 
of the SiC layer by fission products. However, the thicker 
coating layers will result in a smaller amount of the fuel 
material contained in a unit volume. With these advanced 
coatings, no corrosion of the SiC layer by fission products 
is expected to occur without increasing the total thickness 
of the coating layers. 

3. Preparation of samples 

The samples of the fuel particles with the advanced 
coatings were prepared for the out-of-reactor and irradia- 
tion experiments. No new technology was needed and a 
conventional coating apparatus without modification [14] 
was used to prepare the advanced coatings. This point is of 
great advantage to the fuel fabrication. 

For the out-of-reactor experiments, three types of ad- 
vanced coatings, type-A, type-B and type-C, were pre- 
pared. Since a simulated fission product of palladium was 
to be supplied from the outside of the particle in the 
out-of-reactor experiment, the coating layers were so de- 
posited on the Triso-coated particles that the advanced 
coatings without the porous PyC layer were formed inside 
out. The porous PyC layer has little influence on the 
migration of palladium. For the irradiation experiments, 
three types of the advanced coatings, together with the 
Triso-coating, were deposited on the fuel kernels of UO 2 
with 19.7 wt% enriched uranium, as shown in Fig. 3. 

The porous PyC layer was deposited at 1300°C with the 
pyrolysis of acetylene (C2H 2) in the flowing argon, and 
the dense PyC layer was deposited at 1365°C with the 
pyrolysis of propylene (C3H 6) in the flowing argon. The 
density of the porous PyC layer was about 1.05 M g / m  3, 
whereas that of the dense PyC was about 1.86 M g / m  3. 
The SiC layer was chemically vapor deposited at 1600°C 
using methyltrichlorosilane (CH3SiCI 3, MTS) and hydro- 
gen. When the SiC + PyC layer was deposited at 1600°C, 
MTS and argon, without hydrogen, were used [14]. The 
content of free carbon in the SiC + PyC layer was about 
40 wt% examined by electron probe microanalysis. 

4. Out-of-reactor experiment 

4. l. Experimental conditions 

The coated fuel particles having the three types of the 
advanced coatings inside out were heated with the powder 
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corrosion by palladium, probably because the contact of 
the coated fuel particles with palladium powder was not 
controlled uniformly. The purpose of the present experi- 
ment was attained with these conditions, although the 
present test conditions were not suitable for determining 
the reaction rate. 

4.2. Postheating examinations 

Fig. 4. Optical micrograph of the polished cross-section of the 
coated fuel particle with type-A coating inside out after heating 
with palladium powder at 1500°C for 1 h. 

of palladium at 1500°C for 1 h in the flowing argon. The 
purity of the palladium powder was > 99.9%. In the 
out-of-reactor experiment, palladium was designed to dif- 
fuse into the coating layers from the outside of the parti- 
cles. Such a method was used previously by other authors 
to simulate the chemical interaction of the SiC layer with 
the fission product palladium [16-18]. 

The present test conditions yielded various degrees of 

The heated coated fuel particles were embedded in 
epoxy resin and polished to the equator of the particles of 
which cross-section was examined with an optical micro- 
scope. Typical examples of the optical micrographs of the 
heated coated fuel panicles are shown in Figs. 4-6.  

In the type-A coating, palladium, coming from the 
outside of the particle, was trapped by the SiC + PyC 
layer, as shown in Fig. 4. The corroded parts were seen as 
white spots in the second layer from the outside. No 
corrosion was found in the SiC layer. As expected, the 
SiC + PyC layer functioned well as a barrier to the diffu- 
sion of palladium to the SiC layer. 

The same trap behavior of the SiC + PyC layer as 
observed in the type-A coating was seen in the type-B 
coating, as shown in Fig. 5(a). The type-B coating has the 
intermediate dense PyC layer between the SiC + PyC and 

Fig. 5. Optical micrographs of the polished cross-section of the 
coated fuel particles with type-B coating inside out after heating 
with palladium powder at 1500°C for 1 h. 

Fig. 6. Optical micrographs of the polished cross-section of the 
coated fuel particles with type-C coating inside out after heating 
with palladium powder at 1500°C for 1 h. 
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SiC layers. Fig. 5(b) shows the effect of the intermediate 
dense PyC layer on the extension of the corrosion zone. 
The lower part of the SiC + PyC layer seen in Fig. 5(b) 
was completely attacked through the coating thickness by 
palladium, while no corrosion was found in the SiC layer. 
The upper part of the SiC + PyC layer was partly cor- 
roded. This interruption of the radial extension of the 
corrosion zone from the SiC + PyC layer to the SiC layer 
was exactly the expected role of the intermediate dense 
PyC layer. 

Fig. 6(a) shows localized corrosion of the outer SiC 
layer by palladium in the type-C coating, which is similar 
to the morphology of the corrosion observed in the irradi- 
ated Triso-coated particles. The interruption of the radial 
extension of the corrosion zone from the outer to inner SiC 
layers by the presence of the intermediate dense PyC layer 
was also observed in the type-C coating, as shown in Fig. 
6(b). The intermediate dense PyC layer between two SiC 
layers functioned effectively, as expected. 

In the present out-of-reactor experiment, the SiC + PyC 
layer was proved to be effective as a barrier to the 
diffusion of palladium to the SiC layer, and the intermedi- 
ate dense PyC layer was found to interrupt the radial 
extension of the corrosion zone from the barrier layer to 
the SiC layer. However, it should be noted that the inter- 

Table 1 
Irradiation conditions of samples 

Capsule Time (EFPD) Burnup (% FIMA) Temperature (°C) 

ICF-67H 141.1 3.7 1330 
VOF-40H 250.1 7.0 1330 

mediate dense PyC layer could not interrupt the radial 
extension of the corrosion zone when the amount of 
palladium exceeds the capacity of the barrier layer to react 
with palladium. Although irradiation tests are necessary to 
confirm the effectiveness of the advanced coatings because 
of the possible difference between the in-reactor and the 
out-of-reactor test conditions, the present out-of-reactor 
experiment showed that the advanced coatings were 
promising. 

5. Irradiation experiment 

5.1. Irradiation conditions 

The coated fuel particles with the advanced coatings of 
the type-A, type-B and type-C, together with the Triso- 

Fig. 7. Optical micrographs of the polished cross-section of the coated fuel particles after irradiation to 7.0% FIMA at 13300C; (a) type-A 
coating, (b) type-B coating, (c) type-C coating, and (d) Triso-coating. 
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coated fuel particles, were irradiated in the Japan Research 
Reactor-2 (JRR-2). The sample particles were put individ- 
ually into holes of graphite disks, which were piled and 
then loaded in two irradiation capsules. The burnups of the 
fuels irradiated in two capsules were 3.7 and 7.0% FIMA, 
respectively, which were measured by ~-ray spectrometry 
after irradiation. The irradiation temperature was 1330°C 
in both the capsules measured with thermocouples. The 
irradiation conditions are summarized in Table 1. 

5.2. Postirradiation examinations 

The irradiated coated fuel particles were examined by 
visual inspection, X-ray microradiography, ceramography, 

m 

Fig. 9. Electron probe microanalysis of the polished cross-section 
of the coated fuel particle with type-B coating after irradiation to 
7.0% FIMA at 1330°C; (a) secondary electron image, (b) X-ray 
image for silicon, and (c) X-ray image for palladium. 

m 
Fig. 8. Electron probe microanalysis of the polished cross-section 
of the coated fuel particle with type-A coating after irradiation to 
7.0% F1MA at 1330°C; (a) secondary electron image, (b) X-ray 
image for silicon, and (c) X-ray image for palladium. 

and electron probe microanalysis. No anomaly was found 
by visual inspection and X-ray microradiography. 

Fig. 7 shows typical examples of the optical micro- 
graphs of the polished cross-section of the coated fuel 
particles with three types of the advanced coatings and 
Triso-coating, which were irradiated to 7.0% FIMA at 
1330°C. No crack was observed in the advanced coating 
layers as well as in the Triso-coating layers. In the ad- 
vanced coatings of the type-A and type-B, the SiC + PyC 
layer, which is not present in the Triso-coating, showed 
good irradiation performance as a coating layer. The me- 
chanical integrity of the advanced coatings was confirmed 
in the present irradiation experiment. 
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The behavior of the fission product palladium in the 
coating layers was examined by electron probe microanal- 
ysis. Figs. 8-11 show typical examples of the distribution 
of palladium in the coating layers of the type-A, type-B 
and type-C, together with that in the Triso-coating. Al- 
though the fission product palladium was found in the fuel 
kernels as metallic inclusions with molybdenum, tech- 
netium, ruthenium and rhodium, some amounts of palla- 
dium were found to be transferred from the UO 2 fuel 
kernel to the coating layers, as observed in previous irradi- 
ation experiments [5]. 

In the type-A coating, palladium was distributed along 
the inner surface of the SiC + PyC layer, as shown in Fig. 
8. The fission product palladium released from the fuel 

Fig. 11. Electron probe microanalysis of the polished cross-section 
of the coated fuel particle with Triso~coating after irradiation to 
7.0% FIMA at 1330°C; (a) secondary electron image, (b) X-ray 
image for silicon, and (c) X-ray image for palladium. 

Fig. 10. Electron probe microanalysis of the polished cross-section 
of the coated fuel particle with type-C coating after irradiation to 
7.0% FIMA at 1330°C; (a) secondary electron image, (b) X-ray 
image for silicon, and (c) X-ray image for palladium. 

kernel was trapped by the SiC + PyC layer and no corro- 
sion was found in the SiC layer, as expected. 

The same behavior was also found in the type-B coat- 
ing, as shown in Fig. 9. Since the corrosion depth of the 
coating layer by palladium was small compared with the 
thickness of the SiC + PyC layer, the effect of the interme- 
diate dense PyC layer between the SiC and SiC + PyC 
layers on the extension of the corrosion zone could not be 
demonstrated in the present irradiation experiment. 

In the type-C coating, palladium was found along the 
inner surface of the inner SiC layer, as shown in Fig. 10. 
The inner SiC layer trapped the fission product palladium 
by reacting with it. No corrosion was found in the outer 
SiC layer. The effect of the intermediate dense PyC layer 
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between two SiC layers on the extension of the corrosion 
zone could not be demonstrated, as in the case of the 
type-B coating. 

Fig. 11 shows the distribution of palladium in the 
Triso-coating. The inner surface of the SiC layer reacted 
with palladium. 

In the present irradiation experiment, no large reaction 
zone of the coating layers by the fission product palladium 
was observed in the advanced coatings and the Triso-coat- 
ing. Although further irradiation tests are needed to com- 
pletely demonstrate the effectiveness of the advanced coat- 
ings, the present irradiation experiments showed that the 
SiC + PyC layer had good irradiation performance and the 
advanced coatings were effective methods against corro- 
sion of the SiC layer by the fission product palladium. 

6. Conclusions 

Three types of new combinations of coating layers 
were invented to prevent the corrosion of the SiC layer by 
fission products. The idea was that a layer to trap fission 
products was added inside the SiC layer of the Triso-coat- 
ing. Two kinds of materials of SiC and SiC + PyC were 
selected as additional layers. Through the fabrication, and 
the out-of-reactor and irradiation experiments, the follow- 
ing was concluded. 

(1) The advanced coatings could be fabricated using a 
conventional coating apparatus without modification, which 
is of great advantage to the fuel fabrication. 

(2) The advanced coatings had good irradiation perfor- 
mance, and the additional layers of SiC and SiC + PyC 
trapped palladium effectively to prevent the corrosion of 
the SiC layer. 

(3) The intermediate dense PyC layer between the 
additional layer and the SiC layer was found to interrupt 
the radial extension of the corrosion zone from the addi- 
tional layer to the SiC layer. 
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