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The corrosion of the coating-layers of silicon carbide (SiC) by carbon monoxide (CO) was
observed in irradiated Triso-coated uranium dioxide particles, used in high-temperature gas-
cooled reactors, by optical microscopy and electron probe micro-analysis. The mechanical
failure of the coating-layer of inner dense pyrolytic carbon (IPyC) was often observed beside
the area of the SiC corrosion. The grain boundaries of the SiC seemed to be selectively
corroded during early stages of corrosion. Silicon dioxide, or more stable (Si, Ce, Ba) oxide,
was accumulated at the buffer-IPyC and IPyC-SiC interfaces on the cold side of the particles
and the formation of (Pd, Rh, Ru, Tc, Mo) silicides was observed in the fuel kernels, which
probably resulted from the vapour transport of silicon monoxide from the corroded areas.

1. Introduction

Triso-coated fuel particles for high-temperature gas-
cooled reactors consist of microspherical fuel and
coating layers of porous pyrolytic carbon (PyC), inner
dense PyC (IPyC), silicon carbide (SiC), and outer
dense PyC (OPyC). The function of these coating-
layers is to retain fission products within the particle.
Because the SiC layer acts as a diffusion barrier to
metallic fission products and as a pressure vessel of
the particle, irradiation performance of the particles
mainly depends on the integrity of the SiC layer.

In the case of the oxide fuel, carbon monoxide (CO)
will be formed in the particles: the PyC layer sur-
rounding the fuel kernel reacts with oxygen in the
unirradiated fuel and with some amount of oxygen
liberated from heavy metal atoms by fission, because
fission products cannot bind all oxygen liberated by
fission. The contribution of carbon dioxide (CO,) is
below a few per cent under typical operating condi-
tions [1].

It has been pointed out that corrosion of the SiC
layer by reaction with CO gas is a potential problem

TABLE [ Characteristics of the samples

in the oxide fuel [2-4]. The SiC layer is usually
protected from CO gas by the IPyC layer, but in case
of the latter’s failure CO gas will come into contact
with the SiC layer. Corrosion of the SiC layer was
observed in thermal gradient heating of unirradiated
Triso-coated (Th, U)O, particles without IPyC layers
[2]. Out-of-reactor experiments on CO-SiC inter-
actions have been reported [5, 6], but few reports
dealt with the reaction in irradiated coated particles.
In the present work, irradiated Triso-coated low-
enriched UQO, particles were observed by optical
microscopy and electron probe micro-analysis in a
study of the corrosion of the SiC layers by CO gas.

2. Experimental procedure

2.1. Samples

Samples were Triso-coated low-enriched UO, par-
ticles irradiated in the Japan Materials Testing
Reactor (JMTR). Diameter, density and 2*°U en-
richment of the fuel kernels, and thickness and density
of the coating layers are listed in Table I. The coated

Particle UO, kernel Buffer layer IPyC layer SiC layer OPyC layer
Diam. Density  Enrich. Thick.? Density  Thick.? Density  Thick.? Density  Thick.? Density
(bm)  (Mgm™3) (wt%)  (um) (Mgm™?) (um) (Mgm™?) (um) (Mgm™?) (um) (Mgm™?)
T7FPC1 613 10.6 4 56+ 5 1.18 30+3 1.81 29+1 320 47+ 4 1.84
79FPCl 623 10.5 8 63+ 4 1.17 3143 1.87 2742 321 46 + 4 1.87
80FPC! 596 10.5 8 59+9 1.12 29 +4 1.86 2441 3.21 4+ 6 1.83
*Mean =+ SD.
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TABLE II Irradiation conditions of samples

Sample Capsule Compact Particle Irradiation conditions
Time Temp.,,," Temp.n,," Burn-up Fast neutron fluence
(EFPDy® (°C) (°C) (%FIMA) (10**m~ % E > 291J)

P-11 T7F-5A T7FP2A-4% 7TFPC1 183.4 1065 1135 1.6 04

P-21,P-22  78F-3A T9FP2A-14¢ T9FPC1 81.9 1500 1550 5.2 30

P-31 78F-3A 79FP2A-15¢ T9FPC1 81.9 1340 1475 3.6 2.3

P41 80F-6A SOFP3A-69 80FPC1 116.9 1510 1685 35 1.4

P-51,P-52  80F-6A 80FP3A-8¢ 80FPC1 116.9 1500 1630 38 1.6

P-61 82F-1A T82F1A-8° 80FPC1 85.7 1415 1475 4.8 24

* Effective full-power days.

> Time-averaged temperature.
°Maximum in temperature history.
436 0.d. x 18 id. x 36 L (mm).
€24 0.d. x 8id. x 36 L. (mm).

724 0.d. x 121d. x 24L (mm).

fuel particles were irradiated in the form of fuel com-
pacts, where the coated fuel particles were dispersed in
a graphite matrix. Irradiation conditions of the sam-
ples [7] are shown in Table II. Six kinds of sample
with different irradiation conditions were examined,
where the average temperatures ranged between 1065
and 1510 °C and the burn-up between 1.6% and 5.2%
FIMA (Fissions per Initial Metal Atom).

2.2. Methods

The fuel compacts or the coated particles removed
from the compacts were embedded in epoxy resin and
polished with standard hot-cell ceramography tech-
nique. Polished particles were observed with the op-
tical microscope and the shielded electron probe
micro-analyser. This instrument is equipped with both
wavelength-dispersive and energy-dispersive spectro-
meters. In order to prevent the samples from charging-
up during the analysis, gold was vapour deposited on
the polished surface of the samples before examination
with the electron probe micro-analyser.

3. Results

3.1. Optical microscopy

On observation of the polished surface of irradiated
particles by optical microscopy, some particles were
found with corroded SiC layers. The observed mor-
phology of the corroded area was different from that
by palladium [8-10] and by rare-earth elements
[11, 12]. Typical examples of the corrosion are shown
in Fig. 1. Mechanical failure of the IPyC layer as well
as corrosion of the SiC layer is seen in Fig, 1a and b.
Corrosion of the SiC layers in Fig. 1b and ¢ seems to
occur along the grain boundaries of the SiC. Small,
white precipitates are observed at the corroded area in
Fig. 1b. The SiC layer in Fig. 1d is reacted completely
throughout the thickness.

It is possible to determine the direction of the
temperature gradient when the kernel migrates in the
particle. The kernel migrates from the cold to the hot
side of the particle during high-temperature irradia-
tion [13]. However, no kernel migration was observed

2380

in the particles shown in Fig. 1. Because the temper-
ature at the inner surface of a compact is higher than
that at its outer surface during irradiation, the direc-
tion of the temperature gradient in the particles dis-
persed in the compact could be determined provided
that the axial temperature gradient of the compact is
negligible. The samples of P-51 and P-41 particles
were polished as for the compacts, where the corroded
areas were not always on the hot side of the particles.
Characteristics of the corrosion of the SiC layer
observed by optical microscopy were: (1) the mechan-
ical failure of the IPyC layer was often observed beside
the area of the SiC corrosion, (2) the corroded areas
were not always on the hot side of the particles, (3) the
grain boundaries of the SiC seemed to be selectively
corroded during the early stages of the corrosion, and
(4) the IPyC and the SiC layers were often partly
detached in the particles with corroded SiC layers.

3.2. Electron probe micro-analysis

Some particles were examined with the electron probe
micro-analyser after the optical microscopic observa-
tion. Secondary electron images (SEI) of coating layers
in the sample P-31 particle are shown in Fig. 2. The
corrosion of the SiC layer is seen in Fig. 2a and the
coating layers in Fig. 2b are on the opposite side to
the SiC corrosion. The SiC and IPyC layers in Fig. 2b
are debonded from each other and white products are
seen between the layers. Energy dispersive analysis
revealed that the white products contained silicon,
cerium and barium.

Similar products are seen in the gap between the
SiC and IPyC layers on the cold side of the sample
P-52 particle in Fig. 3. The SiC layer was corroded by
CO at the hot side of the particle. The corrosion of the
SiC layer by palladium is also seen in Fig. 3. X-ray
images in Fig. 3 indicate that the white products in the
gap between the SiC and IPyC layers are (Si, Ba, Ce)
oxide.

Fig. 4 shows the hot side of the coating layers with
the SiC layer corroded in the sample P-22 particle,
where the fuel kernel somewhat migrated. It is seen in
Fig. 4 that silicon is transferred from, and that carbon



Figure ] Corrosion of the SiC layers by CO in irradiated Triso-coated UO, particles observed by optical microscopy. (a) Sam-
ple P-11 particle, (b) sample P-51 particle, (c) sample P-21 particle, (d) sample P-41 particle.

Figure 2 Secondary electron images of coating layers of sample P-31 particle. (a) Corrosion of the SiC layer, (b) opposite side to the corrosion.

is deposited at, the corroded area of the SiC layer. No
fission product was detected in the area except for a
small amount of cerium, which may be oxide. Other
rare-carth elements, such as neodymium and lap-
thanum, were not observed. The white spots at the
corroded area of the SiC layer in Fig. 1b may be
cerium oxide, as in the case in Fig. 4. The coating
layers on the cold side of the same particle are shown

in Fig. 5, where the white products or (Si, Ce, Ba) oxide
are accumulated at the interface of the buffer-IPyC
layers.

From Figs 2-5, it is probable that Si was transferred
from the CO-SiC reaction area to the cold side of the
particle through the buffer layer or the gap between
the SiC and IPyC layers.

Silicon was also found in the UO, kernels of Triso-
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Figure 3 (a) Secondary electron image and X-ray images of (b) Si-Kg, (¢) Pd-L,, (d) Ba-L,, (¢) O-K, and (f) Ce-L, of coating layers on the cold

side of sample P-52 particle.

coated particles with their SiC layers corroded. It is
seen in Figs 6 and 7 that silicon reacted with palla-
dium, rhodium, ruthenium, technetium and molyb-
denum to form silicides, although these elements form
metallic inclusions in the intact Triso-coated UO,
particles [14-16]. Two types of inclusion are seen in
the sample P-61 particle shown in Fig. 6: (Pd, Rh, Ru,
Tc, Mo) silicide and Pd—-Rh-Ru-Tc-Mo alloy. The
concentration of palladium is higher in the silicide
than in the metallic alloy in the sample P-61 particle.
On the other hand, three types of inclusion are seen in
the sample P-31 particle shown in Fig. 7: molybdenum
silicide, (Pd, Rh, Ru, T¢) silicide and (Pd, Rh, Ru, Tk,
Mo) silicide. The thermodynamic stability of these
silicides will be discussed in the next section.

The distribution of silicon (representative of the
silicides) in the UO, kernel of sample P-22 is shown
in Fig. 8. The silicides are distributed in the kernel
without a sharp dependence on the temperature
gradient.
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4. Discussion

4.1. Thermodynamic analysis

4.1.1. In the coating-layers

In order to clarify the mechanism of the SiC corrosion
by CO, thermodynamic analysis on the CO-SiC sys-
tem was carried out. The computer code SOLGAS-
MIX-PV [17] was used to calculate the equilibrium
composition of the system. The calculation is based on
the minimization of the total free energy of the system.
Condensed and gaseous species considered in the
calculation are listed in Table III. The necessary
values for their standard enthalpy of formation at

TABLE III Species considered in the calculation

Condensed phase
B-SiC, SiO, (cristobalite, high), C(graphite), Si

Gas phase
CO, CO,, C, 0,4, Si0, Si0,, Si, Si,, Sij, SiC,, SiC, Si,C




Figure 4 (a) Secondary electron image and (b) Si-K, (¢) C-K, and (d) Ce-L,, X-ray images of coating layers on the hot side of sample P-22
particle.

Figure 5 (a) Secondary electron image and (b) Si-K,, (c) C-K, and (d) Ce-L, X-ray images of coating layers on the cold side of sample P-22
particle.
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Figure 6 (a) Secondary electron image and X-ray images of (b) Ru-L,, (c) Rh-Ly, (d) Pd-L, () Tc-L,, (f) Mo-L, and (g) Si-K, in the kernel of
sample P-61 particle.

Figure 7 (a) Secondary electron image and X-ray images of (b) Ru-L,, (c) Rh-L,, (d) Pd-L,, () Tc-L,, (f) Mo-L, and (g) Si-K, in the kernel of
sample P-31 particle.
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Figure 8 Si-K, X-ray image (representative of (Pd, Rh, Ru, Tc, Mo) silicide) in the kernel of sample P-22 particle

298.15K, AH?,s5, and the free energy function,
(G° — HY44)/T, were obtained from JANAF Thermo-
chemical Tables [18].

The calculated equilibrium phase diagram of the
CO-SiC reactior: is shown in Fig. 9 with equilibrium
CO pressure and temperature. According to the phase
diagram, two different sets of products would be stable
under the thermodynamic equilibrium: SiC(s) + C(s)
{region 1) and Si0,(s) + C(s) (region 2). Equilibrium
vapour pressure of the gaseous species at 1500 and
1900K are shown in Figs 10 and 11, respectively.
These figures indicate that the main gaseous species is
SiO(g) in the system and the vapour pressure of SiO(g)
reaches its maximum at the boundary between the
regions 1 and 2. The maximum SiO(g) pressures are
43 x 107° and 2.3 x 1073 MPa at 1500 and 1900 K,
respectively.

From the results of the calculation, the main equa-
tions of the chemical reaction could be deduced for
cach region of the diagram. In region 1 the chemical
reaction

SiC(s) + CO(g) — SiO(g) + 2C(s) (1)

would occur under thermodynamic equilibrium. In
region 2, on the other hand, the chemical reaction

SiC(s) + 2CO(g) - SiO,(s) + 3C(s) (2

would occur, and the equilibrium vapour pressure of
S10(g) will still be as high as that in region 1.

The CO pressure generated in the irradiated Triso-
coated UO, particle was calculated using the SOL-
GASMIX-PV [17] as a function of burn-up and
temperature, considering the UO,-FP-C system. De-
tails of the calculation will be published elsewhere
[19]. The calculated equilibrium CO pressure in the
coated particles at 1500 and 1900K is shown in
Fig. 12 as a function of burn-up.

According to the conditions of CO pressure and the
temperature of the irradiated coated particles, thermo-
dynamic equilibrium would be achieved at the bound-
ary between the regions in the irradiated Triso-coated
particles with a failed IPyC layer: the chemical reac-
tion expressed by Equation 2 would occur to reduce
CO pressure to the value for the boundary between
the regions. The high vapour pressure of SiO(g) sug-
gests that silicon is transported as SiO(g) from the
corroded area to the kernel or the cold side of the
particle.

The presence of cerium and barium at the coating-
layers was attributed to the high vapour pressure of
CeO,(g), BaO(g) and Ba(g) in the fuel [19]. Because
the composition of (Si, Ce, Ba) oxide could not be
determined in the present work, and available thermo-
dynamic data for the oxides considered were limited,
thermodynamic stability of BaSiO;(s) was analysed.
The chemical reaction expressed by

BaO(s) + SiO,(s) — BaSiO,(s) (3)

was considered and the Gibbs’ free-energy changes in
the reaction were calculated by the approximation
(20]

AG% = AI_I?,ZQS - TAS(Z)QS (4)
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Figure 9 Calculated phase diagram of the CO-SiC reaction with
equilibrium CO pressure and temperature.

where AGY is the difference between products and
reactants of the standard Gibbs’ free energy at 7' K,
AH? ,44 the difference in standard enthalpies of for-
mation at 298.15K, and AS$5 the difference in stand-
ard entropies at 298.15 K. The thermodynamic values
for BaO(s) and BaSiO,(s) were quoted from Kubas-
chewski and Alook [207] and SiO,(s) from Stull and
Prophet [18]. The free energy changes in Reaction 3
can be given by

AGY = —159.1 + 0.009 TkJmol ! (%)

which indicates that BaSiO,(s)} would form thermo-
dynamically at the temperatures of interest.

4.1.2. In the kernel

Thermodynamic stabilities of (Pd, Rh, Ru, Tc, Mo)
silicides were estimated and compared to that of
Si0,(s). In the estimation Pd,Si(s), Rh,Si(s), Ru,Si(s)
and Mo;Si(s) were considered, which are the most
stable species in an oxidizing environment among Pd,
Rh, Ru and Mo silicides whose thermodynamic data
were available [20-22]. Four reactions were con-
sidered expressed by

SiO,(s) + 2Pd(s) — Pd,Si(s) + O,(g)  (6)
Si0,(s) + 2Rh(s) — Rh,Si(s) + O,(g) (V)

1
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Figure 10 Equilibrium partial pressure of CO-SiC reaction at
1500 K.
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Figure 11 Equilibrium partial pressure of CO-SiC reaction at
1900 K.

Si0,(s) + 2Ru(s) — Ru,Si(s) + O,(g) (8)
SiO,(s) + 3Mo(s) — Mo;Si(s) + O,(g) (9)

To calculate the Gibbs’ free energy of formation of
the species with Equation 4, the thermodynaric
values for SiO,(s) were taken from JANAF Thermo-
chemical Tables [18] and for Mo,Si(s) from [20].
Because the thermodynamic data for noble metal
(Pd, Rh and Ru) silicides have not been established
[21-26], the enthalpies of formation of noble metal
silicides used in the present work were the recent
experimental value for Pd,Si(s) [21] and the calcu-
lated values for Rh,Si(s) and Ru,Si(s) {22]. The
values of AS4 for noble metal silicides were neglect-
ed in the estimation, because the experimental value
for AS945 was not given and the estimated value for
AS$4g of Pd,Si(s) was small [23]. Substitution of the
thermodynamic values into Equations 6-9 leads to the
oxygen potentials of the reaction of SiO,(s) with
Pd(s), Rh(s), Ru(s) or Mo(s) to form each silicide,
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€O pressure {MPa)

T
-
[
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o
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Figure 12 Calculated CO pressure in Triso-coated UO, particles as
a function of burn-up at 1500 and 1900 K.



Wo,(810, — silicide), as a function of temperature

Ho, (510, — Pd,Si)

= — 7120 + 0.1738 TkJmol ~* (10)
Ho, (810, — Rh,Si)

= —7925 + 01738 TkJmol™*  (11)
Ho,(Si0, — Ru,Si)

= —7925 + 01738 TkImol™*  (12)
Mo, (810, — Mo, Si)

= — 7892 + 0.1755TkImol™!  (13)

The oxygen potential at the boundary between
regions 1 and 2 in Fig. 9, which is the thermodynamic
equilibrium of CO-SiC reaction in the coated par-
ticles, is shown in Fig. 13 together with the oxygen
potentials expressed by Equations 10-13. It is seen in
Fig. 13 that molybdenum and noble metals would
form silicides instead of a metallic alloy under thermo-
dynamic equilibrium of the CO-SiC reaction in the
coated particles. The observation that the metallic
alloy is formed in the sample P-61 as shown in Fig. 6
indicates that thermodynamic equilibrium was not
achieved in the coated particle. The observed tendency
that silicon preferably reacted with palladium was
congistent with the thermodynamic properties of mol-
ybdenum and noble metal silicides as shown in
Fig. 13.

Although the oxygen potential of the observed coa-
ted particles in the present work was not measured,
the oxygen potential in the coated particles with a
corroded SiC layer could be estimated from Fig. 13.
Because molybdenum silicide was observed in the
kernels, the oxygen potential in the coated particles
was estimated to be smaller than — 500 kJmol ™! at
1700 K. This value was smaller than the experimental
values of between — 500 and — 375 kJmol ™!, which

_300 T T = T T T T

-400

T

=500 -

uoz (kJ mol ™1

-600 +

~700 i J L ] ! | 1
1200 1400 1600 1800
Temperature {K)

2000

Figure 13 Oxygen potential at SiC(s)-C(s)-SiO,(s) equilibrium
and the oxygen potentials of reaction of SiO,(s) with Pd, Rh, Ru or
Mo to form silicide. (a) Oxygen potential expressed by Equation 10,
(b) oxygen potential expressed by Equations 11 and 12, (c) oxygen
potential expressed by Equation 13.

were calculated from the measurements of CO re-
leased from UOQO, in the intact coated particles [13].
This indicates that the oxygen potential was reduced
by the CO-SiC reaction in accordance with the ther-
modynamic analysis. Mechanisms of the reduction of
oxygen potential in the corroded SiC particles were
just the same as those in the UO, kernel gettered with
SiC [27].

4.2. Mechanism of SiC corrosion by CO

The mechanism of corrosion of the SiC layer by CO
was presented based on the results of observations and
thermodynamic analysis. A schematic representation
of the mechanism of SiC corrosion by CO is shown in
Fig. 14. Flowers and Horsley [3], and Stansfield [2]
proposed mechanisms based on the thermodynamic
analysis of the SiC-C-SiO, system, but the formation
of (Pd, Rh, Ru, Tc, Mo) silicides was not considered in
these mechanisms.

It is essential to the corrosion that the IPyC layer
loses its function of protecting the SiC layer from CO.
Usually, the corrosion is caused by the failure of the
IPyC layer which results from the irradiation-induced
shrinkage of the IPyC layer [28]. The irradiation
performance of the PyC layer is dependent on its
quality as well as irradiation conditions [29]. A gas-
permeable IPyC layer [30], which can in no way be
acceptable as the IPyC layer, will result in SiC corro-
sion by CO. Thus the quality control of the IPyC layer
is important.

When CO comes into contact with the SiC layer,
the SiC is oxidized to form SiO,(s) and C(s) with a
high vapour pressure of SiO(g). The growth of SiO,(s)
as a reaction product is restricted because the rate of
vapour transport of SiO(g) from the corroded area to
the cold side of the particle and the kernel is fast.
Transported SiO(g) at the cold side of the particle
reacts to form SiO, (s) or more stabie (Si, Ce, Ba) oxide
if CeO,(s) or BaO(s) is transported from the kernel. In
the kernel SiO(g) reacts with metallic inclusions to
form stable (Pd, Rh, Ru, Tc, Mo) silicides. As a result
of these reactions, SiO,(s) is not seen at the corroded
SiC layer and CO is able to react with the SiC directly.

Hot side

. _Dense PyC
CO-SiC. \
interaction - 7 sic

(Pd,Rh,Ru,Tc,Mo)
silicide

{Si,Ba,Ce) oxide

Cold side

Figure 14 Schematic representation of the mechanism of corrosion
of the SiC layer by CO in Triso-coated oxide fuel particles.
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Formation of SiO,(s) or (Si, Ce, Ba) oxide results in
the reduction of CO pressure (oxygen potential) in the
coated fuel particle.

5. Conclusions

The corrosion of the SiC layer by CO was observed in
irradiated Triso-coated UQ, particles by optical
microscopy and electron probe micro-analysis. To
understand the mechanism of the corrosion, thermo-
dynamic analysis was carried out. From the observa-
tions and analysis, the following conclusions were
drawn.

1. Mechanical failure of the IPyC layer was often
observed beside the area of SiC corrosion. The grain
boundaries of the SiC seemed to be selectively corro-
ded during early stages of the corrosion.

2. Silicon dioxide or more stable (Si, Ce, Ba) oxide
was accumulated at the buffer-IPyC or IPyC-SiC
interfaces on the cold side of the particle. In the kernel,
(Pd, Rh, Ru, Tc, Mo) silicides were observed. These
resulted from the vapour transport of silicon monox-
ide from the corroded areas.

3. The mechanism of corrosion of the SiC layer by
CO was determined, based on the observations and
thermodynamic analysis.

4. The quality control of the IPyC layer is import-
ant to prevent the corrosion of the SiC layer by CO.
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