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The Triso-ccated low-enriched UO2 particles were subjected
to the post-irradiation electron probe micro-analysis. Obser-
vations and analyses on the amoeka effect, inclusions anrnd sclutes
in the 002 matrix were made. In the cooler side of the particle
which suffered extensive kernel migration, two significant features
were observed: (1) the wake of minute_particles, presumably UOZ'
left by the moving kernel in the carbon phase and (2) carben preci-
pitation in the pores and along the grain boundaries of the UO2
kernel. Both features could be hardly explained by the gas-phase
mechanism of carbon transport and rather suggest the solid state
mechanism. Two-types of 4d-transition metal inclusions were ob-
served: the one which was predeminantly Mo with a fraction of Tc
and another which was enriched with Ru and containing significant
amount of Si. The Mo and Si were alsc found in the UO2 matrix;

fhe observation led to the discussion of the oxygen potential in

the irradiated Triso-coated UO2 particle.

Keywords: Triso-Coated Particle Fuel, U02, Fission Products,

Kernel Migration, Electron Procbe Micro-Analysis,
Post-irradiation Examination, Amoeba Effect, Inclusion
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1. Introduction

For full understanding of the irradiation performance of
coated particle fuel, it is pertinent to know the chemical re-
actions taking place within it. Prassure vessel failure and
kernel migration, for instance, of coated U02 particles are
related to the CO+CO2 pressure build-up or the oxygen potential
within the particles. Knowledge on the chemical states of
various fission products would facilitate understanding the
process of fission-product release in both normal and accident
conditions. Besides, the SiC corrosion by fission-product P4
would be determined not only by ﬁhe thermochemistry of the sys-
tem Pd-SiC but alsc by the behavior of Pd within UOZ'

Electron probe micro-analysis (EPMA) of irradiated coated
fuel particles is expected to give the relevant knowledge. The
shielded electron probe microanalyzer in JMTR hot laboratory has
been used to analyze the irradiated Triso-coated UO2 particles.
In this paper the observations restricted within the uo, kernel
is reported; those on the fission products within the coating
shall follow as a separate paper%} The analyses performed to
date are nothing but preliminary. The more detailed study is

due in the serijes of EPMA/examinations on schedule.
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2 Experimental

2.1 Instrumentation

The shielded electron probe microanalyzer is the type JEOL-
JRXA 501 which has been designed on the basis of JEOL 501 to
handle specimens containing up to 10 Ci of 0.8 MeV gamma radia-
tion with the dose at the instrument surface below 1 mR/h.
Appropriate shielding 1is also provided for the X-ray spectrome-
ters, secondary-electron detector etc. The instrument is equipped
with both wavelength-dispersive and energy-dispersive spectrometers.
The wavelength-dispersive system (WDX) ié composed of two-
channels, each containing three diffracting crystals, thus capable
of analyzing elements from B to Am. The energy dispersive
spectrometer (EDX) consists of a Si(Li) detector connected to a
microcomputer, which can rapidly identify the elements from Na
to Am. Quantitative analysis could be performed by the micro-
computer on the information from both on-line EDX and off-line
WDX. The EDX has a disadvantage of comparatively poor resolu-
tion in analyzing multi-component materials such as fission~pro-
duct precipitates in which several elements neighboring in the
periodical table appear. Hence the EDX was used for rapidly
locating analyzing points and economizing the machine time;
the detailed examination was done by the WDX.

For wvisual observaﬁion we could rely on the secondary, back-
scattered (composition and topography), and absorbed electron
images as well as the X-ray images. The principles of X-ray
spectrometries and the meaning of these images are described in

refs. (2, 3).
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2.2 Standards

Sample holder could accomodate maximum ten standard samples
along with the sample to be analyzed. Standard samples listed
in Table 2 were prepared. Since metals and oxides of the alka-
line earth and rare earth elements, except CeOZ, are hygroscopic,
the standards containing these elements were prepared as zirco- .-

nates. The CsAl(S0,)-12H..0 is the less hygroscopic among chemi-

4 2
cally unstable compounds of Cs. Suitable sample cf pure Ru was

not obtainable; Ru powder was melted with excess Si to form

Ru28i3+Si. The X-ray intensity for pure Ru was calculated from

that obtained on Ru25i3

were interpolated as shown in Fig. 1.

grain. Iintensities for pure Tc and Rh

2.3 Samples

Samples were the Triso-coated UO2 particles irradiated in
JMTR capsule 73F13A. The capsule was irradiated in the fuel

zone for six JMTR cycles (111 effective full power days) . The

1 n/cm2(>0.18

maximum fast fluence and burnup amounted to 2.7x102
MeV) and 5.3% FIMA, respectively. Fig. 2 depicts the irradiation
history of the 74FCl-3A particles. Irradiation temperature was .
lowered after 50 efpd because of the malfaction of the thermo-
couple for temperature control. Table 1 summarizes irradiation
temperature, burnup, fast fluence etc for the sample particles.
Standard size of the particles is illustrated in Fig. 3. The
detail of irradiation and post irradiation examination of 73F13A

4)

capsule is treated in elsewhere.
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Five or ten particles each were embedded in epoxy resin em-
ploying a mould shown in Fig. 4. The samples were then polished
to the eguator by a usual hot-laboratory ceramographic techniques.
Washing was made with water, which, however, might have a delete-
rious effect on some chemically active species such as Cs com-
pounds. Other appropriate solvent should be sought for the ana-
lyses in future. Gold was vapor deposited on the polished sur-

face to prevent the sample from charging during the analysis.
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3. Regults and discussion.

3.1 Unirradiated particles

Unirradiated particles 74FCl and 74UCl were analyzed to
certify the initial condition. The kernel of 74FCl was fabri-
cated by Nuclear Fuel Industry with a sol-gel techniques and
that of 74UC1 by UKAEA Springfields Works with powder agglome—
ration techniques. According to the commercial certificates,
the kernel of 74FCl contained 100 ppm Si as the most abundant
impurity, while that of 74UCl had 120 ppm Fe and 17 ppm Cr,
which would have been picked up during powder agglomeration.

The energy dispersive analysis on 74UCl revealed a small
amount of Fe-Cr-Si alloy particles included in the UO2 matrix
(Fig. 5). On the other hand, no inclusions were observed with-
in the kernel of 74FCl. Fig. 6 shows the X-ray spectrum from
UO2 matrix of the latter, in which only U peaks are evident.

Unirradiated 74FC1l particles heated at 2100°C for 1h was
also analyzed. Small white inclusions at the grain boundaries
of UO. has been observed on the Triso-coated particles heated to

2
. 5,6)
such high temperatures,

Though the inclusions have been
considered to be metal U precipitated on cooling from the uo,,
matrix, which dissociated oxygen and became hypostoichiometric
at very high temperatures, the analysis showed the inclusion to
be containing an appreciable amount of Si (Fig. 7). However,
the inclusions were too minute to be submitted to guantitative
analysis: i£ was almost impossible to remove the uranium X-

ray from the matrix itself. The observation suggests that the

reaction between UOz_X and Si be taken into account in discussing
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the behavior of Triso-coated UO2 particles at very high tempera-
tures. The Si would have been supplied by the dissociation of
the SiC coating in addition to the impurity initially present

in UOz.
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3.2 Irradiated particles

3.2.1 amoeba effect

The 74FC1-3A and 74UC1-3B particles had experienced
irradiation at about 1650°C for 30 days out of 111 efpd. Ex-
tensive kernel migration or amoeba effect occurred to bring
about high failure fractions seen in Table 1. Fig. 8 shows
the secondary and back-scattered electron images as well as the
X-ray images of U, C and O of the cooler side of the amoeba
particle (74FC1l-3A). One can see the wake of minute particles
left by the moving UO2 kernel in the sea of carbon. Also one
can infer from the uranium and oxygen images that these minute
particles are UO2 rather than UC2 or UC. The carbon phase
accumulated in the cooler side could be considered to consist
of three regions separated by two disconnecting planes: the
separation is distinguished by the distribution of the minute
particles, as schematically shown in Fig. 9. The irradiation
history given in Fig. 2 suggests that each of the three regions
corresponds to each of the three periods at about 1&50°C.

Such an observation would be useful in tracing the kernel mi-
gration history during a fuel life.

The distribution of the minute particles was hardly dis-
cernible under the optical microscopy (Fig. 10).) Since the re-
gion densely populated by the minute particles was harder than
the surrounding carbon, the carbon phase developed an app&rent
structure by polishing, as seen in the back-scattered electron
topograph in Fig. 11. Besides, owing to the minute particles,
the carbon phase became seemingly active to the polarized light

as if in a stage of graphitization (Fig. 10C). Thus one should

._7_
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be cautious in inferring a carbon transport mechanism from
optical microstructural evidences.

Figs. 12 and 13 indicate carbon precipitates within the
pores and along the grain boundaries of Uoz, suggesting that the
carbon is transported by the solid state diffusion in UO2 matrix.
Similar observations have led to the postulation of a solid state
9)

mechanism in the coated ThO2 particles The gas phase trans-

port mechanism would hardly explain both the presence of the mi-
nute particles, of UO2 presumably, in the carbon phase and the

carbon inclusion within the UO2 kernel.
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3.2.2  Fission-product precipitates

There have appeared several EPMA studies on the chemical

states of fission products in the oxide fuels—lﬁ). However,

there are so many factors, such as initial composition, burnup,
fission spectrum and temperature, plaving roles in determining
the chemical behavior of fission products that many aspects of
the problem are not resolved yet. And precaution 1s necessary
in applying the knowledge obtained on a sample having different
character and irradiation history. Several EPMA studies on

the oxide fuel appeared in the literature are summarized in

Table 3. The studies on coated fuel particles have employed
high~enriched high-burnup samples. Most of the others examined
9,10)

MOX fuel for FBR, except those by Bradbury et al. on medium

and low-enriched U02. Bradbury et al. have distinguished two
types.of fission-product precipitates: the Ba-containing and the
Ba-free. Today, it is widely accepted that the Ba-containing
phase is the perovskite-type mixed oxide and the Ba-free phase
is the alloy of 4d-transition metals from Mo to Pd. Besides,

pa-ag-cdl3), pa-Te-sntl’1?) | y_pu-ru-rh-pPa’tl’

alloys or compounds
have been identified in restricted conditions.

In the present study, however, the Ba-containing phase was
not found. Bradbury et al. have found only eighty Ba-containing
precipitates out of 3700 precipitates examined. Therefore, even
if the solubility of BaO in uo, is negligibly smalll7), it would
not be strange that we could not find a Ba-containig precipitate,

because number of precipitates of visible size (~1lum} was only

about fifty and that suitable for analysis was even smaller in
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a particle. And it is hard to distinguish the oxide inclusion
in the oxide matrix under the optical microscopy. It is also
hard to find the minute precipitate of lighter elements in
the matrix of the heavier elements in the electron images.

On the other hand, we found the two kinds of alloy precipi-
tates in the particle 74FCL-3A. Wavelength dispersivé X-ray
spectrum in Fig. l4a was taken on an alloy precipitate. The
precipitate was composed of predominantly Mo with a small amount
of Tc. Another type of precipitates, whose X-ray spectrum is
in Fig. 14b, consisted of Mo, Tc, Ru, Rh and Pd; 8i was also
detected when using TAP diffracting crystal. The latter proved
to be a composite of at least two different phases: two differ-
ent X-ray spectra were obtained on slightly different positions
of the same precipitate (Fig. 15). The two phases were considered
to be Mo-base alloy like that in Fig. l4a and, presumably, Ru-
base silicide.

From the burnup and the percent fissions in Pu of the
sample, the composition in the system Mo-Te-Ru-Rh-Pd would be
approximately that marked by asterisk in Fig. 1le. An amount
of Mo, however, had been oxidized (see 3.2.3)} to shift the com-
position as shown by the arrow in the figure. Thus, in the
absence of Si, the alloy may be in the phase field of either
T+ € or E. Considering the constitutions of binary systems

Mo—RulB), Mo—Silg); Ru-SiZO) and the heats of formation of O

1) and relevant silicideszz), one predicts that the addi-

phase2
tion of Si to the & phase of the Mo-Ru system would result in
the formation of Ruzsi. Therefore, the addition of Si to the

five component G + £ or £ would also produce a silicide in

which Ru is one of the major constituents. Thus, a part of the



JAERI-M 83-200

observation is explainéd, but the problem remains: the composi-
tion of the alloy phase of Fig. l4a corresponds to that of f§
phase rather than 0 or £, the latters of which are expected to
be the residue of the reaction between Si and the ¢+ Eor C.
Obviously the knowledge on the multicomponent equilibria congis-
ting of S8i and the transition metals is not enough to make the
detailed discussion about the present observation.

The Si would have been generated by either the dissociation
of 8iC or the reaction of CO with SiC to form volatile SiO.
The migration of Si from the SiC coating into the kernel is evi-
dent in Fig. 17; alsc the Si peaks at the alloy precipitates in-
dicated by the Mo peaks.

For 74FCl-5A particles irradiated at temperatures lower
than those of 74FC1l-3A particles, only the usual 4d-transition
metal alloy phase containing Mo, Tc, Ru, Rh and Pd but not Si

was found.
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3.2.3 Fission products in UO2 matrix

The guantitative analyses were made for Nd, Zr, Mo and Si
in the uo, matrix. The Nd was investigated for its possibility
as a burnup monitor. The Zr was analyzed to see whether the
element remained in the matrix or partially segregated as a
BaZr03~type phase. After an appropriate correction for the
spectra obtained on the 74FCl-5A particle, ratios N&/U and Zr/U
were found to be 0.006 and 0.009, respectively. Both wvalues
were lower by about 20% than those expected for the sample.

The differences might be ascribed to the experimental errors,
because there remain the problems in the selection of proper
measuring condition and the preparation of the standard sample,
sintered Nd22r207. However, if Zr ever segregates as BaZrO3,
it will be only about 20% of the total Zr, since the fission
yield of Ba is about the fraction of that of Zr. Therefore,
the present range of experimenfal error is too large to deduce
the meaningful conclusion about the distribution of Zr.

The solubility of Moo2 in U02 seems controversial.

Johnson et al. have recognized up to 0.3 mol% of MoO,, in the
irradiated (U,Pu)O2 matrix24), but out-of=-pile simulation ex-
perimentsl4'23) have shown a very limited solubility (£0.02 at®
Mo} . And Kleykamp has ascribed the Mo detected in the oxide
fuel matrix to the finely dispersed almost invisible particles
or microsegregations of the perovskite-type oxideslG). Though
the ambiguity exists in this respect, Table 4 gives the results

of guantitative analyses, regarding Mo as dissolving in UO,

rather than component of microsegregations. The point analysis
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was made at about the center of the kernel.

Johnson et al. have employed Mo as in-situ redox indicator

to deduce the oxygen potential of the system15’24):

— — - o -
AG02 = RTlnP02 Gf MoO2 + RTlnxMOOZ RTlanO

+ RTanMooz/qMO

where XMOOZ and xMo are the mcle fractions of MoO2 in UO2 and

that of Mo in the alloy phase, respectively; the 's are the re-
levant activity coefficients. The oxygen potential in Table 4

wag calculated by assuming Jﬁooz/JMo to be unity. The error in

/JMO by factor five causes that in 4G of about 4 kcal/mecl.
2

I
MoO 0,

The corresponding CO pressures were calculated by assuming the

carbon activity to be unity because of the carbon coating.
Simple theoretical consideration of the oxygen balance in

the irradiated UOZ’ in which oxidation of alkaline earths, Zr,

Y and rare earths is taken into account, gives CO pressures much

25,26) In Fig. 18, the oxydgen

higher than those in Table 4
balance was recalculated considering the oxidation of Mo and Si
as well as the above elements; there will be hardly any excess
of oxygen to produce CO if Y and rare earths should exist as
tetravalent oxides. And it is interesting to note that the
amount of oxydized Mo and Si was smaller for the sample experi-
enced higher temperatures (74FC1-3A). The fact would be related
to the formation of the Si-containing transition metal phase
in this particle, as seen in 3.2.2.

Table 4 also shows the CO pressures predicted by the
experimental equation for the oxygen release from the irradiated

27)

U0, by Proksch et al. , which agree well with those estimated

2
by the redox method above.
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4. Conclusion

The Triso-coated UO2 particles were subjected to the post-
irradiation EPMA examination. This was the first of the series
of EPMA study on schedule and the objective was rather to locate
the field of the future study.

Observation and analyses on the amoeba effect, inclusions
and solutes in the UO2 matrix were made. In the cooler side
of the particle which suffered extensive kernel migration, we
observed two significant features: (1) the wake of minute parti-
cles, presumably UOZ’ left by the moving kernel in the carbon
phase and (2) the carbon inclusion in the pores and along the
grain boundaries of the UO2 matrix. Both features would be
hardly explained by the gas-phase mechanism of carhon transport
and rather suggest the solid state mechanism.

The Ba-containing oxide vprecipitates was not found in the
kernel of the present samples. However, in the particle irradi-
ated at 1650°C at maximum, two types of 4d-transition metal pre-
cipitates were observed: the one which was predominantly Mo with
a fraction of Tc and another which was enriched with Ru and con-
taining significant amount of Si, presumably a Ru-base silicide.
The Mo and Si were also found in the UO2 matrix. The latter
observation led to the discussion of the oxXygen potential and

CO pressure in the irradiated Triso-coated UO2 particle.
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Fig. 2 Irradiation history of 74FC1l-3A particles.
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Fig. 3 Schematic representatioh of Triso-coated fuel particle

employed in the study.
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Fig. 4 Epoxy-resin mould for sample preparation.
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Fig. 5 X-ray spectrum from the alloy inclusion of unirradiated

74UC1 particle.
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Fig. 6 X-ray spectrum from the UO2 matrix of unirradiated 74FCl

particle.
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Fig. 7 Energy dispersive X-ray spectrum from the metallic inclu-
sion of unirradiated 74FCl particle heated at 2100°C for

1 hr.
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Fig. 9 Schematic representation of the carbon phase accumulated

'in the cooler side of the particle.
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scattered electron topograph of the carbon phase.

Back-

11

Fig.



S e B e : : Lot ceini ereRRe R R e e e

JAERI[-M 83-200

Fig. 12 Carbon precipitates in the pores of uo, matrix of 74FCl-
3A particle.

Fig. 13 Carbon precipitates along the grain boundaries of 0o,
kernel of 74UC1-3B particle.



JAERI-M 83-200

Mo -Lg

N (A)55 5.0

Mo—La

Mo=Llga

° L
X (A)S5

(b)

Fig. 14 X-ray spectra from the alloy inclusions of 74FCl-3A

particle.
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Fig. 15 X-ray spectra at the point of Si peak of the inclusion of

Fig. 14b. a)EDX, b)WDX.
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Phase diagram of Mo—Ru(Tc)~RhO SPdO 5 pseudo~ternary Sys-

temlGL. Asterisk shows the approximate position expected

for 74FC1l-3A particle. Partial oxidation of Mo would

shift the composition as shown by arrow.
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