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"gtudies on Irradiation behaviors of Coated Particle Fuels”

1. Introduction

Project for development of an experimental HTGR in Japan
was started at JAERI in 1970 in order to utilize the process heat
for the multi purposes. Temperature of the outlet gas is designed
to be 1000°C and so the HTGR is called as the experimental Very
High Temperature Reactor (VHTR). The VHTR is a helium-cooled
graphite moderated reactor with the thermal out-put of 50 MW.

The fuel specification for the VHTR by First Conceptional Design
is listed in Table 1. It is characteristic that the enrichment
of uranium-235 desiged for the driver fuels of the VHTR is low
such as 2, 4 and 6 %. Therefore, the maximum burnup of the fuels
is estimated to be 3 %FIMA for the effective full power days,360
days, and also the maximum fast neutron fluence( E >(.18MeV),

21 2[1]

1.5x10 n/cm Maximum fuel temperature is, however, rela-

tively high, 1350°C, and 0.01 % of the fuels in the reactor core
is estimated to be over 1500°C for a certain period of the fuel
1ifel?l,

The irradiation experiments of the coated particle LEU fuels
refered to First Conceptional Design have been made in JMTR and
JRR-2 S0 as to meet the above irradiation conditions of the driver
fuels.

In JMTR, the first irradiation of the coated particles by the
closed capsule was performed in 13970 and since then, 10 closed capsu-

les for the coated fuel partilces and the fuel compacts were irrad-

iated. The gas-swept capsule at JAERI was firstly irradiated in 1977
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and at present, the two are under irradiation. Also in 1977,
a high-pressure helium-gas in-pile loop, OGL-1l, was installed to
JIJMTR and the irradiation experiments of the particle fuels by the

loop were started. On the other hand, the irradiation experiments

~in JRR-2 are principally intended to examine the amoeba effect in

the coated particles and to measure the thermal conductivities of
the fuel compacts under irradiation.

Due to the partial amendment of the law for the nuclear fuel
transportation, it was impossible to transport the irradiated
capsules from JMTR to Tokai hot laboratory for about three years
from Jan. 1977 to Mar. 1980 when the new cask was available.
Therefore, PIE schedule at JAERI was delayed greatly.

In this report, the principal results with regard to LEU
fuel performance asseésment obtained in the irradiation experiments

at JAERI are described.



JAERI-M 2071

2. Irradiation

2.1 Irradiation performance

Irradiation of the coated particle fuels for the VHIR performed
in JMTR is shown as a relation between fast neutron fluence and
burn-up in Fig. 1. As mentioned above, maximum burnup and fast
neutron fluence designed for the VHIR are relatively low and therefore,
these irradiation conditions attained in our experiments are not
so severe; for instance, maximum burnup was 4 $FIMA (73F-13A) and

21 2

maximum fast neutron fluence, 2.3x10 n/cm” ( E30.18 MeV).

In OGL-1 experiments, the fourth fuel is under irradiation

at present. Burnup ©of this fuel will attain to the maximum {about
2 2FIMA) among the former OGL-1 fuels. Fast neutron fluence of
20 2

this fuel is, however, very low, usually less than 1x10 n/cm

{ E>0.18 MeV).

2.2 Summary of irradiaticn capsules

Irradiation capsules for JMTR consist of one or three inner
capsules, each of which is equipped with thermocouples and a small
tube for temperature control. Typical JMTR irradiation capsules
are shown in Fig. 2; the upper capsule consisting of three inner
capsules is used generally to irradiate the small size of the fuel
compacts( 24 mm in outer diameter) or the loose coated fuel particles.
Fuel temperature at each inner capsule is individually controlled
by a dgree of vacuum at a space between the walls within the inner
capsule. Structure of the gas swept capsule is principally the

same as this capsule, but the swept capsule is equipped with

a tube for the seep gas. The capsule shown below in Fig. 2 is used
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for irradiation of the fuel compacts encased in a long graphite
sleeve. It is possible to make temperatures of the compacts flat
along an axial direction from the bottom to the top in the capsule
by adjusting the gap between the sleeve for ‘the compacts and the
inner capsule.

Irradiation experiments of the coated particle fuels are
also performed in OGL-1 as mentioned. Main specifications of OGL-1
are listed in Table 2 and one of the fuel specimens for OGL-1 is
shown in Fig. 3( 4th fuel). The fuel specimen consists of the
graphite block and the fuel pins inserted in the block. We have
two types of the fuel specimens, one of which loads one fuel pin
and the other, three pins as shown in Fig. 3. 20 fuel compacts
are encased into one fuel pin. Temperatures of the fuel compacts
and the block are measured by the thermocouples and analysed by
the computer. Gaseous fission products released from the compacts
and carried by the circulating helium gas are measured at the
sampling station attached in front of the purification system.

Irradiation capsules for the amoeba effects in JRR-2, contain,
generally, 60 - 90 graphite disks in which the coated particles are
embeded. At a central hole of stacked graphite disks, the loose
coated particles are loaded in order to attain a temperature gradient

through the disks. The gradient is about 25°C/mm at 1600°C.
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2.3 Measurements of temperature, bhurnup and fast neutron fluence

Measurements of the fuel temperature in a capsule are made
by W/Re thermocouples inserted into a central hole of the compacts
stacked in a capsule(Fig. 2) or into the graphite holders for the
coated particles. In the JMTR capsules, the thermocouples are
usually eguipped at an upper-, a middle- and a bottom inner capsule,
or at three positions along an axial direction in a capsule if the
capsule includes only a long inner capsule. In the case of OGL-1,
the temperature of the fuel compacts is calculated by the computer
code"STPDSP2"[3] based on the measured temperatures in the cycling
gas, the graphite block and at a central position of the stacked
compacts in "each fuel pin (Fig. 3Mh Fig. 4 shows a typical example
of the fuel temperature obtained in the first OGL-1 experiment.

Burnup ©of the fuels is usually obtained by the measurements
as follows: Five coated particles from a sample( a conmpact or loose
coated particles) were, at first, counted individually to measure
137Cs inventory by af-ray spectrometer and then, a content of ura-
nium at each particle was analyzZed by the electrochemical method.
Burnup of the other samples in the capsule was obtained by an
extrapolation of the measured values in the capsule geometry as
shown in Fig. 5, or by the neutron distribution along an axial
direction of the capsule.

Fast neutron fluence is measured by the reaction 54Fe(n,p)54Mn
(half 1life, 313 days) of Fe monitor wires attached to a capsule.
Comparison of fast neutron fluence distributions by measurements
and calcualtion is shown in Fig. 6 as a typical example. In this
case, it_is seen that the measured fast neutron fluence is somewhat

higher than the calcualted one at a central position, but a difference

between measurements and calculation is hardly noticed at the other

positions.
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3. Results

3.1 Irradiation results of coated fuel particles

3.1.1 Irradiation behaviors of kernels

Trradiation behaviors of the kernels are investigated by
both ceramography and X-ray micraradiogréphy in PIE. Typical
features observed in the kernels of irradiated TRISO particles are

(1) Xkernel shrinkage,
(2) kernel migration (the amoeba effect)
(3) kernel viscous flow.

As shown in Fig. 7, it was observed that the low-density
kernels (90 2T.D.) of the coated particles irradiated upto about
2.7 sFIMA at 1000°C shrinked more remarkably than the middle- densi-
ty kernels (95 %T.D.). The kernels of low density shrinked
mostly interacting with the buffer layer which peeled from the inner
PyC layer (Fig. 7).

Kernel migration is often observed in the loose coated parti-
cles and the compacts irradiated in JMTR. Fig. 8 shows the typical
example of the kernel migration phenomena (amoeba effect) observed
in the particles which were irradiated in Capsule 73F-12A.

According to the irradiation experiments in JRR-2, the amoeba
effect in the coated particles irradiated upto 1300 hrs under temper—
ature gradients, 18°C/mm and 20°C/mm, at 1070° and 1250°C, respect-
ively, was not observed. However, in irradiation at 1600°C, the
effect was observed in spite of the lower temperature gradient, !
10°C/mm, than the formers. Kernel migration coefficients will be
obtained in near future.

When there is a wide crack in the buffer layer, it is seen
that the kernel material (UOZ) moves into the crack like a viscous

flow as shwon in Fig. 9. T+ seemed that the phenomena is not
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related to the_amoeba effect and irradiation temperature; for ins-
tance, the coated particles,71FC5, in Fig. 9 were irradiated at
1190-1070°C which is very low compared to the melting point of UOZ’
2760°C[4], and also the amoeba effect in these particles was not

observed. The cause of this phenomena is not clear at present.

3.1.2 Precipitation of solid fission products

In the irradiated coated particles, the white precipitates
were observed. They were not examined by a XMA, but seemed to be
an agglomerates of solid fission products. The precipitates are classified
into two groups, Ba free precipitates and Ba contained ones[s]. As shown in
Fig. 10, diameter of these precipitates might be constant( 1 - 2.5 um} inde-
pendently on burnup of the kernels, but number of the precipitate
seen in a unit area would increase with burnup. Also the precip-
itates appeared always at the grain boundaries,and gome of them
were seen particularly at the nodal points of the boundaries.

X-ray microradiography ©f relatively highly-irradiated parti-
cles revealed some dark spots in the buffer layer particularly near
the interface between the buffer and inner PyC layers &as shown in
Fig. 11. Since these spots appeared only in highly irradiated particles(>2 %FIMA),
we bélieve that these are the segregation of the solid fission products.

Among the fission products, Cs and Ag are volatile and do not dissolve

in the U0 matrix[5]; these nuclides show the similer diffusion

2
behaviors in the U02[6]. However, Ag passes through the coating

layer, while Cs does not do so[T]. Cs is retained more firmly in
the high density PyC layer than e.g. Sr under irradiation[sl Therefore,
the dark spots would be the precipitates of the volatile fission pro-

ducts such as Cs which migrate through the buffer layer to one
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direction due to slight temperature gradient under irradiation.

3.1.3 OPTAF of PyC layers on irradiated TRISO coated particles

OPTAF of LTI-PyC layers (outermost PyC and inner PyC) on the
irradiated TRISO coated particles was measured. Irradiation
temperatures of these particles were in the range between 1000° and
1740°C, burnup . between 0.1 and 2.5 &FIMA, and fast neutron fluence

21 n/cmz. Variation of

(E>0.18 MeV), between 6x10°° and 1.4x10
OPTAF of the PyC layers with fast neutron fluence is shown in
Fig. 12. It is seen in the figure that OPTAF increases with fast
neutron fluence. OPTAF of the outer PyC would be somewhat higher
than that of the inner PyC. Temperature dependence of OPTAF is
also seen in the figqure; at low fluence of fast neutron, temperature
dependence of OPTAF is not so remarkable but at the high fluence,
lxlO21 n/cmz, the temperature dependence becomes evident.

Furthermore, distributions of OPTAF through the PyC coating
layers wére measured. Results obtained from the particle irrad-
iated at 1300°C upto l.4x102l n/cmz(E:>0.18 MeV) of fast neutron
fluence, are shown in Fig. 13. In the figure, it is seen that
OPTAF values in both the outer and inner PyC layers increase with
approching the S§iC layer. This would imply that the PyC layers
were holded by the SiC layer against their dimensional change and
therefore, stress was introduced so as to increase OPTAF values in
the PyC layers.

3.1.4 Residual stress in outermost PyC layer due to anisotropy

In Capsule 72F-6A and 72F-7A of JMTR, we irradiated several
kinds of TRISO coated particles, of which the ocutermost PyC layers

have different anisotropy(from 1.03 to 1.26 in BAF). These PyC
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layers were derived from either propane or propene. In ceramo-
graphy of PIE, the outermost PyC layer possessing high value of
BAF, was cracked radially, as shown in Fig. 14. Comparing the
surface inspection of cracked and uncracked coated particles, it
is evident that these cracks are brought about during polishing of
ceramography. Hence, it is considered that the outermost PyC
layer with high value of BAF become to possess high residual stress
by irradiation and the stress causes the cracks during polishing.
According to Bokros et al[8], large stress is introduced at crystal
boundaries of PyC due to irradiation-induced dimensional change
that are highly anisotropy.

In Fig. 15, a relation between fast neutron fluence, BAF
and the residual stress judged by crack formation is indicated.
In the figure, it is seen that there is a threshold value of BAF
to endure the crack formation during polishing, that is 1.04.

1 n/cm2

However, under low fast neutron fluence below O.25x102
(EI)O.lSlMeV), the PyC layers are free from the cracks despite +the
high value of RBAF. With regard to BAF, Harmon et al[g] found that
outermost PyC layer of TRISO particles with anisotropy values of

> 1.05(BAF unit) exhibited the best performance for irradiation.
In the present case, although fast neutron fluence is very small
compared to the former[gl, the BAF value is desirable less than

1.04 in the view point of the residual stress in the outer PyC

layer.

3.1.5 Crushing strength of unirradiated- and irradiated TRISO

coated particles

To examine the state of deterioration of the coated particles
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by irradiation , crushing strength of TRISO coated particles was
measured. Fig. 16 shows a typical example of a load-deflection
curve for an irradiated TRISO particle. In the figure, the first
load with deflection was brought about from the lavers and the
latter, from the kernel. For the measurements of the mean strength
of the irradiated particles, about 25 particles were crushed. In
Fig. 17, Weibull plots of the failure loads ©f unirradiated and
irradiated TRISQO particles are shown. It is seen in the figure
that the crushing load decreases, on the whole, with increase of
irradiation conditions, and Weibull modulus of irradiated pa:ticles
becomes smaller compared to that of unirradiated ones.

Relation between mean loads of the layers and the kernels,
and irradiation conditions are shown in Fig. 18. In the figure,
it is seen that the crushing loads of the layers decrease in the

range between 50 % and 70 % under fast neutron fluence of l.OxlO21

n/cmz, and on the other hand, that of the kernels, between 40 % and
60 % upto 2.2 SFIMA of burnup. - The former deterioration would be

due to damage by fast neutron and high temperature, and the latter,

due to the formation of the fission gas voids at the grain boundaries

as shown in Fig. 10.
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3.2 Fission product migration

3.2.1 Diffusion coefficients of fission products in SiC

Since the TRISO coated particle fuels are used at relatively
high temperature (max. nominal temperature 1350°C) in the VHTR, it is
important to obtain the diffusion coefficients of the fission pro-
ducts in 8SiC. In our experiments to obtain the coefficients in
5iC, the samples were not heavily irradiated but slightly in JRR-2.

133ye aiffusion coefficients in SiC

(1)

Two different SiC samples were used to measure 133Xe diffu-

sion coefficients in SiC; one was the powdered pyrolytic S5iC which
wag immersed in uranylnitrate solution and then drijed, and the other
was SiC coated particles without high-density outermost PyC layer. These
samples were irradiated in JRR-2 for about 20 min to produce the
fission products in the samples; particularly in the case of the
powdered SiC, the fission products were recoiled into the powder.
After slight irradiation, the powdered SiC samples were heated in

two different manners as

1) stepwise from 1073° to 1657°C,
2) isothermally between 1465° and 1753°C,

l33Xe were measured. The SiC coated

and the fractional releases of
particles were, on the other hand, isothermally heated between

1650° and 1850°C)and the releases were measured.

In the case of l33Xe releases from the powdered SiC, the
following equations were applied to obtain 133Xe diffusion coeffi-
cients[lo].

F(t) = 1 - yz(iz -

oo
ZE U(2+ﬂ;__25in(ngﬂ) _2Mmcos M)y oo rpen? 12/a) (1)
M | (nTC) (nTC) (nT) - ’

._.l 1_
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or when the fractional release is less than 0.3,
0.5

_ 24(YV+2) Dt

(2)
Y (12- Y3\ Ma?/

F{t)

where F is the fractional release, V a ratioc of the recoil range
to the sphere redius a, D the diffusion coefficient and t the time.
Analysis of the fractional releases from the sample heated stepwise
were made as follows; as shown in Fig. 19, the releases were plotted
agéinst JE, where t was a duration from begining of heating at a
constant temperature. From the gradients of the fractional re-
leases, the diffusion coefficients were obtained by Eq. (2).

The diffusion coefficients in this manner, however, might
include an error, particularly with increase of heating temperaure

l33Xe concentration at the surface region of

133

because of decrease of
the 8iC powder. Comparing an initial concentration of Xe inside
the powder at 1657°C, the maximum temperature in this heating, and
a constantly distributed concentration, it can be estimated that
the fractional release from the former concentration at 1657°C is
only 1.1 times less than the release from the latter concentration
at that temperature. This leads to the consideration that the
diffusion coefficients by stepwise heating are about 83 % of the
coefficients by isothermal heating at 1657°C , and also the error
of the coefficients at the lower temperatures than 1657°C is surely
less than that at 1657°C.

The results of the fractional releases by isothermal heating
between 1465° and 1753°C are shown in Fig. 20. The diffusion
coefficients were obtained from the gradients of the releases at

1465° and 1600°C as well as the former method,and the release at

1750°C was analyzed by Eg. (1) so as to fit the calculated farctio-
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nal release to the experimental one with a proper diffusion

coefficients.

Heating of $iC coated particles slightly irradiated in JRR-2

was made isothermally between 1650° and 1850°C. Fig. 21 shows .the
results of 133Xe fractional releases. For the releases, Baurmann's
(11

] was applied to obtain the diffusion coefficients.
133

model
Arrhenius plots of Xe diffusion coefficients in SiC ob-
tained hereupon are 9iven in Fig. 2% where the self diffusion coeffi

cients of $i and c[lzl,and the boundary diffusion coefficientsEIB]

are included. In the figure, following two diffusion mechanisms
can be distinguished:
(a) Above 1400°C, Arrhenius equations of the diffusion coeffici-
ents are expressed as

D 3.7x105 exp(—657x103/RT) cmz/sec ve.s 5iC powder,

D l.?xlO4 exp(—624x103/RT) cmz/sec ... SiC coated parti-
cles,
where R is a gas constant(=8.314 J/k mol.) and T the abso-
lute temperature(°K). Both of these diffusion coefficients
fairly agree together despite the different crystallite size
(the former is 1.8x10™% m and the latter 10 > m), and these
high activation energies are almost the same as that of the
carbon self diffusion coefficients(586xlo3 J/mol.)[12] as
shown in Fig. 22. Furthermore, an extraporation of these Xe
diffusion coefficients to higher temperature agrees with Si
diffusion coefficient. Therefore, it is considered that Xe
diffusion in S$iC above 1400°C occures in the vacancy mechanism,

supposedly via Si vacancies or $i-C divacancies.

{b) Arrhenius equation below 1400°C is expressed as

,,13__
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D = 8.6x10 ° exp(—327x103/RT) em? /sec.

This activation energy fairly agrees with that of bound-
ary self diffusion—coefficients,306x103 J/mol.ElS].
Therefore, it is concluded that Xe diffusion below 1400°C

is probably made in the boundary mechanism.

(2) Diffusion coefficients of solid fission products in SiC

The diffusion coefficients of solid fission products such

as 895r, 140Ba 103Ru and 141Ce were obtained by measuring the

r

concentration distributions of the fission products through the
Sic layer and also measuring the fractional releases under iso-

thermal heating between 1650° and 1850°C.

89Sr 103

and Ru concentration distributions were shown in

Figs. 23 and 24 as the typical results. The calculated distributions

[111]

by Baurmann model were fitted to measured ones and the diffusion

coefficients together with the evaporation coefficients and the
partition coefficients between SiC and inner PyC layers, were
obtained. Then, the fractional releases calculated with the above

parameters were compared with the experimental results. In the

140 89

case of Ba and Sr, the agreement between the calculation and

the experiments was poor as shown in Fig. 25. On account of the

140 89

disagreement, the diffusion coefficients of Ba and Sr were

also obtained from the fractional releases by fitting the calculation

141 103R

to the experiments. In the case of Ce and u, on the other

hand, the agreement mentioned above was somewhat good except the

141Ce at 1650°C as shown in Fig. 26. Thus, it means

release of
that the diffusion coefficients for the release are almost the same

to those obtained from the distributions.
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From the temperature dependence of the diffusion coefficients
as shown in Figs. 27 and 28, Arrhenius equations of the coefficients
were obtained and expressed as follows: 140Ba and 898r coefficients

from the concentration distributions were,

7.0x10_3 exp (—343x103/RT) cmz/sec

!

DBa

3.8x107°

D exp (—218x103/RT) cmz/sec,

Sr
while these coefficients from the releases were the same together as

D = 1.2x10"° exp (-205x10°/RT)  cm°/sec.

141Ce and 103Ru coefficients from the concentraiton distributions
were
_ -5 3 2
DCe = 6.5x10 exp (-251x107 /RT) cm” /sec
-3 3 2
Dpy = 2.3x10 exp (-348x107/RT) cm” /sec,

where R is a gas constant(=8.314 J/K mol.) and T the absolute tempe-

rature (°K) .

It is noticed that the coefficients of the alkali-earth

fission products(l40Ba and 89Sr) obtained from the distributions

and the releases are different each other, although the coefficients

of l4lCe and 103Ru obtained from the distributions are regarded to

be the same as those from the releases. Comparing the concentra-

rions of the alkali earths and two other fission products (Figs. 23

and 24), it is considered that the high concentrations of the former

products through the SiC layer compared to 141Ce and l03Ru are

caused Dby the fact that the alkali earth fission products diffuse more easily
from the crystal boundaries into the crystal lattice. Therefore,
the volume diffusion coefficients of the alkali earth fission pro-

ducts are seemed to be remarkably larger than those of 1410e and

lO3Ru in this temperature range.

,._1 5 _—
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In the case of 141Ce and lOBRu, it would be certain that the

releases are controlled by the boundary diffusion mechanism in this
temperature range, because the releases calculated with the diffusion
coefficients obtained from the concentration distributions agree to
some extent with the experimental results; this implies that almost
fission products measured in the concentraion distributions move
toward the surface so as to contribute to the releases. Thus, the

141Ce and lOBRu shown above are taken as the boundary

coeffcients of
diffusion coeffcients. Similarly, the coefficients of the alkali
earth fission products from the releases are also taken as the
boundary diffusion, but the coefficients from the distributions are

apparent because these would express both the boundary- and the wvolume

diffusions.

3.2.2 Releases of gaseous fission products during irradiation

Releases of the gaseous fission products(R/B) from the coated
particle fuels are measured in both OGL-1 gas loop and the gas.swept
capsules. In the case of 0OGL-1 experiments, the compacts fuels
containing 12 % enriched U02 were loaded in the 2nd fuel specimen and
those containing 20 % enriched uo, in the 3rd fuel specimen. Increase
of the enrichment in the 3rd fuel is to attain the higher fuel burn-
up than in the 2nd fuel.

R/B from the loose coated particles were measured by two cap-
sules, and at present the first swept capsule loading the fuel compacts
is under irradiation.

Time dependence of 8SmKr releases from the loose coated parti-

cles in the gas swept capsules and the compacts in OGL-1 experiments
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are shown together in Fig. 29. Properties of the coated particle
fuels used hereon are listed in Table 2. It is characteristic in
OGL-1 experiments that R/B values decrease rather rapidly with time

at the initial irradiation period. The cause of the decrease, how-
.ever, is not clear due to few data at present. Comparing R/B values
in 2nd and 3rd OGL-1 experiments, it is seen that the latter is about
20 times larger than the former. Difference of these release behav- .
ior is obviously caused by different levels of the uranium contami-
nation in the graphite matrix of the compacts. As shown in Takle 3,
the fraction of the uranium contaminated in the matrix of the compacts
in the 3rd experiment is about 45 times higher than that of 2nd
experiment.

R/B values from the loose coated particles designated as 74FCl
and 74UCl, both of which are smaller size of the particles than
75FPC4A and 760PC3 (Table 4), increase gradually with time for short
irradiation period, while the values from 75FPC4A and 760PC3 are

almost constant through irradiation.

Temperature dependence of 85mKr and 88Kr releases from the

loose coated particles are shown in Fig. 30. The steaddy-state release
by solid state diffusion from a sphere is given as[l4l,

£, = 83—2—[8coth9 - 1] 7 52[9- 1] 6;;;'-—%—
where

fd = fractional release rate by diffusion,

g = (Xcz/D)O'S, dimensionless parameter,

» = decay constant(sec“l),

D = diffusion coefficient(cmz/sec)

c = overall radius of coated particles.
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Thus, the solid-state diffusion release from the contaminated coat-

ings or the bare kernels is usually expressed as

)io'sfi -~ 3(D/c2)0'5 = constant (subscript i refers to i'th

isctope)

Therefore, ln(KiO'Sfi) vs 1/T gives Arrhenius relation as shown in Fig.
30. In the case of 74FCl, two mechanisms of the diffusion releases
are noticed. Activation energy in the lower temperature range than
1400°C is about 250xlO3 J/mol. and that in the higher temperature
range about 1600x103 J/mol.. The former energy fairly agrees with
the activation energy of the rare gas diffusion in PyC({ 255X103
J/mol.[15] and 226x103 J/mol.[lsl,both the energies were obtained in
HTI-PyC), and therefore, the release below 1400°C is evidently caused
by the contaminated uranium in PyC. However, the energy above 1400°C
in Fig. 30 is very high, even if the release was originated from the
failed particles. For the high activation energy, followings are
possible;

(1) change of the failure fraction with irradiation temperature,

(2) change of the physical state of the kernels at the failed

particles with irradiation temperature.

Estimation of the failure fraction of the coated particles from R/B
values was made tentatively by assuming that the release from
the failed particles is equivalent to that from the spherical kernels.

(17}

This assumption is based on the fact by R. Klersy that R/B wvalues

from the bare kernels and the failed particles are not so different
each other.
R/B from the loose coated particles was calculated by the code

[18]

"FECUND" where the releases were occured in the two ways; from
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the intact particles and the failed particles. Therefore, the

release from the sample,(R/B)total, is given as

(R/B) _ypqy = (1 = £) (R/B);

intact + fb(R/B)

failed

and (R/B) is furthermore expressed as

intact

(R/B) = (R/B) (R/B)

inatct diffusion’

recoil

where fb is the failure fraction. (R/B)total is, thus, calcualted
as a function of fb‘using the proper parameters such as the diffusion
coefficients in the coating layers and the kernels, dimensions‘of
the particles,variations of irradiation temperature and fuel burn-
up with time , fuel contamination in the coating layers and so on.
Comparison of the estimation and the measurements for each sample

is shown in Fig. 31 and the main parameters used in calculation are
listed in Table 5.

It should be noticed, here, that the recoiled fission products
which originate from the contaminated uranium on the surface of the
particles or within the recoil range at the outermost coating layer,
would reenter into the neighboring particles for the most part, when
the loose coated particles are irradiated. Therefore, the gaseous
fission products swept out from the loose coated particles are,
actually, fairly lower than calcualtion. (R/B)recoil calculated in
the code was, thus, corrected by multiplying by a factor which is
taken as a fraction of the volumes(= 1 - Vs/Vt), where VS is the
volume of the particles and Vt the volume of the particle holder in
the capsule. In Fig. 31, (R/B)recoil calculated with the measured

uranium contamination in the outermost PyC layer of each sample is

given as a shaded line, where the dimensions and the contaminations
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of 74FCl and 74UCl are almost the same together. " Then, the tempe-
rature dependence of (R/B)total are calculated to the different
failure fractions. As shown in Fig. 31, (R/B) of 74FCl and 74UClL
at the initial period of irradiation(encircled by dotted lines) are
less than 9x10~5, which means that even one coated particle in the
sample { about l.lxlO4 particles)did not fail, but after 200-400 hrs
of irradiation, the failure fractions of both samples rise upto the

5 2nd 2.7x10~% below 1400°C and that of 74FC1

values between 9x10
is over 2.7‘x10—4 above 1400°C. As already mentioned, however, it

is not sure at present whether the rapid increase of (R/B) of 74FCl
above 1400°C is due to the increase of the actual failure or due to

the change of the physical form of the kernels in the failed particles,
that is, from sphere to powder. This will be made clear by PIE of
this capsule in the near future.

For calculation of (R/B) of 760PC3, the uranium contamination
at the outermost PyC layer was assumed to be equivalent to the surface
contamination of the particles, because the measurements of the con-
tamination of this layer was failed due to very low level. As shown
in the figure, (R/B) calcualted with null failure fraction fairly
agrees with the measurements. This implies that the coated particles
did not fail at this time, although irradiation is continued at
present.

In the irradation experiments by OGL-1 and the gas swept cap-~
sules, followings are evident:

(1) The release of the gaseous fission products from the small
size coated particles(74FCl and 74UCl) are fairly large
compared to the large size coated aprticles(760PC3 and 75FPC4A)

due to difference of the contamination at the outermost PyC
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layer.

(2) In OGL-1, the release gradually decrease with time from
begining of irradiation.

(3} The release gfeatly depends on the contamination in the

matrix of the compacts in OGL-1 fuel specimens.

3.2.3 Migration of solid fission products within/from coated

particles

Migration of 137Cs and 90

Sr within the coated particles irradi-
ated in JMTR were studied by measuring the concentration distribu-
tions in each coating layer. Coating layers were stepwise removed

by the following methods; one irradiated TRISO particle was dipped

in HN°3'K2CI2°7 at 140°C for about 10 min. on each solution step to
remove the cutermost PyC layer, and after removal of the layer, the
particle was transferred into KOH—Na2C03 at 800°C to remove the SiC
layer. According to the diffusion coefficients of Sr in Sic[ig],
the temperature, 800°C, for disolution of the SiC layer affects sca-
rcely the concentration distribution in the SiC. After the removal
of the SiC layer, the particles were again transferred into HNO3—
K2Cr207 to remove the inner PyC laver. During the solution of the
inner PyC, most of the particles were broken due to the inner pres-
sure of CO and the gaseous fission products. Fig. 32 shows the
typical X-ray microradiographs of the coated particles at several
steps of the removal process. Variation of the layer thickness was

measured by the X-ray microradiography and the typical result is

shown in Fig. 33.
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137Cs and 908r

Measurements of the concentration profiles of
were made in the coated particles irradiated under several different
conditions as listed in Table 6. Results of the concentration
profiles of these fission products are shown in Pig. 34(a and b}.

In the figure, the layer thickness is based on the interface between
the outer PyC and the SiC layers due to the different dimensions of
the particles. It is seen in Fig. 34(a) that 137Cs concentration

is minimum at the interface of the outer PyC and the SiC layers; all
of the concentration profiles in the outermost PyC rise toward the
surface of ﬁhe particles and those in the SiC layér toward the inside.

As seen in Fig. 34(b), on the other hand, the concentration
profiles of 908r are relatively flat through the outermost PyC layer,
but two features on the concentration are clear in this layer. The
coated particles showing the high concentration(halo—z) in the layer
were irradiated atlhigh temperature above 1400°C and those showing

5

the low concentration(~10 ~) at low temperature such as 1140°C,

although Sample 1-B is stepwise annealed from 1200° to 1800°C after

irradiation.

Difference in the behaviors of l37Cs and 905r in the SiC layer

is not distinguished in these profiles. Although the concentration
908

of137Cs in the 8iC layer of Sample 2 is low compared to that of r,
this would be due to the low concentration in the inner PyC layer.
Comparing the profiles of Sample 2 and others, it is seen that the
gradient of the profile of both of the fission products is affected by
the density of the SiC layer; the gradient of Sample 2 which has the
low density SiC layer(Table 6), is gentle, while the others are steep.

Releases of both of the fission products by stepwise annealing

from 1200° to 1800°C are shown in Fig. 35. In the figure, 908r

_2 2,__
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fractional release is above one order of magnitude higher than that

137

of Cs at every temperature tested. Although the fractional

release of 905r increases rapidly at 1800°C, probably, due to the

release from the kernel, that of 137Cs dose not show this behavior.

l37Cs in the SiC layer

{51,

This imply that the diffusion coefficient of

908r

is smaller than that of . According to the review by Zoller

the diffusion coefficients of Sr in LTI-PyC is about three orders of
magnitude larger than that of 137Cs at 1400°C, and therefore, consi-
dering the above release behaviors, it would be suggested that Sx
release from TRISO coated particles is predominantly controlled by
the SiC layer as already reported[21], but that of Cs}by the PyC
layer as well as the SiC layer.
From the study of Cs and Sr migrations in the coated particles,
followings are found:
(1) At the outermost PyC layer of irradiated particles, Cs concen-
tration increases toward the surface.
(2) Gradient of the profile in the SiC layer is affected by the
density of the SiC; low desity SiC makes the gentle gradient.
(3) From the profiles in the SiC layer, difference of the diff-
usions of Cs and Sr is not distinguished clearly.
From the measurements of the release, it is suggested that the

release of Cs is controlled also by the PyC layers as well

as the S8iC layer in TRISO particles.
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4. Summary

Irradiation performances and their principal results concern-
ing to the coated particle LEU fuels were described. JAERI'S
irradiation-experiments for development of VHTR fuels were made in
use of JMTR and JRR-2. In JM@R, the closed capsules, the gas
swept capsules and OGL-1 were available to test the coated particle
fuel under irradiation.

With regard to the irradiation results on the kernels, the
typical features such as the kernel shrinkage, the kernel migration,
the kernel viscous flow into the cracked buffer layer and the preci-
pitation of the solid fission products at the ncodal peoints of the
grain boundaries were observed.

OPTAF of PyC layers of the irradiated TRISO particles were
measured and it was found that OPTAF wvalues increased with fast
neutron fluence and irradiation temperature. Also, concerning to
the effects of the anisotropy on PyC stability, it was found that
anisotropy factor (BAF)} was desirable to be less than 1.04 because

of the residual stress.

Crushing strength of unirradiated and irradiated coated par-
ticles was measured. The results showed that both of the layer
and the kernel crushing strength decreased up to about 50 % with
increase of fast neutron fluence to lxlO21 n/cmz(E:>0.18 MeV) and
burnup to 2 $FIMA.

Diffusion coefficients of the fission prodcuts in the slightly
irradiated SiC were obtained by measuring the releases and the con-
centration distributions in the SiC laver. Xe diffusion coefficients

obtained by the releases from the recoiled SiC powder and from SiC

coated particles are the same together. The coefficients of the
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solid fission products such as 895r, 140Ba, 141Ce and l03Ru were

obtained by the concentration distributions in the layer and the
releases from the SiC coated particles.

The release results of the gaseous fission products from
TRISO coated particle fuels obtained in OGL-1 and the gas-swept
capsules are presented. Then, the failure fractions were tenta-
tively calculated from the releases obtained in the gas-swept

capsules.

137Cs and 908r in the

The concentration distributions of
irradiated TRISO coated particles were measured. It was found
that Cs concentration distributions showed the steep gradient
toward the surface in the outermost PyC layer. It was shown that
the Cs release from the TRISO particle was remarkably less than the

Sr release, probably, due to the lower diffusion coefficient of Cs

in the PyC than Sr.
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Table 1 Fuel specifications by First Conceptional Design
Enrichment 2, 4, 6
Kernel Material UO2
Diameter { um ) €00
lst layer (buff. PyC) 60
Coated Coating thickness and layer (PYC) 30
particle { um } 3rd layer (SiC) 25
4th layer (PyC) 45
Particle diam. ( um ) 920
Quter diam. 36
Fuel Dimension (mm) Inner diam. 13
compact Length 36
Particle loading (v/o} 30
Graphite sleeve Outer d?am. 46.0
Fuel dimension (mm) Inner diam. 36.2
pin Length 355
Number of compacts 15
Fuel Graphite block Across-flat diam. 299
block dimension (mm) Height 570
Number of fuel pin 12
Table 2 Main Specifications of the 0GL-1 Gas Loop
Primary Coolant
Gas Helium
Pressure 35 kg/cm2G {Max.)
Temperature 1000°C {Max.)
Flow 100 g/sec {Max.)
Neutron Flux
Fast 9x1012 nv (>1 Mev)
Thermal 6x1013% ny (<0.625 ev)
Nuclear Heat Genaration of Specimen | 135 kW (Max.)
Size of Specimen 80mmeox750mm!  (Max. )
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Tablie 3 Uranium contamination in the fuels for 2nd and 3rd OGL-1 experiments
Fuels for 2nd experiment Fuels for 3rd experiment
Uarnium ' Contamination Fraction Contamination Fraction
contamination
Surface contamina-
tion of coated -6 -6
particles 2.0 3.2x10 2.3 3:Ex10
(ug/y particles)
Leaching 10 5
Solution of
disintegra~ 1825 13
Compa- tion - R —
cts Graphite
POWdQEH 86 10
Total 1921 9x10™° 28 2x10”8
(ng/ a compact)

Characteristics of the samples in the gas swept capsules and OGL-1

Table 4
Irradiation experiment T4F-9J T5F-4A 2nd OGL-1 3rd OGL-~1
Sample 74FCl 74UC1 75FPC4A 76FPCIL 760PC3 Compacts Compacts
—_— [P P _— P —
Ihialte.::i.eﬂ. _UEZ 002 UD2 UO2 UO2 UO2 UO2
Kernel| Enrichment (%) 8 8 4 4 12 12 20
Mean diam. {pm} 493 495 617 602 599 581-603 592
Coating type TRISO TRISO TRISO TRIS0 TRISO TRISO TRISO
Mean particle diam. gpm) 765 790 911 590 895 886~B95 898
Quter diam. (um] L 1 24 36
Comp- | Inner diam. (um) B8 18
acts| Length (}Jm) 36 3%
Uranium content
in a sample (9} 6.6 6.2 10.5 10. 10.5 737 429
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Table 5 Main parameters used for FECUND code

74FC1
Sample iy 760PC3

Uranium contami-
nation in outer
PyC layer 1.1x10"" 11077
{ g uranium in PyC/

g uranium in Kernel)

Radius of kernels (um) 247 299
Buffer PyC 43 59
Th?;g?ess Tnner PyC 32 30
sic 28 26
Cuter PyC 42 45
vo, D = 3x10 Zexp (~264x107/RT)
Buffer PyC D = 1x10” exp(~42x10°/RT)
Diffusion | rher Pyc D = 2.9x10 2exp(-255%10°/RT)
coeffici- -4 3
ents Quter PyC D = 2.9x10 “exp{~255x107/RT)

(cmz/sec)

R = §.314 J/°K

Table 6 Characterization and irradiation conditions of coated particles

Aa) a)| al)
Sampie 1- Sample 1-B 'jSample 1-C 'Sample 2
Kernel: Materia U0, U, U0, U0,
2357 enrichment {% 20 20 20 3
Buffer PyC: Density (g/em™) 1.21 121 1.21 1.18
Thickrness {u) - 43 43 43 39
Inner PyC:  Density fg/em®) 1.76 1.76 76 1.80
Thickness (1) 34 14 34 26
SiC: Density {gfem} 319 3.19 3.19 i 3.15
Thickness () 8.7 3.0 296 : 33.7
§
i
Outer PyC:  Density (g/em>) 1.76 1.76 1.76 1.9
Thickness fu)® 413 39.2 44.5 P2
;
[rradiation condition T
Temperature (o) mean 140 (11701100} 15601495 14601200
Time fdays) 0.3 2.1 12.1
Fuel burn up (% FIMA) ©2.02 0.7 0.3
Fast neutron dose
(nfem?, £ > 1.0 MeV) 5x 101° 6 x 1018 4x 101%
Reactor IMTR JRR-2 IRR-2

3 Tzken from same batch of coating operation.
) Measured for individual particle by X-ray microradiography.

_,3 {)V
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O Capsule for coated particles

@® Capsule for fuel compacts

$ 0GL=1 fuel

© Gas-swept capsule for coated parcicles

® Gas-swept capsule for fuel compacts

Max. designed value
(nominal max.

1350°C)

76F-6A

- 1290-1000°C L
( ) 72F-8A

®
2nd fuel o 75F ~BA

N (max. 1400°

< (1600-1120°C) |

72F-BA
Py (max. 1450°C}

(max. 1500°C)

(max. 1370°C) 75F-4A C)(max. 1400°C)

Tst & 3rd fuels 4th fuel
A (]
j/(max_ 1320°C) 450y <>k(;5//‘(max. 1350°C)

e 71F-7A(1180-1040°C) &

O

{max. 1600°C})

®
72F-9A

O
73F-13A

{1150-900°C)

@]
73F-12A
{(max. 1860°C)

74F-1A(1140-880°C )
|

0 1.0 2.0

Burnup

3.0
(7 FIMA )

4.0

Fig. 1 Irradiation experiments in JMTR |
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Fig. 3 CGL-1 fuel specimen.
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OGL -1 T5LF-15J HERT BHALANCE (1)
O EVPERIMENTAL 152" 3.13. 9:Q0)
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Fig. 4 Temperature distributions along axial directions

calculated and measured in OGL-1 fuel specimen.
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Fig. 7 Kernel shrinkage observed Fig. 8 Typical example of the kernel
frequently in the particles migration in the particle lrrad-
with low density kernels(20%TD). iated by Capsule 73F-12A.

2 2
(2 sFIMA, 1170-790°C, 1x10°% n/cm
{E>0.18MeV) of fast neutron fluence)

Fig. 9 Kernel viscous flow in the particles irradiated upto

1.9 $FTMA at 1190-1070°C{left) and upto 3.0 %FIMA at
1500-1000°C(right).




PSR

{ JAERI-M 2071

Fig. 10 Fission-product precipitation at the grain boundaries of

the kernels. [ upto 2 %FIMA at 1240-1120°C(left) and upto

; 3 sFIMA at 1500-1000°C].

Fig. 11 X-ray microradiograph showing fission-product segregation

{darkness at the buffer layer). The particles were irradiated

upto 2.5 %FIMA, lq4x1021 n/cmz(E'>O.18MeV) at 1370-1230°C.
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Radially cracked outer PyC layer (BAF 1.26) and crack-free

PyC layer (BAF 1.03}. The cracks were formed during polishing

in PIE. The former particles were irradiated to 0..9}{102111/cm2
2

at 1100°C and the latter, 0.7x10 1 n/crn2 (E 0.18MeV) of fast

neutron fluence at 1000°C.

x10%
{.5
|
l
2 i
= I
E i 2 PyC with residual stress
- Oé {Region where cracks are formed by polishing)
Q {
A l
- 1.0 4
by ba
& |
— Ay A
@© O 0}
g 0.73 —X TIrrag. Temp. G00-1333°C .
‘ L)
o8] I L 26.2 -T79A
3 o0 \ ¢
— N Cracked PyC | Crack free FyC
~ & &H Prepared in 1972
5 0.3 SO P 0 Prepared in 1373
] 3
=
D .
== .
45 0. 25 PyC without residual stress . v
o (Region where cracks are not e P
e —
L formed by polishing} L
LN l [ : A
1.O 1.05 1.1 ii5 .2 1.25 i.3
BAF

Influence of BAF at the outer PyC layer on the layer stability

by irradiation.




JAERI-M 9071

8
3|\
7 =
£
E o
6 s B \
o
X ° £ 5 \
o 4 § 2
2 z g T\
K 2 ¥
3 g E
“ N 1]
's]
2 =1 L0
AN
L P =
1

O 100 200 300 400 500 600 700 800
Deflection (um)

Fig. 16 Load-deflection curve of irradiated coated particle.

M9.5—T—1 T 7
: Before irad. ///

9 . After irrad. -
(800°C, 1.5%FIMA) od .
C | After irrad. / .
a0t (1300°C, 2.5%FIMA) x b
b

80
70
60
50
401

- B

20

10+

Cumulative failure (%)

w
T 1

0.7 1.0 ol 3.0 4.0
Crushing load (kg)

Fig. 17 Weibull plots of unirradiated and irradiated particles.



JAERI-M 9071

Fuel biurnup (% FIMA)

35 2 3

7.0

\\\ 6.0

3.0

(Kg)

/,l
4
load of kernels

2.0 \ 14.0
\N\\\O .
\
)
by

Crushing load of layers (Kg)

o
1.0 2.0 ¢c
Layers | Kernel -g
O A I73FCH ot
—— @ A [7T2FC! O

0 0]

0 0.5 1.0 {.5 1.8 o4
x10

Fast neutron fluence (cnm2E>QiI8MeV)

Fig. 18 Variation of crushing load with irradiation conditions.

i4 O.Nﬁ



Fractional releases below 1399°C

JAERI-M 9071

i Jyf
1.0!162'— — 1‘0116'
1657C
l/
/399°c
1344°C
5.01153— B O =] 501]02

/‘igs‘s"c - s
Wﬂ?b"% 1073 C

z.0
11995C oa—"
e
1449°C
144°C J
100 150
. 1/2
Sguare root of time (sec )
, 133
Fig. 19 Fractional releases of Xe
under stepwise heating.
2
1.0 T | T 4.0x10
[
™
[Ty
I~
s 1753°C 430 &
= [4) Ly
< 00 w
<
2 ~
[
= =
- Q
= 05 20 o
v o E
b 1465°C w
o
] —
f 4 410 &
= . 2 2
g g 1600°C 8
pey ogﬁ L
S ologPu o7 | ! 0
&0 50 100 150 200
!
Square voot of time (sec¥)
. , 133
Fig. 20 Fractional releases of Xe

under isothermal heating.

Fractional releases above 1449°C



JAERI-M 9071

DTS UT S3UDTOTIFo00

UoTsSniyTp mxmmH Fo oduspuadsp simyexadusy ze bta
JUNLYYIdWIAL 40 TVI0Ud133Y
H 01X Axo\_v
'8 oL 09 oG o) -]
] 1 I m—IO—
5 Tudt
3 g el
i g
° o
ISIO—
] ——
\ g
[ / e
S >
(1) 434 ‘uoisn mw
L =44Lp Auepunog jo g -.— 401 —
\ o=
(21) " 42y N
JLS UL uoques 4o G --- /f
i (21)" 424 o// 109!
JLS UL UDDLiLs 4O 4 / y
\
| sa|oLgued \
PalROc JLS Wodd Q O ,LO_D_
43pmod LS woul m_ y

0021 00%1 005 008005z~ 60"
(Do) FYNLVY¥IdWI|

00GT

(oes/

ZWP) SIUBIDLIFIVOO UOTSNIITP SvsdYIUTed

UT sdoqunu pug ‘uUoTIBINITED JO S]TNSal 2IBITPUT SSUT] PTIOS

'$310T3aEd T6NI PaleOD IIS WOIF Y

£ET

30 85BAIAI TBUOILDEI]

(44) swy Bunrcsuuy

08 oS 0
i i _ T W 1 T Igﬂloﬁxm
g / -
v
(0IXZ°2)v e ]
"2 omw\ /-
0,064} v o
=3
=
| -
- @
4]
= (@]
“I wn
[44]
"(,0IXZP) . n
- 3,008} . -
i \w_o; 97) ]
- 0581
. ] | i 0 v
n|

12 brag

-t 2



. AERI-M 9071

‘uoT1BINOTED BUTITTF IS9G JOo sITnSal JuTIeOTPUT

'uoTIBINOTED BUTIITI 188 FO SITNSSI BUTIBDTPUT SUTT pPITOS 9ATIN0dSal JABAU UMOYS S4B W3 S1E pus aInzeradwol

AUTT PITOS 2ATIDadSaa IBAU UMOYS SJE BWI1 $1T Pue sinjevledusl

SurTesuue fxefel DIS SYI UL IS 2 JC SUOTINGTIISTP UOTIBRIIUSDUOT ¢p “BTH

6
Burreeuur {xsAB] OIS 8yl Ul «.&moH 30 SUCTINGTIISTP UCTIBAUIUOD 7 -fFrg Aig SSaOIY} L@%U_ 318
(71} ssausdiys Joho] DIg o) 0} oz
0 Ol oc cE 84
Ol T T T v n-O—
g
O
S 3
5
O ®
o >
- -
w. E 1 ..l.u. ID...
2.0 uo9 20 o 3
- 30041 - 3 =
I o 9
u.owmvmnw ] :_ﬁm 3
e~ i som Nlo w. m-
0641 " . -
O &’
z a
o
- ~
o O
» H
2 3
-~ | L
w -—
T i
SRS ]
oixG ny Joixs
I ol kE _ I3 L £01;3 TO_
° 900}ING — ©

4 Oixg
Ses i

. Ol
35D4INS—» 0

—4 3 —



*ATeATioadsax ‘juswigedxe Syl 03 UOIIBRINDTED SUTIITI 359q

PUE STSATBUER UCTINGTIISTIp UT pouTE3qo sisisweaed Suisn uorjrendTed

‘jusuwriedxs JO SIINSSI SIBDIPUT SSUTT ULYOJd PUE PITOS ‘pazlop

.x~m>«pummwwu ‘juswiradxe oyl 031 uoTieIndTes BUT31t3 2529

PUE STSATBUE UOTINGIIISTP UT PauTe1qo sislsweled SuIsn uoTiTenaies
fluswiIedxe JO STINSII 9IWDTPUT SHUTT uajoIgq pue prios *‘peilop
fowrl BUTTESUUE SNSIAA MY

. pue muH _ 3O SOSES[AI [BUOTIDEL{ 97 *BTg

20 v

7_5 awly mc__cucc.q |

08 oS O
LOF ol

—t - nl

M o -
1 i -1 M
po = ] o
[a ] @] N - O
= O - - —
< = OIF 4 0l =
o ¢ v 8
= o
=] L . =N
3 I 1 o
& [ ] )
r ] ot
mw o . w
& OIf Jor @
o ¥ = Q

“h - -
s | 1 s
o " A O
o) -9 ] )
C . 3 —
—~ oIf Jo L

— I- 2

oIixe
2i=

ofe

*.l
.
O
’J —
J p—

3 ps

S o
o LOlF
~ o
® |}
[q] -
D p—
4 =
OlF

o -

} e
o N
o e
\Hr nmu_ =

‘oury BUITESUUE $NSIBA IS g PuE

6 0

(4y) swiy Bunpsuuy

ITTR R | [FETON I [ITIER NN | Llerit i1 g

ki i i 1

o1 3° gasesa]al TRUOT3IDRIY GZ ~DTJA

20!
0!

.y
o
o
=1
S
.vmuw a
-
®
)
o
o} ®
£ o
—rry

ﬂ.

o
(3
Q

00
I




JAERI-M 9071

"SIUITITIFO0D UOTSDIFTP T . PUE )

¢ T

(M, /1) anjniaduwa} Jo 10o0JdiDay
LOeg oS | SP
XL
- ol

Lyt i1

Q

g

(995 /,W2) JUBI31§4302 UOISNIIQ

_ _ m oixe
OON. OOm_ Oom*o_-

(D,) ®snipJaduia]

"I9ABT OIS oyl Ul

SIUBTOTIS0D UCISNIIIP IS PUE BY jo ssouspuadep samyeladws] L7 D14

1 Jo sedcuspuadep sanjeradwd] g7 “HBTJ

1 4

68 ort

(D,) 24nynsodwal 4o (0o0IdIDBY
01X |
es o_m _sv,

2l-
-/

u.....im:/ﬂ

ITAS NI}

ILLARE SN

o
D U
3 N~ A m |
HI.IO/ o i m -
- ] !
i & Tl 8
=
I M 1 o
8 - _ &
H (1) 0m urd Ve Y 1 3
W o 1o0ia
| ospa|as Aq *Sep ¢ e 3
L| paipinojpd og,,, © - .Vz
- uolD4 : . @
C| -4uesuoo Aq Aﬂ_wao..o,.l . o
Ll paibinojod omo:..o..l . ~—
i d 01}

[ L B ] I
00Z} 008 006} 8-
(D,) ®Jnjpladuis]




sanjersdws] jo tesoxdIsex yzTs (8/49) X} 30 uot3yeTIEp

cAERI-M 5071

14

{,_Mo) 3uNiBURdUR] jO |ed0J4dLiday
ox L
0oL 06 0°8 G4 0°9 0%
T 1 i R
13d49¢
£2409¢
Lxmm <
Pugg ¥
Longs
L2dt¢
5
I I i J 1 ] t 1
008 0oc L 0odlL 0ovlL 0091

(3o) e4miedadwa)

(sauswrtxadxs T-I00 pue sa[nsdes jdoms seH)

0€ °bra .
sseaTax seb g4 yo souspuadap SWTL 6z "brta
{ 4y ) Bwil uorjeipead]
x50 0091 00% | 0021 0001 008 009 oot 002 ]
01-0t T T T 1 T T T T T T T 7T 5,01
0t-0t
{dx> puz 1-190 404 SAL2L3484* 0,002 “dWIT - pedd])Eddoas 1 -0t
—0-0—~0—2
6-01 (s 0S8 v
008" dudY “peUdl}ypdddSL % v __ 7 . 2 o
v - A TtV g
<
=3
i h-opmw
< i
w !
mro_. V\_ ™ -
> (260581 *dway *xew)3uswisadxe puz |-7150 Aﬂ
...umr OOl o—o Q aQ 5 ..;ro...o\k\\ @
@ . v 4 4.0l &
— 0 L o B z
Pl ~
(9:006-008°8udY *PRASI)IINYL __ g Gemmmmgg™ Vo 3
e — -
(0-0021-00LL "duey ~peadl) 104pf ___ Sem”
— m-o_
{3,0£e1 ~dway “xep}iuauwlaadxs pag [-790
T
O O.. -0
g-0l e
-
S,
c-o_
m-o_
i ! | ] 1 i L H i | 1 ] 0L




JAERI-M 9071

10-3 | . | | | I/_gl
- : . I . ' ".. ’ . = -3
: _ f,=1.5x10
-4 (o] — _1
10 '~ //
fb=2.7x10'4--(/
‘ —
 Max.(R/B) o5y from 74FCY and 74UC1 /o Fortax0
1079+ -
o A .
= s A A * e
g’z SE ol T F0
L ST
[ S N _ L
gl . B [7ac L .
10 . L 1
e e e e T i0;
@ L
wvy
b
@ Max'(R/B)recoil from 760PC3(assumed)
=
E -7 - -1
a0
= 10
",Q fy
1077 0o ©8 (760PC3] .
fb " failure fraction
10_9 | | | 1 I | | |
800 1606 1200 1400 1600
Irradiation temperature { °C )
Fig. 31 Temperature dependerice of FP gas release and estimation

of the failure fraction of coated particles.



Fig.

Fig.

33

JAERI-M 9071

32
layer thickness; numbers in photos are identical to those
in Fig. 33.
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