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In current high temperature gas-cooled reactors (HTGRs), Tri-isotropic coated fuel
particles are employed as fuel. In safety design of the HTGR fuels, it is important to retain
fission products within particles so that their release to primary coolant does not exceed an
acceptable level. From this point of view, the basic design criteria for the fuel are to minimize
the failure fraction of as-fabricated fuel coating layers and to prevent significant additional fuel
failures during operation. This report attempts to model fuel behavior in irradiation tests using
the UK. codes STRESS3 and STAPLE. Test results in 91F-1A and HRB-22 capsules
irradiation tests, which were carried out at the Japan Materials Testing Reactor of JAERI and at
the High Flux Isotope Reactor of Oak Ridge National Laboratory, respectively, were employed
in the calculation. The maximum burnup and fast neutron fluence were about 10%FIMA and 3
X 10® m?, respectively. The fuel for the irradiation tests was called high burnup fuel, whose
target burnup and fast neutron fluence were higher than those of the first-loading fuel of the
High Temperature Engineering Test Reactor. The calculation results demonstrated that if only
mean fracture stress values of PyC and SiC are used in the calculation it is not possible to
predict any particle failures, by which is meant when all three load bearing layers have failed.
By contrast, when statistical variations in the fracture stresses and particle specifications are
taken into account, as is done in the STAPLE code, failures can be predicted. In the HRB-22
irradiation test, it was concluded that the first two particles which had failed were defective in
some way, but that the third and fourth failures can be accounted for by the pressure vessel
model. In the 91F-1A irradiation test, the result showed that 1 or 2 particles had failed towards
the end of irradiation in the upper capsule and no particles failed in the lower capsule.
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1. INTRODUCTION

In current high temperature gas-cooled reactors (HTGRs), Tri-isotropic (TRISO)-coated
fuel particles are employed as fuel. The TRISO coatings consist of a low-density, porous
pyrolytic carbon (PyC) buffer layer adjacent to the spherical fuel kernel, followed by an
isotropic PyC layer (inner PyC; IPyC), a silicon carbide (SiC) layer and a final PyC (outer PyC;
OPyC) layer as shown in Fig. 1. In safety design of the HTGR fuels, it is important to retain
fission products within particles so that their release to primary coolant does not exceed an
acceptable level. From this point of view, the basic design criteria for the fuel are to minimize
the failure fraction of as-fabricated fuel coating layers and to prevent significant additional fuel
failures during operation"?.

This report attempts to model additional failures in the two capsules using the U.K.
codes STRESS3 and STAPLE®. STRESS3 code calculates stresses in all the layers of a
specific particle design over the course of its irradiation, and, if appropriate, models the failure
of layers when stresses in them exceed their fracture stresses. By contrast, STAPLE code is a
statistical model. It performs many STRESS3 runs on particles selected randomly in
accordance with their manufacturing variability and the variability in the failure stresses of each
layer.

The calculations were carried out for 91F-1A and HRB-22 capsule irradiation tests.
The fuel for the irradiation tests were called high burnup fuel, whose target burnup and fast
neutron fluence were higher than those of the first-loading fuel of the High Temperature
Engineering Test Reactor (HTTR). In order to keep fuel integrity up to high burnup over 5%
FIMA (% fission per initial metallic atom), thickness of buffer and SiC layers of fuel particle
were increased”. The fuel compacts were irradiated in the 91F-1A and HRB-22 capsules at
the Japan Materials Testing Reactor JMTR) of JAERI, and at the High Flux Isotope Reactor
(HFIR) of Oak Ridge National Laboratory (ORNL), respectively. During the irradiation tests,
additional through-coatings failures of coated fuel particles were observed®. The pressure
vessel failure model developed by JAERI was applied to account for these failures™®.
However, since the model predicted that the SiC layer always remained under compression
throughout the course of the irradiation it was unable to account for these failures. In view of
this conclusion it was proposed that particle coatings could completely fail if the SiC layer
became defected during manufacture since evidence was presented which suggested that under
these circumstances the PyC layers of a small fraction of the particles could fail during the

irradiation.
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2. ANALYTICAL MODEL

STRESS3 code evaluates the stresses and strains of coating layers in a sequence of
consecutive neutron dose steps. The failure and de-bonding of the layers can be modeled, and
irradiation simulated until all the layers (not just the SiC layer) have failed. Virtually all
material properties can be specified as varying with the neutron dose and realistic irradiation
histories, including shut downs, can be handled. Stresses on the coating layers due to kernel -
buffer mechanical interactions as well as those due to internal gas pressure can be dealt with.
Moreover, any combination of layers, up to a maximum of 6 can be modeled. After each
neutron dose step, information relating to the tangential stress and creep strain in each layer, the
radial stress between layers and, if de-bonding has occurred, the gap size between the two is
quoted. In addition, values of the internal void and gas pressure and also the change in

diameter of the whole particle are printed.

2.1 Principal Features

(1) Evaluates stresses and strains in a sequence of consecutive finite time steps. Values are
known at the beginning of the step. Values of stress and strain changes, Ac and Ae,
over each time step are calculated.

(2) A differential equation in, essentially, A¢ (actually change of displacement, Au) for each
layer is set up and solved, using a stable, accurate method, plus the imposition of
appropriate boundary conditions between the layers.

(3) Calculation of gas pressure and void is performed iteratively (Of especial importance if
the SiC layer has failed).

(4) Spherical symmetry is assumed - but not believed to be a fundamental limitation.

2.2 Features of the Code
(1) Virtually all material properties can be defined as functions of the neutron dose.
(2) All known factors affecting particle endurance are incorporated.
(3) Realistic irradiation histories can be specified.
(4) The calculation does not have to rely on the assumption that the SiC layer is rigid.
(5) Kemel - buffer mechanical interactions can be modeled.
(6) Failure criteria for each of the layers can be specified.
(7) Possible de-bonding of the layers can be modeled.
(8) Irradiation can be modeled until all the layers (not just the SiC layer) have failed.
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(9) Any combination of layers (currently up to a maximum of 6) can be modeled.
(10) The output after each time step includes information on:
- Tangential stress and creep strain in each layer.
- Radial stress between layers and, if de-bonding has occurred the size of gap
between the two.
- Internal void and gas pressure.
- The change in diameter of the whole particle.

- Report of whenever layers fail, or de-bonding occurs.

2.3 Outline of Mathematical Basis of STRESS3?”

During the current time step changes in stresses and strains Ac and A€ are required. The

change in strain during this neutron dose step is given by as follows.

3 1 1
Ag = X [Elonm +Klm(cm +5Aom )A¢+Clm(om +5Acm ]At]

m=1

elastic irradiation creep thermal creep

+T,A8 +G,Ad +Z/A7 )

thermal expansion irradiation induced  thermally induced

dimensional change  dimensional change

The relation between radial displacements, u, and the tangential and radial strain at a radial co-

ordinate x is

Au dAu
Agy =—; Agy=——. )
X dx
The equation of equilibrium is
1 dAc
AG, = A0, +—x—2 3
1 3t ik (3)
Eliminating A€, Ag,, Ao, and Ao; gives a differential equation in Au.
2
dA
ML L 2yAu=2(5+EK, @)

> X

dx dx
where ¥, 8, £ are expressions derived from the material properties and other variables. 7y and
& are constants, whereas & is a function of x since it depends on the known stresses at the start of

the step.
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The solution, which includes a complementary function and a particular integral, contains

two constants of integration, which are defined by the boundary conditions between the layers.

2.4 Modeling the Failure of a Layer

If the fracture stress is exceeded at the end of a step, a number of pseudo-time steps are
introduced which involve (thermal) creep relaxation until the tangential stress becomes
essentially zero. During subsequent steps tangential elastic compliance constants (E}; and E;,)

are set extremely high to ensure tangential stresses in the layer remain low.

2.5 Calculation of Gas Pressure
The voidage within which those regions of the particle into which gas can permeate is
calculated. This includes the open porosity in the kernel and all the porosity in the buffer,
since this is assumed to be open and so can be occupied by gas.
The amount of gas created by fission, namely Xe, Kr, CO and CO, is evaluated and the
gas pressure then calculated using an appropriate equation of state. This calculation must be

performed iteratively because gas pressure and voidage are inter-related.

2.6 Statistical Evaluation

STRESS3 code is a useful tool for calculating the values of many variables relating to a
particle with a specific design over the course of its irradiation. However, in addition, one is
also concerned with the irradiation of a batch of particles, each of which does not possess a set
of identical specifications, in particular in knowing what fraction has failed after a specific
burnup. The computer code STAPLE (STAtistics of Particle LifE) is able to provide such
information. It selects particles randomly with specifications that are in keeping with their
manufacturing tolerances, performs on each a STRESS3 run in order to determine the burnup at
which failure occurs and then stores this value. The following parameters can be assumed to
be normally distributed and their 16 standard deviation specified.

- kernel diameter

- thickness of each coating layer

- open porosity in the kernel and coating layers

- closed porosity in the kernel

In addition, the fracture stresses of any of the layers can be made to obey Weibull statistics.



JAERI—Research 2001—033

3. IRRADIATION DATA FOR ANALYSIS

The fabricated high burnup fuel compacts were irradiated in two capsules, 91F-1A
capsule and HRB-22 capsule. The irradiation and post-irradiation examination were
independently carried out. The 91F-1A capsule and the HRB-22 capsule were irradiated at
JMTR in JAERI and at HFIR in ORNL“*'. The measured dimensions, including their

deviation, of the irradiated coated fuel particles are shown in Table 1.

3.1  Capsule Design

The HRB-22 capsule consisted of a doubly contained, single purge cell with 12 fuel
compacts held in a graphite fuel body. The twelve compacts were enclosed in a fuel body.
Capsule temperatures were adjusted by changing the composition of the sweep gas flowing in
the gap between the graphite fuel body and the inconel pressure vessel. The 91F-1A
irradiation rig consisted of two capsules, upper and lower, which were irradiated and monitored
independently. Each capsule contained two fuel compacts. Temperatures were controlled by
adjusting the gas pressure between the two walls. Burnups and fast neutron fluences for the
fuel compacts are shown in Figs. 2 and 3, respectively. The fuel temperatures were evaluated
based on measured TC temperatures. Time-dependent maximum fuel temperatures are shown
in Fig. 4. The maximum values of twelve fuel compacts are shown for the HRB-22 capsule

irradiation test.

3.2  Fission Gas Release

The release rate-to-birth rate ratio (R/B) is an important measure of the performance of
the coated particle fuel. In the 91F-1A irradiation test, sweep gas was sampled from both inner
capsules independently. The measured (R/B) values were shown in Fig. 5 during HRB-22 and

91F-1A capsule irradiation tests.

3.3  Failure Fraction

The comparison of measured and calculated (R/B)s during the HRB-22 capsule
irradiation test is shown in Fig. 6. At the beginning of irradiation between 0 to 30 EFPD
(Effective Full Power Days), when no additional failure occurred, the fractional release varies in
accordance with change of the fuel temperature. The calculated results give relatively good
agreement with the measured (R/B)s when there were two through-coatings failed particles at

the beginning of irradiation. ~ Since there were 3.2X 10 of the fuel particles in the HRB-22
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capsule, the failure fraction was 6.3 X107 at the beginning of irradiation. The failure fraction

reached to 1.9X10* at the end of irradiation because additional fuel particle failures were
observed at 30.4, 32.6, 59.7 and 83.3 EFPDs (Effective Full Power Days) by the ionization
chamber monitoring during irradiation. In the calculation, the uranium contamination fraction
of 2X 10°® was employed.

Increase of fractional release by the first (30.4 EFPD) and the second (32.6 EFPD)
failures was clearly observed in the measurement, and the calculated fractional releases show
good consistency with the measured data.  On the other hand, since the third and fourth failures
occurred when the fuel temperature decreases, no clear increase of release fraction was
observed.

Figure 7 shows the comparison of measured and calculated (R/B)s during the 91F-1A
capsule irradiation test. It is evaluated that there is no through-coatings failed particle at the
beginning of irradiation, then fission gas is released from matrix contaminated uranium (fraction
is estimated to be 2X10°). At the end of irradiation, the through-coatings failure fraction is
evaluated to be about 5X 10°, which corresponds to O or 1 particle failure in each inner capsule.
The postirradiation examination was also carried out to evaluate failure fraction. The free
uranium fraction of the irradiated fuel compacts was measured by the deconsolidation followed
by the acid leaching on three fuel compacts (two from upper, one from lower). The solution
was analyzed for uranium by fluorometric analysis. The measured values showed that 1 or 2
through-coatings failed particles were present in a upper fuel compact which contained about
5000 coated fuel particles. Other two fuel compacts did not containe the through-coatings
failed particle. The measured free uranium fraction (=(uranium in solution) / (uranium in a

fuel compact)) were about 2~4 X 10
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4. RESULTS AND DISCUSSIONS

4.1  HRB-22 Capsule Irradiation Test

According to the JAERI pressure vessel model, the SiC layer remained under
compression throughout the entire irradiation®. This was indeed confirmed again in the
present analysis. In fact the STRESS3 run was extended to very high burnup and it was found
that stresses in the SiC layer were only tensile when burnup achieved 12%FIMA or higher.
Quite simply, at neutron doses relevant to those of the HRB-22 irradiation, attempted shrinkage
of the PyC layers provides compressive stress components which more than cancel out the
tensile stress component due to the internal gas pressure. The only possible way by which
stresses in the SiC layer can become tensile at neutron doses relevant to the irradiation is if at
least one of the PyC layers has failed first. However this does not seem likely because the
tensile stress in either PyC layer never exceeds 132 MPa throughout the course of the irradiation,
which is well below most, if not all, mean fracture stresses that have been reported for high
density isotropic PyC (But this comment will be modified when the statistics of particle failure
are considered - see below.).

However, in order to investigate whether the premature fracture of one or both PyC
layers could result in the SiC layer becoming sufficiently stressed in tension that its failure
became possible, a sequence of three STRESS3 runs were performed. In the run that was
described above the fracture stress of both PyC layers was set at 400 MPa. In the first of a
sequence of three, the run was repeated but with the IPyC fracture stress lowered to 50 MPa, so
that this layer failed early in life. It was found that stresses in the SiC layer only became
tensile at 6.8%FIMA, rising to 59 MPa at 12%FIMA. In the second run the fracture stress of
just the OPyC layer was lowered to 50 MPa. Stresses in the SiC layer became tensile at a
burnup of 5.8%FIMA, increasing with burnup to 114 MPa at 12%FIMA. For the third run the
fracture stresses of both the IPyC and OPyC layers were lowered to S0 MPa. Because both
PyC layers failed very early in life the SiC layer was in tension over nearly the whole of the
irradiation. Nevertheless, while the stress in the SiC layer rises monotonically with burnup, it
has only attained 90 MPa even at the end of irradiation, rising to 173 MPa at 12%FIMA. It is
concluded therefore that on the basis of our knowledge of the mean fracture stress values of PyC
and silicon carbide it is difficult to predict failure of all the layers. Even if both PyC layers fail
prematurely, the build-up of internal gas pressure at 7%FIMA seems inadequate to stress the
SiC layer sufficiently to cause it to fail, given our current knowledge of the mean fracture stress

of SiC.



JAERI—Research 2001—033

The above discussion is based entirely on mean fracture stress values for the various
layers. It is well known that SiC, being a brittle material, fails in accordance with Weibull
statistics.  There is experimental evidence which indicates that PyC also fails by Weibull

statistics, i.e. that the fraction of layers which have failed, f, when subject to a stress © is given

f=1- exp{— In 2(89‘-] } : (5)

where 6, is the mean fracture stress, corresponding to f=0.5, and m is a constant.

by the relation

Experimental values of o, for both SiC and PyC are quite variable. In the case of SiC
it is known that slow deposition rates, thereby minimizing surface flaws, are able to raise its
value quite substantially. A number of bend test measurements on PyC layers have been
reported, largely by General Atomic workers. However their results are not directly applicable
to whole coating layers. Appropriate ¢ values have been obtained by Bongartz et al.""” who,
for high density isotropic PyC layers have derived values for 6, and m in the ranges 180-220
MPa and 5-7 respectively. A review of all this data may be found in Ref. 12.

Given these observations, it would appear reasonable to assume that 6,=200 MPa for all
three load bearing layers and to choose values for m ranging between 5 and 7.  Figure 8 shows
failure probabilities relating to m values of 5, 6, 7 and a ¢, value of 200 MPa. 1t is evident that
at a stress of 50 MPa failure fractions in the region of 10 to 10 occur, which is comparable to
the fraction actually observed.

The code STAPLE was then run with all the variations in dimensions of the particle that
were listed in Table 1, together with the Weibull failure statistics. For each of the three cases
considered, with m values of 5, 6, and 7 respectively, 32,000 runs of STRESS3, corresponding
to the number of fuelled particles contained in the compacts, were performed. The number of
failed particles as a function of burnup at values for which particles begin to fail is shown in Fig.
9. This shows that in the case of m=>5 the first four failures occur at burnup of 6.125, 6.625
and 7.375%FIMA (2). When m=6 the corresponding values are 6.125, 7.375, 8.125 and
8.375%FIMA, while for m=7 they are 6.375, 8.125 (2) and 8.375%FIMA. Clearly when these
results are compared with the experimental values the m=>5 results provide the best agreement
and these will be discussed below.

The STAPLE results have shown that by the time that 7% burnup has been reached four
particles have very nearly failed. Clearly better agreement could be attained by fine tuning the

value of m, and possibly also 6,, but this is hardly necessary.
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However the shortcoming of this correlation is it ignores the fact that two of the failures
occurred after about 30 EFPDs, when burnup were in the region of around 2.6%FIMA. It
would appear that if we assume that all particles matched their specifications then it is not
possible, on the basis of a pressure vessel model, to account for these two failures. If these are
ignored, then the third and fourth particles which failed at 59.7 and 83.3 EFPDs may be
correlated with the first two failures of the STAPLE run at 6.125 and 6.625%FIMA.

The only explanation remaining for the first two failures would appear to assume that in
some way these particles were defective. The suggestion that they possessed defective silicon
carbide layers made in Ref. 4 is one possible explanation for these failures. The difficulty is
that we do not know either the number of such particles nor the exact details of the defects,
which would be necessary if they were to be modeled.

One way forward, had this been a possibility, would have been to continue the
irradiation and observe the rise in the number of failed particles with burnup. Presumably the
failures due to defective particles would form a tail at low burnup before the build-up in the
number failed due to pressure vessel failure of normal particles takes place, as the burnup
increases.

It is concluded that the first two particles which failed were defective in some way but

that the third and fourth failures can be accounted for by the pressure vessel model.

4.2  91F-1A Capsule Irradiation Test
1) Upper Capsule Results

Initially a sequence of STRESS3 runs were performed. The first employed reasonably
high fracture stresses for each of the three load bearing layers (IPyC, SiC and OPyC), namely
400MPa. These results indicated that up to 8%FIMA, stresses in the SiC were always
compressive, and that neither of the PyC layers had failed. Clearly, therefore, if failure of all
three load bearing layers is to be modeled, one or both PyC layers must fracture first.
Accordingly, three further STRESS3 runs in which, by setting the fracture stress of a PyC layer
equal to 50 MPa, it was made to fail early in life. It was found that if the IPyC layer were
made to fail prematurely the stress in the SiC layer at 8%FIMA was now tensile, but with a
value of only 25 MPa. When the OPyC layer was made to fail, the corresponding stress
increased slightly to 36MPa, whereas if both IPyC and OPyC failed prematurely the tangential
stress in the SiC layer at 8%FIMA was 125MPa. Clearly, therefore, failure of all three load
bearing layers is most likely to occur if both the IPyC and OPyC layers could be made to fail

first.
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In order to explore this possibility, a STAPLE run was performed, using the variations
in particle thickness presented in Table 1 and applying to all three load bearing layers Weibull
failure statistics given by equation (5). On the basis of the HRB-22 irradiation experiment
described above, we will assume a mean failure stress of 200MPa and m=5 for all three load
bearing layers.

4,400 particles were present in the compact. However, in order to obtain better
statistics, ten times this number was employed in the calculation. Figure 10 shows the number
of calculated failed particles as a function of burnup and demonstrates that 1 and 2 failures
occurred at about 7.5 and 8%FIMA, in reasonable agreement with observations that 1-2

particles had failed towards the end of irradiation.

) Lower Capsule Results.

STRESS3 and STAPLE runs were performed in a manner analogous to those relating to
the upper capsule. However, in this case it was found, from the STRESS3 results, that the SiC
layer was only in tension at 9.5%FIMA when both PyC layers had failed, when the stress was
67MPa. If one or both PyC layers remain intact throughout the irradiation, the SiC layer was
always under compression. The comparatively low stress in the SiC layer, even when both
PyC coatings have failed, implies that failure of all three load bearing layers is less likely
compared with the upper capsule. A STAPLE run, using the same failure statistics as were
employed with the upper capsule indeed confirmed this. It showed that the first failure
(corresponding, as explained above, to 10 calculated failures) only occurred at a burnup of
11.75%FIMA, which is significantly higher than the end of life burnup value. This is in
keeping with the observation that no particles failed during irradiation.

It appears that no failures were observed in the comparatively more highly rated lower
capsule because, from about half way through the irradiation, the temperature decreased
continually with increasing burnup. By contrast, though comparatively lower rated, the upper
capsule experienced failures because irradiation temperatures were maintained. One reason
why the lower capsule irradiation has been modeled successfully is because STRESS3 and
STAPLE are able to handle various properties and parameters, including temperature and
fission gas release fraction, which vary continually with irradiation time.

Perhaps one of the more satisfying findings of the present study is that it has proved
possible to use the same mean fracture stress and m values that were employed in the HRB-22
modeling exercise. So, on the basis of these two studies, the tentative conclusion is that a
consistent set of data has been produced which can be used for the modeling of future JAERI

irradiation tests.



S.

JAERI—Research 2001—-033

CONCLUSIONS

The analysis was carried out to investigate failure behavior by the U.K. codes STRESS3

and STAPLE.

1.

The first STRESS3 run showed that the SiC layer remained under compression
throughout the entire irradiation. The result was consistent with the result obtained by
the JAERI model.

In order to investigate whether the premature fracture of one or both PyC layers could
result in the SiC layer, the fracture stress of both PyC layers was changed in the
calculation. It is concluded that on the basis of our knowledge of the mean fracture
stress values of PyC and silicon carbide it is difficult to predict failure of all the layers.
The code STAPLE runs with all the variations in dimensions of the particle and the
Weibull failure statistics for the HRB-22 irradiation test. It was concluded that the first
two particles which failed were defective in some way but that the third and fourth
failures can be accounted for by the pressure vessel model.

The failures in the upper capsule and the absence of failures in the lower capsule of the
91F-1A irradiation were modelled successfully using the STAPLE code. It has proved
possible to use the same mean fracture stress and m values that.were employed in the
HRB-22 modeling exercise.

On the basis of these two studies, the tentative conclusion is that a consistent set of data

has been produced which can be used for the modeling of future JAERI irradiation.
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Table 1 Dimensions of the irradiated coated fuel particles.
HRB-22 91F-1A
, Standard R Standard
Mean value (pim) deviation (jum) Mean value (um) deviation (jum)
Cernel diameter 544 9.1 551 9.9
Buffer thickness 974 13 973 12
IPyC thickness 32.9 34 321 34
SiC thickness 337 1.6 34.2 1.7
OPvC thickness 393 3.1 8.6 3.7

PyC layer

Ui, kernel
Buffer layer
PyC Jayers

SiC Jayer

SiC layer

OPyC layer

Fig. 1 TRISO-coated fuel particle.
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Fig. 6 Comparison of measured and calculated fractional releases
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