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FAILURE CRITERIA FOR THE PROBABILISTIC
FUEL PERFORMANCE CODE FRP
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In nuclear reactors the fuel element cladding vields the first protecti-
ve barrier against the release of radiocactivity. The numker of cladding fai-
lures must therefore be kept as low as possible. The combuter prograr FRP was
developed for probabilistic analysis of the fuel performance. The prediction
of failures is an essential part of FRP. In order to improve the feilure pre-
diction, failure criteria reflecting different assumptions with regard to the
failure mechanisms have heen compared to the results from a large numher of
irradiation experiments,

The failure models are derived from the failure mechanisms observed in
out-of-reactor laboratory tests of irradiated and unirradiated zircaloy. The
failure mechanisms considered are: stress corrosion, creep rupture, overstress
and overstrain, and in addition a correlation ketween vower shocks and the
failure prokability is considered.

When the failure criteria are applied to ramp experiments the mecharical
and thermal behaviour of the fuel is calculated by the fuel performance code
FFRS which is part of the FFP program. FFFRS calculates the average mechanical
and thermal behaviour of a fuel pin, and for the maximum interactionr (at rid-
ges) a simple empnirical rodel is included. The influence of the large uncer-
tainties in material and design data is reduced by calibrating the simulation
of each individual experiment to closely reproduce the existing PIE data_ for
the average and maximum strain, the fission gas release and the maximum centre
temperature.

The analysis shows that the stress corrosion failure criterion, based on
out-of-reactor stress corrosion experiments performed on irradiated zircaloy
cladding with iodine present, provides reasonable correlations for the inclu-
ded ramp experiments.

If the parameters of the failure criteria are estimeted by regression
analysis of the ramn experiments, the overstrain and overstress failure cri-
teria also provide reascnahle correlaticons of the data.

Regression analysis was also applied to the parameters of the stress corrosion
failure criterion, to investigate whether there is a significant dependency

of the stress corrosion failure prokability on the arount of released fission
gas or on the release rate. M denendency of this form could not be proven sig-
nificant.

If the parameters of the failure criteria are hased on regression analy-
sis of the ramp experiments, several criteria representing different failure
mechanisms seem tc correlate the data. In these ramp experiments the basis for
checosing the stress corrosion failure criterion is the observed time delay
between the ramp and the failure detection.

In general the failure criteria cen cgive considerable differences in the
failure predictions, this is demonstrated by calculations with FRP. It is
therefore very important to use a failure criterior based on the correct
physical mechanism, when extrapolating the experience from ramp experiments
to more general applicaticns.



1. Introduction

The probabilistic fuel performance code TRP [1] was developed for the
stastical predictior of nuclear fuel performance. The precdiction of failures
is an essential part of FRP. For some applications it is sufficient to have
a measure for the damage, which can be used to evaluate the influence of
changes in design and irradiation conditions; but for applications like per-
formance evaluations for nuclear power plants, the exact failure probability
should bhe known.

The failure criteria previously used in FRP are based on out-of-reactor
tests of irradiated an urirradiated zircaloy. Since stress corrosion seems to
be the dominant failure mode in power reactors, the failure criterion corsidered
to be the most important is based on iodine stress corxrosion tests. In these
tests the environment is different from the in-reactor environment, and the
failure limits are therefore expected to be different.

In the present investigation the in-reactor failure limits for a nrumber
of failure mechanisms are found by regression analysis, under the assumption
that the observed failures in the considered ramp experiments (39 experiments
with 20 failed and 19 unfailed pins) all are caused by the same failure mecha-
nism.

The necessary information regarding the thermal and mechanical behaviour
of the fuel pins was calculated by the fuel performance code FFPE [2], which
is the deterministic fuel code utilized in FRP.

2. Simulation of the Thermal and Mechanical Behaviour of the fuel Pod

The thermal and mechanical performance of the fuel pins were simulated
by the deterministic fuel performance code FFRS. PFPS was developed for use
in FRP; the code was required to ke fast (minimal computer time) and there-
fore an axisymetrical model of the fuel was utilized in it. Each
simulation represents one slice of the fuel rod. In the model the slice is
divided into 5 regions: cladding, gap, a rigid fuel zone, a bridge annulus,
and a plastic fuel zone.

The cladding is modelled as an axisymetrical, hollow, thin cylinder with
a given pressure on the inside. The boundary hetween fuel and cladding is
the gap which provides heat transfer, inner pressure, and contact pressure.
The outer part of the fuel, the rigid zone, is assumed to he cracked, and the
thermal expansion is calculated as for a rigid kar. Nnly swelling and densifi-
cation strains are assumed to exist in this zone. Ir the irner part of the
fuel, the so-called plastic zone, the fuel is assumed to ke stress-free, apart
from hydrostatic pressure. 2 ricgicd annulus, the bridge, forms the boundary be-
tween the rigid and plastic fuel zones. The thermal expansion of the fuel is
determined by the temperature distribution and the bridge position. The move-
ment of the rigid annulus is accountakle to the creep at the bridge and the
crack volume during steady nower conditions. During large power ramps the po-

sition is fixed by a balance between the ramp rate and the creep rate at the
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bridge. The model has been verified by simulation of a large number of irra-
diation experiments [2] and the results are in good agreement with the experi-
mental results.

Only the average mechanical and thermal bhehaviours are calculated in the
model. In order to predict the failure probability the maximum stress and
strain rust be estimated. The peak stress in the cladding is assumed to be the
average stress plus a constant multiplied by the contact pressure. This simple
approach seems to yield a reasonable predictior of the maximum expected defor-

mation relative to the observed ridges.

3. Fuel TFailure Criteria

The failures observed in nuclear fuel pins today are normally characte-
rised as pellet-cladding interaction, PCI failure. They are caused by high
tensile stresses in the cladding resulting from a power increase.

The strain observed at the fuel failures is normally kelow the out-of-
reacter fracture strain for irradiated cladding and the fracture surfaces re-
sembles those seen in out-of-reactor stress corrosion tests; therefore the
failure mechanism is generally described as stress corrosion. Other failure
mechanisms which characterize fuel failures are overstrain, overstress, and
creep rupture. Cormmon to these failure mechanisms is the knowledge required
of the mechanical and thermal conditions of the fuel pin. Finally a failure
criteria based on the power history and the initial ccld gap alone is conside-

red.

3.1 Stress Corrosion

The stress corrosion failure criterion used in the fuel models FRP and
FFRS is derived from ouvt-of-reacterr stress corrosion experiments performed
with unirradiated@ and irradiated zircaloy exrosed to iodine vapour.

The time-to-failure, trec for stress corrosion in reference [1+3] was

found as
tFSC=fl(envjronme.nt)x-f,,(stre‘ss, material condition)k (1)
*f3(temperature)

where

220-0 ° o
f3(9)=const.xl(@;2_‘ 2207C<g<dnn’C

_ 100
OFC~40 C
f2(stress, material condition)=f2(qw)

ow=o/ou; 0u=400 MPa for irradiated zircaloy

f?(cm) is shown in Figure 1 for irradiated cladding
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fl(environment)=constvﬂmin(Po,P))
P =0,1MPa
o)

For continuously changing conditions the stress corrosion damage, SCD is
defined [3] as

and failure is essumed if SCD (tn);l.

Thie darage furction was found to ke very sensitive to difference in de-
sign ard material data; therefore the stress corrosion damage is transformed
to a stress corrosion damage stress, Ogor defined as the stress for which the
time-to-failure calculated by Fquation (1) is equal to 1/SCD under specified
conditions such as irradiated cladding, 3600C, and saturation pressure.

The failure criterion with respect to stress corrosion is then

P(stress corrosion fa11ure)=P(cSC?csc'L) (3)

3.2 Creep Pupture

If the creep strain at rupture is ccnstant within the considered operati-

on conditions, the failure probability with respect to creep rupture is then

) (4)

P (creep rupture fajlure)=P(Ec>

fer
vhere €a is the accumulated primary and secondary creep. The rupture strain is
large even for irradiated zircaloy. If the onset of accelerated creep is used
as the failure limit a value of approximately 2.5% with standard deviation

t.5% can be ta¥en based on the data of Watkins and Wood [4]

3.3 Overstrain

Irradiated zircaloy is brittle and the fracture strain can be very small,
In tests on irradiated zircaloy Scott [5] found fractures at less than 2% for
some of the tests. If failure is defined as the point where the uniform limit

is exceeded the probability of overstrain failure is

‘e ) (5)

P(overstrain fa11ure)=P(€pl praeu

where Ep] is the tirme-independent plastic deformation and eprjs the orimary
creep cduring a short ramp. The data from Fcott gives eu=normally distributed

with a rnean value of 0,21% and a standard deviation of 0.,04%,

3.4, Qverstress
In out~of-reactor tests overstress and overstrain failures are equiva-
lert, and the stress limit is the burst strength which is very close to the

yield strength for irradisted cladding. Then

P(overstress failure)=P(02cu) (6)
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where o is the tangential stress and % the corresponding burst strength. A
typical value for the hurst strength of irradiated zircaloy around 300°¢C 1is
500 MPa.

3.5 Qverpower

¥hen defining a failure criterion which does not reguire simulation of
the fuel, it is necessary to know the dominant mechanisms in fuel kehaviour.
Two of the most important are the closing of the gap during long irradiations
at steady power, and the relaxation occuring during a slow ramp.

The overpower,&, is defined as the difference between the actual power,
n, and the onset power,n ., which should represent the power at which the
fuel-cladding gap is just closed. 2t hegin-of-life "o is defined in terms of

the cold gap, nO=A32g; n_ is reduced with hurnup until the present power le-

e}

vel is reached with a rate P.If the present power level is greater than n_,

(o]

no is raised towards the present pover level at a rate Azx(n—no) where n is

the present power.

The values for » A, ,and A

1" 72 3
Al: 3 months at 3N0 w/cm will reduce T with 100 w/cm, Al =5.37x106 w/m/FIMA
2

are based on the following:

2% Mg is raised at a rate of 400 w/cm per week for a power increase of 400

w/cm (n—no=400 w/cm) A?=5.18x103 FIMA_l

A3: from simulations with FFRS it is found that .1\.1 should ke around 730x10
) 3

w/m

The model is illustrated in Figure 2.

6

The probability of failure is
P (overpower failure)=P(6;6L)

4. Choice of Pamp Fxperiments

Only rarp experiments are included in this investigation in which detailed
information regarding design, irradiation and post-irradiation examination
are availabhle to the author. The information has been utilized to check the
predictions of FFPS and confirms that the calculated deformations are in
agreement with the observed deformations. In order to assure the best possible
agreement between the predicted and observed deformations a few mrdifications
were made in the material ecuations relative to the equations used in referen-
ce [1+2]. The material property for which the modelling was changed was hot-
swelling. Furthermore the initial gap was reduced hy 30 um for the 8 SCFWF
pins. Pfter these adjustments were made the end-of-life strain as well as the
strain during the final rerp were found to he in good agreement with the ex-
perimental observations,

The fuel experiments included in the investigation were the 20 interramp
pins [6], 8 of the pins from the ramped SGI'KR element C [7], 8 Danish fuel
tests [84+8] and 3 of the experiments from the TPRI fuel-rod modelling code
evaluation [10],

These pins extend over a diversity in design data and irradiation condi-

tions. Twenty of the 39 pins failed during the final ramp test.
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5. In-reactor T'ailure Limits
The failure limits for stress corrosion, creep rupture, overstrain, and
overstress have all been estimated from out-of-reactor experiments and the

following estimates are given

—(225,18)MPa;€c =(2.5,0.5)%

Il =
sc,L R

eu=(0.21,0.04)% B ou=(500,25)MPa

Where (a,k) is ( meen value, standard deviation). A limit for the overpower,
GL, can be based only on in-reactor experiments.

Pegression analyses have hbeen utilized for the estimation of these fai-
lure limits under the assumption that the observed failuers in the 39 experi-
ments can all be explained by the corresponding failure mechanism,

The failure limit shoulcd be chosen as to minimize the sum-of-squared de-
viations bhetween the experirmental ohserveticrs and the calculated failure
criteria. Unfcrtunately the experimental information regarding the failure
process 1s limited to pin failure alone, that is, no information is available
regarding how close an unfailed pin was to failure or how much the failure
limit was exceeded for a failed pin. The proklem is illustrated in Fiqure 3,
vhere we have a numher of paired observations (xi, yi), where Xy is the ex-
perimental failure index., For Yo for exampnle, it is }nown only whether it
lays in the interval from zerc to T, or is greater than L.

2s the exact size of the deviations, di, can not ke defined, ordinary 1li-
near regression for estimation of the line 1 and thereby the failure limit is
not possikle. P lower hound for the deviations di can be defined as shown
in the figure.?1ll yj values in area I and IIT are assumed to fall on 1, and
in area II and IV the Yy values are assumed to he equal to Yy

For this definitior of the deviations it is possible to minimize the sum
of the squares, Z(di)z. The prokrlem has the trivial solution Y47y, for all x.
If 1 is assumed to go through the origin the probler has a non~trivial solu-
tion. The sum of the scuares must he minimized numerically. When the value of
X that minimizes the sum of squares is found, a neasure of the degree of li-
near correlation hetween y" and x can ke exvressed Ly the coefficient of cor-
relation ketween them, where y" is cdefined as y;=xi+di. This correlation coef-
ficient expresses an upper limit for the correlation ketween the calculated
and the experirental failure indices.

In takle 1 the values of X, are shown as well as the lower bound for the
standard deviation of XL’ ar¢ the correlation coefficient hased on the expe-
rirents cdescreited in Chap. 3, These results clearly indicate that neither
creep rupture, overstrain, or overstress car exrlain the failures unless a
stronger stress concentration than used in I'TRS were present, or the in~reac-
tor failure lirits are helow the out-of-reactor limits. If the estimated fai-
lure limit is used, all rarameters except creep rupture seem to correlate the

failures satisfactorily.
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6. Parameter Estimation

The failure prohabilies for creep rupture, overstrain, anrd overstress are
calculated directly from the mechanical kehaviour of the fuel pins and do not
involve any parameters apart from the failure limit. The failure criterion
for stress corrosion, on the other hand, involves a number of parameters
which, for a given mechanical and thermal time history, can influenrce the
failure probability. Plso the overpower failure' criterion depends on its own
set of parameters. The optimal sets of these parameters for the considered

ramp experiments are found by regression analysis.

6.1 Stress Corrosion

The time-to-failure for stress corrosion, Ea. (1), contains the three in-
dependent parameters, Po, ch and N

The optimal parameter set is that which minimizes the sum-of-squared de-
viations as defined in Chap. 5. The lack of knowledge of the vy values can
again lead to a trivial solution; if the damage, X approaches zero for all
XS, the sum-of-squares also approaches zero., This undesired minimum can he
aveided if the failure limit were defined to be a fixed value, for exarple,
xL=yL=l.0. The parameter set minimizing the sum-of~squared deviations is
then found iteratively from the set (UN,SFC,PO)=(4OOWPa, 4OOC, 0.1MPa). The
result is shown in Table 2,

In order to investigate whether or not all the parameters in the expres-
sion for stress corrosion are significant for this set of experiments, the
minima were also sought. The time-to-fajlure equation modified by exclusion

cf respectively f, and f2 yields results which are listed in Table 2.

The mcdel forlfission gas release in FFRS is a steady-state model with no
time delay in the release. The influence of a delay in the release was inves-
tigated assuming that the release was exponential in time with o half release
period of 24 hours. The influence of this change is alsc shown in Tahkle 2.
This change did improve the prediction of fission gas significart, kut the
influence on the failure prediction is small.

The results in Table 2 show that the dominating factor in Eqg. 1 is £,
(ON). Both f1 and f3 can bhe excluded without siagnificant influence for tﬂese
ramp experiments. This is not surprising since Table 1 shows that the stress
alone yields an excellent correlation for the failures in these ramp experi-

ments.,

6.2 Overpower

The overpower depends on the three parameters 7 A, and A,. The parame-
4

v
ters are based only on the judgement of the author iné therefoie are in no
way optimized. The optimal set of the parameters was sought as the set which
minimizes the sum-of-squared deviations given xL=yL=l.0. This result is shown
in Tabkle 3.

Although the overpower failure criterion seers to yield an excellent cor-

relation with the experiments, care should ke shown when applyina the crite-

7 C 4/7



ria to power histories and designs different from those included in this in-

vestigation.

7. Examples Calculated by FFP

From the results of chapters 5 and € the expression is oktained that the
stress corrosion, the overstrain, the overstress, and the overpower failure
criteria are almost eqguivalent. This is valid only for conditions like those
in the ramp experiments. If the results from the ramp experiments are extra-
polated it is very importaﬁt that the failure criteria he based on the cor-
rect physical mechanism. That there can be large differences among the pre-~
dictions based on the differert failure criteris as is illustrated by & few
examples.

The failure prokability is evaluated for the power history shown
in Figure 5 with At = 1 hour, 1 day, and 1 week. The ramp rate for the 3
ramps is 50 w/cm/min. The desiqgn is chosen as the interramp rod nr. 1 [€].

The second example is a short coverpower after a lcng steady power period
The power history is shown in Figure 5. The failure probability is evaluated
for the time at the overpower ecual to 1 min, 1 hour, and 1 cday. The ramp
rate in the overpower is 400 w/cr/min.

The failure index, as calculated by FRP, and the failure probahility

using the limits cf Chapter 5 are shcwn i Tahle 4.

8. Conclusion

The "best estimate" failure limits for a numker of failure criteria have
been calculated by regression analysis of a large number of ramp experiments
Only for the stress corrosior failure criteria the estimated failure limit
was close to the limit found in out-of-reactor tests, 211 the failure cri-
teria, except creep runture, rrcvide reasonahle correlation of the exneri-
rents if the "hest estimate" failure limits ere used. In aeneral the failure
criteria can give considerable differences in the failure predictions, this

is deronstrated Lky examples.
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Table 1. Results of the reqgression analysis of 39 ramp experiments

X. 0
B *u o ff1 4 &
t f I 1
1 t
Etress corrosion {225,18)MPa {220,38)MPa n.es 76
Creep rupture {2.5,0.5)¢% (0,32,0.08)¢ 0.65 42
Overstrain (0,21,0,04)% (0.1,0.02)% 0.94 L]
Overstress (500, 25)14Pa (234,20)MPa 0.95 90
(161,27}w/cm 0.89 79

Overpover

Takel 2. Mirimum parameter sets of the stress corrosion

failure criterion.

N FC ° sc L
MPa °¢ MPa vpa

Initial set 400 40 0.1 220 .86
minimum set 583 65 122 145 .97
minimum set B
exeloding £ 1400 125 213 .9
minlmum set ay .96
excluding € 50 s 1

dealyed release 522 37 26 132 .97

Tabel 3. Minimum parameter set for the overpower failure criterion.

Jimit
Parameter set coefficient of
z ( correlation
initial value 5.37x1 7. 0.894
minimum set 7.52)‘106 86.2 1n.sxlﬂﬂ 174 206)(106 0.924

Takle 4 Failure index and failure probabhility for the examples.

ot 9sc Plogdoge 1) Fo PUECBGR)  Eptepr  Plepitepnde) P(030,) s P(636))
HPa [} [ MPa w/em
-
ﬁ 1 hour 273 .92 0.52 .993 0.11 .69 242 0.66 197 0.91
% 1 day 254 .81 0.50 .968 0.09 0,31 226 0.34 145 .28
ﬁ 1 week 154 0.04 0.45 .95 0.03 0,001 143 >>0,001 58 >>0,001
«
’i 1 min 122 0,004 0.42 a9 0.08 16 250 0.79 200 93
§ 1 hour 211 0.41 0.44 a3 0.10 50 243 .87 200 91
& 1 aay 272 91 0.45 95 0.11 69 243 .67 200 93
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