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A predict ive mode l has recen t ly been p roposed f o r 
pe.llet-cladding in te rac t ion (PCI) fai lures of wa te r reac to r 
fue l rods. '"^ T h e m o d e l is based on t h e a s sumpt ion t ha t PCI 
fai lures are a t t r i bu t ab l e t o stress cor ros ion cracking (SCC) 
of t he Zircaloy cladding induced b y fission p r o d u c t iodine . 
Because t h e kinet ics of iodine- induced SCC of i r radia ted 
Zircaloys are no t we l l -documented at p resen t , t h e PCI 
m o d e l i s based largely o n fai lure- t ime d a t a f r o m cons t an t 
stress t u b e pressur izat ion e x p e r i m e n t s . T h e fo l lowing 
p rocedu re was used t o apply these cons t an t stress labora-
to ry da ta t o t h e variable-stress s i tua t ion t ha t exists dur ing 
PCI fai lure. The c o m p u t e d h o o p stress h i s to ry of t h e 
cladding was divided in to discrete t ime inc remen t s of 
length A/. F o r each t ime s tep, a damage i n c r e m e n t AZ) was 
calculated f r o m 

AZ) = f 
tf 

(1) 

where if was de f ined as the fai lure t ime in a cons t an t stress 
test on i r radia ted Zircaloy cladding at the average h o o p 
stress and iodine availabili ty prevailing dur ing the t ime 
inc remen t . PCI fai lure was pred ic ted w h e n 

2 A £ ) = 1 , (2) 
where 2 AD was ob ta ined b y s imple add i t i on of t he damage 
inc remen t s f o r successive t ime s teps. In this Le t t e r , we 
r epo r t t h e resul ts of tests on un i r rad ia ted t ub ing t ha t were 
designed t o provide a pre l iminary assessment of t h e validi ty 
of this l inear t r e a t m e n t of damage a c c u m u l a t i o n dur ing 
iodine SCC of Zircaloys. 

Spec imens of reactor-grade un i r rad ia ted Zircaloy-4 
tub ing were pressurized at 6 3 3 + 5 K wi th a m i x t u r e of 
hel ium and iodine. T h e metal lurgical character is t ics of 
this stress-relieved t ub ing and the detai ls of t he experi-
men ta l p rocedu re are descr ibed elsewhere.'* T h e test condi-
t ions and results are summar ized in Tables I and II. An 
initial g roup of cons tan t pressure tes ts was used t o de te r -

mine average values of tf at t h r ee h o o p stresses. As seen in 
Table I, t he behavior in these tes ts was qu i t e r eproduc ib le , 
w i th at mos t a ±20% scat te r in fai lure t imes. In t h e subse-
quen t pressure-change tes ts (Table II), each specimen was 
first held at o n e of t he th ree stresses ( a j ) f o r a t ime At i , 
equal t o a b o u t half t h e average fai lure t ime at tha t stress 
in t he cons tant -pressure tests . Then the h o o p stress was 
sudden ly increased or decreased to a n o t h e r of t he stress 
levels used in t he cons t an t pressure tes ts and held at this 
second stress (02) unt i l spec imen fai lure occur red (A/ j ) -
Table II lists t he values of AD^ (at a ^ , AD^ (at Oj), ^AZ) 
at fai lure (= A D i + AD2) calculated using Eqs. (1) and (2), 
and a j o i -

The average values of 2 AZ) at fai lure are p lo t t ed against 
02 /0 , in Fig. 1. T h e dashed line at S A D = 1 i l lustrates t he 
re la t ionship expec ted f o r t he l inear damage accumula t ion 
case. A l though t h e individual values of 1.AD in Table II 

T A B L E 1 

Resul ts of Constant -Pressure Tes ts* 

H o o p Fai lure Average 
Spec imen Stress T ime Fai lure T ime 
N u m b e r (MPa) (ks) (ks) 

Zr-4-29 4 4 5 1.08 1.12 
Zr-4-30 445 1.15 

Z r 4 - 3 1 3 9 6 3 . 8 9 3 .80 
Z r 4 - 3 2 3 9 6 3 .71 

Zr-4-33 3 4 8 10.6 12.6 
Zr-4-34 348 14.9 
Z r 4 - 3 5 3 4 8 12.4 

*Tests on stress-relieved Zircaloy-4 tub ing at 633 ± 5 K. 
Iodine availability ~ 6 mg/cm^ Zircaloy surface. 



TABLE 11 

Results of Pressure-Change Tests* 

Specimen O'l A?, Ol At2 Average 
Number (MPa) (ks) A D , (MPa) (ks) A / ) j IAD S A D O2/01 

Zr-4-36 445 0.61 0.55 348 6.05 0 .48 1.03 1.42 0 .78 
Zr-4-37 445 0.61 0.55 348 17.5 1.39 1.94 
Zr-4-38 445 0.61 0.55 348 9 .29 0 .74 1.29 

Z r 4 - 3 9 3 4 8 6.01 0 .47 445 0 .83 0 .74 1.21 1.12 1.28 
Z r 4 - 4 0 348 6.01 0.47 445 0.43 0 .38 0.85 
Z r 4 - 4 1 348 6.01 0.47 445 0 .94 0 .84 1.31 

Zr-4-42 445 0 .61 0.55 396 2 .16 0.57 1.12 1.11 0.89 
Zr-4-43 445 0.61 0,55 396 2.05 0 .54 1.09 

Z r 4 - 4 4 348 6.01 0.47 396 1.37 0 .36 0.83 0 .74 1.14 
Z r - 4 4 5 3 4 8 6.01 0.47 396 0.65 0.17 0 .64 

*Tests on stress-relieved Zircaloy-4 tubing at 633 ± 5 K. Iodine availabOity ~ 6 mg/cm^ Zircaloy surface. 

0 i— 

1.5 

1.4 

1.3 

1.2 

t 1-1 
CO 
Q 
<1 

1.0 

0.9 

0.8 

0.7 
0.7 

Linear Damage 
Accumulation Behavior 

Onset of 
Yielding, 

0.8 0.9 1.1 1.2 1.3 1.0 

a-2/a'i 

Fig. 1. Damage accumulat ion behavior of stress-relieved Zircaloy-4 tubing in pressure-change iodine SCC tests at 6 3 3 ± 5 K. 

show considerable scatter , it seems clear f r om Fig. 1 tha t 
the average values do no t support the use of a linear damage 
accumulat ion rule for iodine-induced SCC of unirradiated 
Zircaloy-4 tubing. 

The nonl inear behavior evident in Fig. 1 is no t entirely 
unexpec ted . One implication of a linear cumulative damage 

rule is tha t each increment of damage depends only on the 
currently imposed external condi t ions and no t on t he 
current internal state of damage. In general, it is more 
likely tha t the current s tate of damage will a f fec t the rate 
at which fu r the r damage is built up, resulting in nonlinear 
damage accumulat ion. Moreover, the quahtat ive form of 



Fig. 1 can be ra t ional ized as fo l lows . We observed t ha t 
the stress corros ion crack d e p t h leading t o plast ic ins tabi l i ty 
fa i lure of t he r ema inde r of t h e t u b e wall b e t w e e n the crack 
t ip and the ou ts ide t u b e sur face increased s ignif icant ly wi th 
decreasing h o o p stress: At a stress of 4 4 5 MPa, t h e crack 
reached a d e p t h of ~ 1 0 0 /xm b e f o r e ins tabi l i ty occu r r ed , 
whereas at 3 4 8 MPa, t h e crack d e p t h at ins tabi l i ty was 
~ 2 5 0 //m. As i l lustrated schemat ica l ly in Fig. 2 , this t ends 
t o lead t o fai lure at values of S A D < 1 in tes ts of t he 
present t ype if CTj/^i > 1 bu t at values of E A Z ) > 1 if 
a j o i < 1. T h e behavior dep ic ted in Fig. 2 was chosen 
arbi t rar i ly , b u t t he same pred ic t ion fo l lows f r o m mos t 
physical ly sensible crack f o r m a t i o n and g rowth assump-
t ions . 

As seen in Fig. 1, t h e measured values of 2 AD at fa i lure 
obey the expec ted t rend f o r values of a ^ / f i b e t w e e n 0 . 7 8 
and 1.14. However , t he value of 2 A D ob ta ined at o j / o i = 
1.28 is no t in accordance wi th t h e expec ted behavior . T h e 
ar row labeled "Onse t of Yie ld ing" in Fig. 1 shows t h e 
m a x i m u m stress increase tha t could be imposed b e f o r e Oj 
exceeded t h e shor t - t ime yield stress of t h e tubing . T h e da t a 
po in t at a j o i = 1.28 is the on ly one in t he present series 
ob t a ined f r o m tests in which Oj exceeded t h e yield stress. 
T h e r e f o r e , t h e observed deviat ion f r o m pred ic ted behavior 
p robab ly occur red because the stress corros ion cracks 
f o r m e d in these specimens at t he lower stress a j were par-

tially b l u n t e d by plastic d e f o r m a t i o n dur ing the stress in-
crease. This would result in s o m e w h a t larger- than-expected 
values of 2 A D at fa i lure , as was observed. ( C o m p l e t e 
b lun t ing would requi re stress cor ros ion crack re in i t ia t ion 
at 02, leading t o values of S A D at fai lure approach ing 
1.5.) 

T h e present resul ts indica te t ha t a l inear damage accu-
mula t ion rule does no t provide accura te fai lure p red ic t ions 
fo r un i r rad ia ted Zircaloy-4 t u b e spec imens undergo ing 
iodine SCC u n d e r variable stress condi t ions . T h e da t a 
suggest t ha t t he use of a l inear damage accumula t ion rule in 
o u r PCI fai lure model ' "^ may result in unde re s t ima te s o f 
the fai lure p r o b a b i h t y u n d e r rising stress and overes t imates 
u n d e r falling stress. Tests are cur ren t ly in progress t o 
evaluate t h e damage accumula t i on behavior of i r radia ted 
Zircaloy cladding dur ing iodine SCC. Depending on the 
m a g n i t u d e of t he depa r tu r e s f r o m linear damage accumula -
t ion behav ior observed in those tests , it may be necessary 
to develop a non l inea r t r e a t m e n t fo r i nco rpo ra t ion in f u t u r e 
versions of t he PCI fai lure mode l . 
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