
Submitted to Nuclear Technology 

CORRELATION OF FAILURE TIMES FOR IODINE SCC OF 
ZIRCALOY 

S. Shann and D.R. Olander 

November 1980 

TWO-WEEK LOAN 
y 

This is a Library Circulating Copy 
which may be borrowed two weeks. 

a personal copy, call 

Tech. Info. Divis Ext. 6782. 

Prepared for the U.S. Department Energy under Contract W-7405-ENG-48 

LBL-11813 
Preprint 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain conect information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any wananty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



CORRELATION FAILURE TIMES FOR IODINE SCC OF ZIRCALOY 
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ABSTRACT 

LBL~l1813 

A crack- of stress corrosion cracking has been success 

nppl ied to predict -to-failure of zircaloy specimens exposed to iodine 

vapor. futo. for two of tests were analyzed using the model. The first 

v..'3s a variable loading experiment in which failure occurred after the specimen 

had been ected to two distinct stresses succession. second was a 

series of tests in which surface roughness, and probably residual stress as 

well 1 was reduced by chemical polishing of the specimens. The success of 

crack growth model in dealing with these situations suggests that crack 

propagation rather than crack init t is the rate-controlling step in iodine 

stress corrosion cracking of zircaloy. furthennorc, the metal in the vicini 

of crack apparently so embrittlcd by iodine that a model 

g applies" 
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, Jones et al, (1) reported the linear accumulation 

to rupture lifetime of tmirradiated Zircaloy-4 tubes 

subject to i stress corrosion cracking (SCC) under variable stress 

conditions, study, Syrett et al,(2) tested the iodine SCC 

of -2 tubing, The two lots were 

same nominal specifications (dimensions, chemical 

properties, hydride distribution and steam corrosion) 

but some properties roughness, texture, and residual stress) were 

In this note, we show a crack propagation model (3) of 

can satisfactorily rationalize the results of the studies, 

In (3) crack growth rate da/dt in a solid embrittled by 

is rate terminology 

(B K/T) 
0 

(1) 

Hhere A and B are constants, T the temperature and p is the partial 
0 0 

pressure the chemically active responsible for SCC(I 2 in the present 

case), and n are the activation energy and the order, respectively, of 

the chemical reaction, The crack length is a and R is the gas constant. 

stress intensity factor K 

K = Ycrla (2) 

where Y is a geometrical factor of order tmity and cr is the applied hoop stress 

pressurized The last exponential term in Eq, (1) 

the stre'ss effect on the free energy of activation of the chemical 
step, 

Under conditions of consta·lt stress, temperature and iodine exposure, 

Eqs (l) ) can be combined and integrated to give the time-to-failure tF: 

I -oo/i-(l+Bcrva ) - e c(l+Bcr 
0 

(3) 



A"" A pn. 
0 

depth 
due to 

at which the net 

uu.A''-'""' from: 

and B "' B~Y/T. In Eq, (3L a 9 is 
in specimen (either or 

manufacturing operations) and ac is the crack length 
~~·~~~-~ the ultimate tensile stress as 

( 4) 

w is the thickness of the tube wall. The model assumes that stress 
causes propagation of the crack fran length a to length a at which 

0 c 
occurs. 

Variable 

The crack propagation model has been successfully applied to iodine sec 
under constant loading conditions(4) and should be equally applicable to the 

constant-loading data reported in Ref. 1. Selecting a
0 

= s· vm and crurs "' 531 

MPa (5), the constant-pressure test results of Re£.1 were fitted to Eq(3). The 
fit was obtained for the parameters A "' 5 x 10-\m/ks and B Y "" 6, 2 K/MPa/i'ml. 

0 

The latter compares favorably with the value B
0
Y"' 6.0 K(MPa/Wll obtained 

the experiments reported Ref. 4. The values the coefficients A cannot be 
compared because the iodine loading reported by Jones et al(l) used units 
concentration (mg/cm2) different. from and not convertible to the partial 

units used in Ref. 4, Table 1 shows that the constant pressure data 
reported by Jones et al(l) can be quite well reproduced 1rrith these A and B values 

Eq(3)' 

In the pressure-change tests of Ref. 1, the specimen was loaded a stress 
cr1 for a time ~t1 then at a stress cr 2 for an additional time 6t2 at the end 

which occured. Application of the crack propagation model to this two-
loading gives the crack length at the end of the first stage (a1) as the solu­

tion of the equation: 

e-Bcrllao(l+Bcr
1
1a

0
) - e-Bcrllal(l+Bcr

1
1i

1
) 

"' ~~~------------~~~--------~--~ (5) 

the second time interval to failure by: 

(6) 



where a1 is obtained from Eq(S) and ac given by Eq8) with cr = o2. The 

values of A and B determined from the constant stress results were used in 

predicting llt2 so no disposable constants remain. Table 2 compares the 

measured times~to~failure in the second stage with those calculated from Eqs(S) 

and (6) for four two~stage pressure-ch..mge tests, The multiple experimental 

values in column 4 refer to repeated experiments conducted under the same nominal 

conditions. The large variation in some test results is attributed to the 

variability of the applied stresses, for which ±5% uncertainties were reported(!). 

the first test shown in Table 2, if both a1 and cr 2 are decreased by 5%, llt2 
calculated to be 14.8 Similarly, for the last test, an increase of 

both stresses by the same percentage decreases the calculated values of llt2 to 

0,5 ks. Thus, the calculations appear to predict the experimental results to 

within the variability of the latter. 

Table 1 Constant~Pressure Tests (Ref. 1)* 

tF' ks 

cr ,l\~ experimental Model 
445 1.12 ± 0,03 1.12 
396 3.80 ± 0.09 3.80 
348 12,6 ± 2.3 12.6 

:~stress-relieved Zircaloy -4 tubing with 0. 64 rnm wall thickness at 633 ± 5 K. 

Iodine availability ~ 6 mg/cm2 

Table 2 Pressure-Change Tests (Ref. 1) 

6t ks 2' 
o1 ,MPa llt1, ks a2,Mra expcr imen ta 1 predicted 

445 0,61 348 6.1,17.5,9,2 6.9 
348 6.01 445 0.8,0,4,0,9 0.5 
445 0,61 396 2.2,2.1 1.9 
348 6.01 396 1.4,0,7 1.8 



Zircaloy-2 used in the tests reported in Ref. 2 were both 

under B 3 standards. The material designated as lot no. 1 

A in Ref. 2) roughness of 4 ~ (peak-to-peak) and a residual 

stress of rv 100 MPa~ the corresponding figures for lot no. 2 (lot Bin Ref. 

2) were 9 and rv 6 MPa, respectively. We h..1.ve fitted these data to Eqs (3) and ( 4) 

in order to determine the iodine SCC constants A and B, which should be the same 

the two lots. However~ following the arguments in Refs. 2 and S, test results 

from lot no. 1 at applied less than 400 l'v1Pa were not included because 

high residual stresses this material render estimation of the true stresses 

. With these omissions~ texture and surface roughness are the only 

differences in the two lots. The latter parameter appears in the model 

as the quantity a
0 

in. Eq. (4). The best fit line shown in Fig. 1 corresponds to 

A "' 4x10- 5 fl!11/ks and B Y ,. 5.1 k;1-1Pa- /iJffi. The spread due to the 5% variability 
0 

of the applied stress (6) indicated by dashed lines. The fit seen to be 

satisfactory, and the observed effect of surface roughness adequately modeled, 

Syrett, Cubicciotti and Jones(2,6) also polished a specimen from each lot 

to the roughness to 3 ~ (the wall thickness was reduced at the 

same time). After polishing, they tested the specimens under the same iodine 

availability and temperature conditions as were used for the as-fabricated 

specimens and at an applied stress of 346 MPa. Failure times for the treated 

imens were computed from Eqs, (3) nnd C 4) using the new values of a
0 

and 

w but with the same iodine SCC parameters A and B that were determined for the 

as-fabricated tubes. The results are shmm in Table 3. The specimen from lot 

no. 2 showed a dramatic effect of polishing, which reduced a
0 

from 9 )11TI to 3 ~. 

factor of rv 20 increased tF is predicted by the model. The stress used 
the tests of the polished specimens was lmver than that judged necessary to 

iminate rcsi~ual stress by plastic strain. However, the fair agreement between 

throry and experiments for the treated specimen from the lot no, 1 supports the 

ion of Cubiocciotti et al, (6) that removal of the surface layers of metal 

during the polishing operation may also have reduced the residual stress. 

Despite the successes of the model, the bas of its applicability to 

sec still uncertain. First, the model contains no provision for a 

threshold stress below which iodine does not affect the ntpture lifetime or 

mode. Equation (1) valid only for stresses in Eq(Z) larger 

the threshold value, which can only be determined empirically. A threshold 
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stress may be required to initiate cracks~ but once done, their propagation 
is. governed by the grovrth theory utilized here. 

Second, the threshold stresses are a substantial fraction of the 

yield stress, so that departure fram linear elasticity undermines the 

applicability stress intensity factor concept. However, the very 

low strains at failure which characterize iodine sec suggest that the 

region of the metal front of the crack is far less ductile than 

unaffectl~ zones. The physical state of the solid in region where stress 

8111plification occurs may be as brittle as a ceramic, which is the type 

of material for which the crack growth model was originally developed (3), 

Third, the model does not explicitely account for variations in specimen 

texture, although this variable may influence the parameters A
0 

and B
0 

in 

Eq(l), 

The crack propagation model, although originally intended for use 

with brittle ceramics, appears to be applicable to Zircaloy embrittled by 
iodine sec. A1 though Eq' (1) has only tenuous fundamental underpinnings, its 

integrated form appears to provide a better correlation of iodine sec with 

variable stresses than does the linear damage accumulation rule, The model 

also quantitatively accounts for the effect of surface roughness on the time-to­

failure. 

Table 3. Effect of Surface Polishing on Failure Times 

time-to-failure at 346 MPa, ks 
Burst Surface Residual as fabricated after surface polishing Strength Roughness Stress Lot 

No. ~1Pa t lliDt 1v1Pa t expt 'lt prc<licted expt'lt predicted 

1 496 4 'V 100 (347)* 109 180 
.. 

2 490 9 'V 6 10 8 220 

t Reported in Ref. 2 

* Result probably affected by high residual stress 
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Figure 1 
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