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Abstract 

Iodine is considered as one of the major fission products 
responsible for PCI failure of Zry cladding by stress corrosion cracking 
(SCO. 

Usual analysis of SCC involves both initiation and growth as 
sequential processes. 

In order to analyse initiation and growth independently and 
to be able to apply the procedures of fracture mechanics to the design 
of cladding, with respect to SCC, stress corrosion tests of Zry cladding 
tubes were undertaken with a small fatigue crack (i 200 urn) induced in 
the inner wall of each tube before pressurization. 

Oetails are given on the techniques used to induce the fatigue 
crack, the pressurization test procedure and the results obtained on 
stress releaved or recrystallized Zry 4 tubings. 

It is shown that the K.... values obtained during these 
experiments are in good agreement with those obtained from large OCB 
fracture mechanics samples. Conclusions will be drawn on the applicability 
of linear elastic fracture mechanics (LEFM) to cladding design and 
related safety analysis. 

The work now underway is aimed at obtaining better under
standing of the intitiation step. It includes the irradiation of Zry 
samples with heavy ions to simulate the effect of recoil fragments 
implanted in the inner surface of the cladding, that could create a 
brittle layer of about 10 urn. 

1 - INTRODUCTION 

Due to the impact of pellet cladding interaction (PCI) on 
the use of water reactors, this important aspect of fuel behaviour has 
been widely analysed [1 ] . It is generally agreed that the zircaloy (Zry) 
cladding failure induced by PCI, is due to stress corrosion cracking 
(SCC) promoted by fission products, iodine being the most suspicious. This 
has led to a large number of studies concerning the behaviour of Zry under 
stress and corrosive environment. 

A large amount of data haa been obtained such as stress 
versus tine to rupture curves for various claddings in relation to 
temperature, metallurgical state, iodine partial pressure, etc. [ 2 - 3 ] . 
More basic studies carried out on samples obtained from thick plates 
have shown the usefulness of linear elastic fracture mechanics LEFM to 
describe crack growth rates or *icrr £*]• 

In this paper some experiments carried out in order to link 
these two types of studies are presented: the aim of these experiments 
was to analyse the effect of a small crack in the cladding inner wall 
on the atreaa vs. life-time - ves. Therefore it wss possible to aepsrate 
crack growth from crack initiation and to test the validity of LEFM 
procedures on fuel cladding modelling. 

2 - EXPERIMENTAL PROCEDURE 

A standard stress corrosion test under iodine environment wae 
set up: a small length of cladding ia pressurised at a given temperature 
with a small amount of iodine, fig. 1 givea a general sketch of the device 
used. A compressed air driven pressure booster fills • pressure tank 



with high purity helium. This helium is used for rapid pressurisation or 
the sample once it is at the desired temperature. A pressure gauge and 
a timer record the life time. The sample is surrounded by a > arge 
stainless steel tube flooded with argon to avoid crack oxidation after 
fracture ; the tube alao serves for mechanical safety. The device can 
be used at pressures up to 900 bar (90 MPa) but standard teata, including 
burst testa, require lower pressures. 

All the tests reported were performed at 350°C ; the amount 
_2 of iodine, whan added, was about 1.5 mgcm 2ry, introduced as small 

crystals in an open glass or a <ircor>a U-shaped ctucibie. If the sample 
did not break after 100 hours, the experiment was discontinued. The 
stresses were computed according to the following expression: 

P (D ' • 0 ') 
o = D ' - 0 ' where P s internal pressure 

1 0 = internal and external 
diameter 

In order to induce a small internal fatigue crack, in the 
cladding tubes, a special procedure haa been devised 

Due to the small thickness of standard PWR fuel claddings, 
it was decided to avoid the classical mechanical notch acting aa a 
crack initiation for further fatigue growth [5], The procedure used, 
described in detail elsewhere [6], is based on the compression of the 
tube using a loading device sketched on fig. 2 : the tube is compressed 
between a rigid, grooved support a, and an elastic plate c. With this 
loading device, it can be shown that the maximum tensile stresses are 
located on the inner wall of the tube, in front of the upper contact 
point. Cyclic loading, using a fatigue machine, led to the growth of a 
longitudinal crack starting at this point. A small Eddy current probe ia 
moved through the tube in order to detect the beginning of crack growth. 
For typical 17 x 17 PWR cladding tubes, a deformation amplitude of 180 u 
led to a crack of about ISO uafter 15 000 cycles. Fig. 3 gives an example 
of such a crack broken open afterwards. 

Three lota of cladding tubes were obtained from different 
auppliera. Lota A and C are atreas relieved (SR) and B is fully 
recrystalliaed (RX). Compositions ware within the range of standard 
compositions for zircaloy 4. 

3 - RESULTS 

Fig. 4 givea atreaa versus rupture time for the two SR 
claddings studied. Although tht strength level of the two Zrys ware 
different, aa observed from burst and creep rupture testa, it should be 
noted that the iodine SCC curves are similar and lead to tne same 
threshold of about 290 MPa, i.e. about 100 MPa below the stress for 100 h 
creep rupture. 

The precracked tubea showed a drastic reduction in stress 
rsnge for similar rupture life j however, a strsss threshold wos observed 
at about 170 MPa. For comparison purposes, some creep rupture teeta 
(without iodine) were performed on precracked tubes and a shift of only 
about 2$ - 30 MPa waa observed on the creep rupture curve. 

The reaulta concerning the RX materiel ere preeented in 
figure 5. The behaviour is rsther different end, except in the esse of 
ISCC, it cen be described ee a stress threshold for rupture. It should 
also be noted that, although the creep atrength ia much lower on RX, 
the ISCC threshold ia roughly the same ac for SR. However, the atress 
threshold for RX precracked tubee ia higher by about 15S. 

Fractographic studies were performed using SCM, in orde- to 
analyse the fracture path in the various caaes. Fig. 6 gives typic.'l 
aspects of the frscture surfaces. Lot A has s trsnsgrsnulsr fracture 
with long wavee perpendicular to crack growth direction. For the other 
SR material (lot C), the frecture surface ia much lees reyuler and 
pronounced crack branching is observed (Fig. 6 c). In the esse of RX 
cladding, the frecture aurface is mostly intergranular, with some 
paeudo-cleavage on large grains (Fig. 6b). 



In the case of precracked tubes, given the clear difference 
between fatigue crack and stress corrosion crack, it was possible to 
nalyse the crack growth using the fracture mechanics approach: 

In the vicinity of a crack tip, the stress singularity is 
described by the stress intensity factor K,, A general expression for 
this is given by : 

K. : C a /-fTa 

where a is the applied stress without the crack, a is its length and C 
a numerical factor related to the exact geometry of the cracked part. 
In the case of a small crack in the inner wall of a pressurised cylinder, 
the value of C is near 1.1 [?]• 

It is then possible to compute, from stress thresholds, the 
value of the stress intensity factor for SCC crack arrest, Kjcnp- The 
Kicrr values obtained are between 4.2 and 4,7 MPa /m for lot A (SR) 
and 5 and 5.5 MPa </m for lot B (RX). 

In one case, due probably to various grinding scratches in 
the inner wall of the tube, three fatigue cracks started in the tube 
and grew to lengths between 160 and 220 u. When pressurised with iodine, 
the largest crack (5.2 MPa /it) led to rupture after 2 hours, while the 
smallest (4.4 MPa /nO showed no growth (Fig. 7). 

4 - CISCUSSION 

The behaviour of the alloys studied is in general agreement with 
that reported by different authors [2 - 3]. The S-shaped SCC life curves 
for SR materials are similar to those obtained in the other studies and 
the small differences could be explained by different temperatures and/or 
iodine partial pressure, for general trends, and by surface finish or 
texture for short term and long term behaviour respectively. 

'"or RX material, flat curves like those obtained in this study 
have also been reported. This should indicate that SCC is then controlled 
by a parameter other than stress, i.e. strain or strain rate. Experiments 
at constant strain rates are underway to analyse this point. Moreover, 
differences in fracture mode (intergranular vs transgranular) also have 
to be explained. 

The results of the cracked tubes are very useful to separate 
crack initiation from the growth step, and therefore for modelling the 
iodine SCC. The measured values of K,c rp both for SR and RX tubes are in 
very good agreement with those obtained on classical OCB or WOL fracture 
mechanics samples machined out of thick plates [4], Indeed, the *,<•#.£ 
values measured with these samples give, for Ream's texture parameters 
f. typical of claddings (0.57 to 0.65), values in the range of 4 to 
4.6 MPa /m for SR material and 4.7 to 6.5 for RX, very close to the values 
observed on cladding in this study. This confirms the validity of analyti
cal research with well-defined material and simple geometry to obtain data 
to be used as material properties for design computation. 

However, if crack growth or arrest can be adequately described 
using LEFM, it should be noted that crack initiation is obviously not. 
Surface defects, like grinding scratches or etching pits have a maximum 
depth of 15 - 20 uand the K. induced by such defects are in the range of 
2.2 to 2.6 MPa </m, well below «.„... Therefore, a particular process is 
involved in crack initiation. In the case of pressurised tubes with 
iodine, pitting is observed and could serve as crack initiation site. 

In the case of fuel cladding, consideration should br given 
to the particular environment of fuel irradiation, both with neutrons and 
fission fragments. Given their high energy, fission fragments can move in 
materials for distances of the order of 10 u. It can be computed that, 
during irradiation of an average PWR fuel rod, those recoil fragments, 
implanted in the inner surface of the cladding, will create a thin layer 
of Zry doped with fission products at a concentration greater than IS. 



This layer may be embrittled by some of those ions (Mo, Cs, I, Ag, Cd, 
rare gases,...) 

To analyse this effect, an experimental programme is underway 
in which Zry samples ar-> irradiated with heavy ions usinq the accelerators 
Alice and Ganil designed, and normally used, for basic nuclear studies. 

5 - CONCLUSIONS 

Iodine SCC tests have been performed on different SR and RX 
Zry cladding tubes. Using a special loading device, it was possible to 
induce a small internal fatigue crack in tubes and hence to separate 
crack initiation from grack growth steps. 

Using LEFM, it w<*s concluded that the Kjcrr values measured 
in these experiments were in good agreement with those obtained from basic 
analytical studies, justifying the use of LEFM concepts for fuel behaviour 
modelling. 

However, crack initiation cannot be described using these 
procedures and further analysis is needed in this field. An experimental 
programme is underway for greater understanding of this aspect. In 
addition to pitting corrosion test, this programme includes irradiation 
with high energy heavy ions in order to analyse the embrittling effect 
of recoil fission fragment. 
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FIGURE 1 Pressurisation test device used for 

ISCC tests 

FIGURE 2 Loading device used to induce a fatigue cracl: in. the inner wall 
of a tube 

FIGURE i - Typical fatigue crack induced in the inner tube wal 1 
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FIGURE 4 - Time to fai.ure under iodine SCC for two SR Zry 4 cladding tubes 
Temperature 350*C, iodine 1.5 mg.cra~2 
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FIGURE 5 - Time to failure under iodine SCC for RX Zry 4 cladding tube*. 
Temperature 350*C, iodine 1.5 mg.cm"2 



FIGURE 6 - Typical aspect of iodine i>CC fracture surfaces, 
Lots A and C = SR, Lot B = RX 

FIGURE 7 - Experimental evidence of the validity of LEFM approach in iodine SCC : 
Minor differences in crack length enable Krgcc values to be bracketed: 
largest fatigue crack led to rupture and the smallest one showed no growth. 


