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Abstract

Low-ductility failure of Zircaloy tubing due to iodine-induced stress corrosicn cracking
(SCC) can occur up to about 7OOOC° The time-to-failure behavior of Zircaloy-4 cladding
tubes containing iodine has been described by the elastic-plastic fracture mechanics model
CEPFRAME for the temperature region 500 to 700°C. The model includes an empirically—deter~
mined computation method for the incubation period of crack formation, as a portion of the
time-to-failure, as well as an elastic-plastic model for describing crack growth due to
iodine-induced SCC. The total life time of the cladding tube is cobtained by adding the
crack initiation and crack propagation periods. The incubation periocd is a temperature~
dependent function of both the depth of surface damage (both fabrication pits and machined

notches) and the applied load, and is 40 to 90% of the time-to-failure.

The elastic-plastic crack growth model is a modified version of the stress intensity KI~con~
cept of linear-elastic fracture mechanics, The extensions of this concept take into account a
plastic strain zone ahead of the crack tip, which effectively increases the crack depth, and
in addition, a dynamic correction factor for the crack geometry which is essentially a func-
tion of the effective crack depth. Unstable crack growth is predicted to occur when the re-

sidual cross section reaches plastic instability.

Model results show good agreement with experimental data of tube burst tests at 500, 600 and
700°C. The crack growth velocity at all three temperatures is a power function of stress
intensity ahead of the crack tip; the exponent is 4.9. The model can estimate time-to~failure
of as-received cladding tubes containing iodine within a factor of 2, Application of the
model to temperatures below 500°C is possible in prinicple. Due to the increasing scatter

in experimental data, the structural transformation of the cladding by recrystallization,

and the growing importance of creep strain, CEPFRAME has an upper temperature limit of
approximately 65OOC. The model is suitable for use in computer codes describing LWR fuel

rod behavior during reactor transients and accidents.



1. Introduction

It is a generally established fact that zircaloy cladding can fail due to stress corrosion
cracking (SCC) when the power is increased tcoo guickly in light-water reactors (LWR). The
prerequisites for SCC failure of fuel rods are the combined effects of ténsile stress, caused
by mechanical interaction between fuel and cladding, and chemical attack of the cladding
inner surface, primarily by the volatile fission product iodine. These conditions may exist
during very fast power increases under norwal reactor operation conditions, butmay also occur
during reactor incidents as a result of mechanical interaction between fuel and cladding as
in "Anticipated Transients without Scram" (ATWS) or"Reactivity Initiated Accidents® (RIA) , or
as a result of the difference between system and internal rod pressure as in a "Loss-of-

Coolant Accident”™ (LOCA).

The results of out-of~pile creep rupture and burst tests performed between 500 and 900°¢ with
Zircaloy-4 tube specimens containing small amounts of simulated fission products have clearly
shown that only iodine or volatile iodine compounds (ZrI,) can induce low-ductility failure
due to SCC up to temperatures of about 800°C /1,2,3,4/. In some cases, the time-to-failure

of the tubing is strongly reduced, especially in preflawed specimens. However, low-ductility
cladding failure due to SCC only occurs after a well defined critical icdine concentration and

a threshold hoop stress (both temperature-dependent) have been exceeded /3,12/.

Investigations of other authors have been limited to the study of iodine-induced SCC behavior
of zircaloy tubing below 500°C. Various fracture mechanics models have been developed to des-
cribe the propagation of stress corrosion cracks under normal reactor operating conditions
and to evaluate the critical values of stress, stress intensity, deformation, and iodine con-
centration, as functions of temperature, which can lead to cladding failure /5-11, 16-19/.
This paper discusses the possibility of using fracture mechanics methods to describe the SCC
behavior of zircaloy cladding abowve SOOOC. The objective was to give a clear answer, if and
up to which temperature a modified stress intensity concept can be applied to describe the
iodine-induced stress-corrosion crack growth in the temperature range 5C0 to 7OOOC and to

predict times~to-failure.

2. Construction of an Appropriate Fracture Mechanics Model

In the literature, the stress intensity (KI) concept of linear-elastic fracture mechanics
(LEFM) has been used to describe zircaloy cladding fracture due to iodine-induced SCC /5,6,7,
9,10,)16—19/. Efforts have been made to include a plastic deformation zone and the influence
of cohesive forces between atoms in the region ahead of the crack tip in more realistic crack
models /8,9,13/. Crack initiation has been discussed extensively /5,9,10,16,17/ but was not

taken into account in the models.

A modified LEFM model was used as the basis of our own investigations in the temperature range
500 to 7OOOC. Since low~-ductility ("brittle") failure of zircaloy due to iodine-induced SCC
has been observed at all temperatures, especially for preflawed specimens, predominantly
elastic material behavior can be assumed. Therefore, a plastic zone correcticn is taken into
account ahead of the crack tip in the model CEPFRAME (Computation of elasticplastic fracture
Qgpbanics). Three phases of the SCC failure mechanism can be defined: (a) crack initiation oxr

incubation, (b) crack provacation, and {c) spontaneous rupture of the regidual wall thickness.
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2.1. €rack Initiation

Crack initiation ig a defect-creating process which is operative before stress-intensity=-
controlled crack growth begins. If the critical values of iodine concentration and hoop stress
in a zircaloy tube specimen are exceeded, cracks will form at the inner cladding surface or

at the notch tip. The cracks will then grow with increasing velocity until spontaneous ductile
failure of the remaining wall cross section occurs. The total time-to-failure tF is thus com-
posed of the crack initiation period tI plus the stable crack propagation time tP(tF=tI+tP)°
Final rupture of the cladding takes place so quickly that no corresponding time portion is

assumed in the model. The crack initiation time tI is a function of the depth and geometry of

the notch, and of the applied load.

ty = A(T)Fla/w, 0 /0_,T) (1)

where A(T) is a temperature-dependent factor, ag is the initial notch depth, w is the wall
thickness, Un is the nominal hoop stress, and UB is the rupture stress. Since tI could not be
directly determined during the SCC experiments, a power law between tI and the applied hoop
stress combined with an exponential function between tI and the initial notch depth a, were
assumed. Influences due to the deformation rate of the tubing and the iodine concentration

were not considered. However, they are taken into account indirectly by temperature-dependent

factors.

2.2. Crack Propagation

The crack depth (a) increases according to:

da n
= = - K
ST 1’

(2)
where C and n are experimentally determined constants for a given temperature. The stress
intensity factor KI at the crack tip increases with increasing crack (or notch) depth accor-

ding to the basic LEFM equation:

K. = o Aa y(a) (3)
I n

The function Y(a) describes the influence of the geometry of the crack front and the size of
the crack with respect to the wall thickness and was calculated using the method of Newman

and Raju /14/.

The length w of the plastically deformed zone ahead of the crack tip (in the direction of

crack growth) is expressed by /15/:

R &8
2 1,72
Ww=—= (== . (4)
BT OF

If plane-stress in the thin-walled cladding tubes is assumed ahead of the crack front, then B8

equals 2. The flow stress GF is equal to 0.5 (OO 5 + UB), An effective crack is then defined

whose tip lies in the middle of the plastic zone:

1 e

This gives an effective stress intensity of:

Ky efe =9 VT 2 Yo pe)- (6)
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The actual crack grows until it attains a critical depth a,, which is the depth at which the
stress in the remaining cross section is equal to the ultimate tensile stress. At this depth,
the threshold load for plastic instability is reached in the remaining cross section and spon-
taneous ductile rupture occurs. The critical crack depth a . can therefore be defined as the
point at which crack growth becomes unstable (plastic breakoff criterion}; a, can not be

determined by LEFM.

The relationship between the effective stress intensity and the crack propagation rate can be
represented by equation (2) in the modified form:

— = C(T) - K

3y
TI,eff 7

Where C and n are constant for fixed environmental conditicns (temperature and iodine concen-

tration). Two values of the stress-intensity factor (K } can be determined, one at the

I,eff
beginning (hl,eff,o) and one at the end (RI,eff,c) of the stable crack propagation period
/20/ .
The crack growth time tP can be calculated by integrating equation (7) between the limits ag
and a_.
c
%
£ = 1 r da
P n on/2 ’ n/2 n (8)
T - ¥ (a )
¢ Un %o Peff Y(ﬂeff)

One method to examine whether this model is suitable for describing Zircaloy cladding failure
due to iodine—-induced SCC is to determine the degree of agreement between the measured time-

to-failure (tM) and the calculated time-to-failure (tF)u

3. Experiment Conduct

The test program was conducted under isothermal test conditions as follows:

1. The stress intensity KI was varied by varying the internal gas pressure of the tube
specimens without changing the initial geometry ag of the machined internal notch;
2. The average crack velocity da/dt was varied with respect to the effective stress inten-

sity KI by varying the initial notch depth without changing the time-to-failure (by

,eff
applying different gas pressures in the tube specimens) .
The objective of the test program was to determine the relationship between the SCC propa-

gation rate da/dt and the stress intensity factor KIa

Isothermal, iscbaric creep rupture experiments were performed with unirradiated Zircaloy-4
tube'specimens at 500, 600, and 7OOOC in helium. The initial iodine concentration was

i0 mg/cm3 (well above the critical concentration with respect to SCC /3/) in all experiments.
As-received and machine-notched tube specimens with axial notches of various initial depths
(ao = 50 to 200 um) and lengths (2 ¢ = 100 x ao) on the cladding inside surface were used.
The specimens were about 100 mm long, with an outer diameter of 10.76 mm and a wall thickness

of 0.72 mm. The time-to-failure varied between 5 and 3600 s for internal pressures between

50 and 500 bar. The burst apparatus and experiment conduct are described in reference /1/.

A c 11"



4. Test Results and Discussion

The failure behavior is determined primarily by two processes: (a) plastic creep strain in
the whole cladding wall which takes place predominantly during the crack initiation phase
(incubation period); and (b) crack propagation which is influenced by both the temperature-
dependent transport velocity of gaseous iodine or volatile iodine compounds and the tendency
of icdine to be adsorbed at the crack tip. The temperature-dependent combination of the two
processes and additional local plastic strains in the vicinity of the crack front, particu-

larly at 6OOOC, determine the strain and time-to-failure behavior of the specimens /20/.

4.1. Burst Behavior

Burst pressure is shown versus time-to-failure at 500, 600, and 700°C in figure 1. The time-
to-failure of the tube specimens increases with decreasing pressure, The initial notch depths
have nearly the same influence at 600°C for all applied burst pressures. This is different
from 500 and 7OOOC. At 5OOOC, spontaneous ductile failure occurs at high pressure, and at
7OOOC, ductile failure after creep deformation occurs at low pressure. Figure 2 shows cir-
cumferential burst strain as a function of burst pressure at 6OOOC° The strong influence of
iodine and of the initial notch depth on the burst strain are clearly apparent. The circum-
ferential burst strain is in general less than 10% and for deep notches less than 1 %. The
results at 500 and 700°C are similar. This low-ductility ("brittle") failure behavior of the
zircaloy tubing due to iodine~-induced SCC justifies the application of a modified LEFM model.
Circumferential burst strain versus average strain rate is shown in figure 3. A burst strain
minimum clearly exists for notched specimens at an average deformation rate of about 10_45,“l
at 600°C (the average circumferential deformation rate is not directly related to the crack

growth rate).

4.2, Fracture Surface Appearances

Scanning electron microscope (SEM) examination of the cladding inside surface and fracture
surfaces show strongly temperature-dependent crack initiation behavior and fracture surface
appearances /20/. In as-received (unnotched) tube specimens; both microscopic and macroscopic
axially-oriented incipient cracks formed over the entire cladding inside surface. The number
of incipient cracks increased mainly with temperature. Crack initiation was intergranular at
all temperatures. In notched tube specimens at 500 and GOOOCF incipient cracks formed only
at the root of the notches. At 7OOOC, a few cracks also formed in the undamaged regions for

initial notch depths smaller than 100 .

The type of fracture observed within the SCC zones was found to depend mainly on temperature
and to be nearly independent of the applied stress. The fracture surface at 500°C showed

O .
transgranular fracture, at 700°C intergranular fracture, and at 600 C a mixture of both

types of fracture in the as received specimens /3,20/.

5. Fracture Mechanics Calculations

Calculation of the crack initiation and propagation periods and a discussion of the results

are presented in the following sections.
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5.1. Crack Initiation

The crack incubation period tI was calculated using equation (1). The correlation was devel-
oped empirically from plausibility considerations (stress dependence), from an analysis and
comparison between measured and calculated times-to-failure (notch depth dependence) , and
from iterative calculations of the equation factors simultaneously with the determination of
C and n of equation (8). The resulting correlation was supported by some crack initiation
experiments performed at 600°C. As a fraction of the total lifetime, iodine-induced SCC ini-

tiation varied between 40 and 90%, depending on the initial notch depth.

5.2. Crack Propagation

After an iodine-induced crack has formed, the crack propagation obeys a power law on the
stress intensity according to equation (7). The exponent n was assumed to be constant for
all temperatures (500 to 7OOOC)4 The parameters On, ao, acp w, Y(a ), and tF were measured

eff
or directly calculated. C and n were determined iteratively for each temperature as follows:

1. A value was chosen for the exponent n (the same for all experiments) and the correspending
Ci calculated from equation (8) for each individual test i.

2. The value of n was optimized until scattering of the Ci values around a (logarithmic) mean
value Cm reached a minimum.

3. Using the optimum pairs of values Cm and n corresponding values for (da/dt) were deter-
mined for K and K for each test (these values represent bounding conditions

I,eff,o I,eff,c

and serve as a check on the calculation). At a given temperature, log (da/dt) versus log

(X

Ifeff) represents the equation

n
da/dt = Cm(T) KI,eff (8.1)

and thus constitutes an approximation to the desired crack growth relationship. Figure 4
shows the results at 600°C.
4. The measured and calculated times-to-failure (tM and tF) were then compared by calculating
tF for each test from Cm and n by equation (8) and the correlation
£ =t (-t_/t) (9)
F P I Fr

and plotting these values versus tMa Figure 5 shows the results at GOOOC,

The growth rate for iodine-induced SCC can be described by an Arrhenius-Type rate equation

5
;(—fﬁ) = 1.17-10’ exp (—=—=—————25"{.3._2°1O ) KI4°9 (10)
500-600°C ’

1/2
where da/dt is in [m/s], K in [MPa°m / ], and R is 8,3143 [J/mol-K].

I,eff

The time-to-failure predictions for as-received tube specimens, with an assumed initial notch
depth of 30 im, show that the iodine-induced crack growth can be satisfactorily described
with the model CEPFRAME (fig. 5, solid circles). The correlation factors are: 0.918 at SOOOC,

0.827 at 6OOOCF and 0.818 at 700°C. The prediction improves with decreasing temperature.
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The results of the present fracture mechanics analyses are shown with similar literature data
at lower temperatures /7,10,16-19/ in figure 6. For a given stress intensity factor the crack
growth rate increases with increasing temperature. The crack growth rates from 500 anf 7OOOC
agree well with those from 300 to 4OOOC, which underlines the reliability of the CEPFRAME re-
sults. The consideration of a plastic zone ahead of the crack tip is probably an important
prerequisite for the successful analysis of crack propagation at higher temperatures. Con-
sideration of a separate crack initiation phase also supports the calculation of growth rates
of the appropriate order of magnitude. The influence of a continuously changing crack-geometry

factor on the grwoth rate is less clear.

6. Summary and Conclusions

= Iodine in as-recéived Zircaloy-4 cladding tubes causes low-ductility ("brittle") failure due
to SCC between 500 and 700°C. Circﬁmferential burst strain is further reduced in preflawed
(notched) specimens. The circumferential burst strain depends on temperature, burst
pressure, and initial crack depth. At 500°C the burst strain varied between O and 2 % and
at 600 and 700°C between 1 and 10 %; the deeper the initial notch depth the smaller the

failure strain.

- Due to the iodine—induced low-ductility failure behavior of zircaloy tubing a modified

version of the stress intensity factor KI*concept of LEFM can be applied (CEPFRAME). SCC
n
I,eff’
A plastic region in front of the crack tip, which effectively increases the crack depth

growth under static loading conditions obeys a power law of the form da/dt = C(T).K

(aeff = a+tw/2), and the continuous change in crack geometry are considered in CEPFRAME. The
constants C and n were determined from the actual crack growth time, neglecting the crack
initiation period. C(T) is an exponential function of temperature with an activation
energy of 2,39-105 J/mol between 500 and 6OOOCy and the exponent n is 4.9 for all tempera-

tures.

~ The fracture surface appearance depends on temperature. At 500°C the cracks were primarily
transgranular to a depth of 40 to 60% of the wall thickness before ductile rupture occurred.
at 600°C the cracks were initially intergranular, followed by a transgranular region to a
depth of 75 to 90% of the wall thickness before ductile rupture occurred, At 700°C the

cracks were almost always completely intergranular with no ductile rupture.

~ CEPFRAME time-to-failure predictions (crack initiation plus crack propagation periods) show
fair agreement with experimental data. The model can estimate the lifetime of iodine-con-
taining Zircaloy-4 cladding tubes within a factor of 2. Application of the model to tem-~

peratures below 500°¢C is possible; the upper temperature limit is about 650°C,
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