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Pressurization tests were run on unirradiated Zircaloy-4 tubing in the pressure range of 400 to
550 MPa and temperature, 330 to 400° C. The effects of the mechanical factor on the suscep-
tibility of Zircaloy to iodine-induced stress corrosion cracking (ISCC) were studied in terms of
both time-to-failure and failure strain. The time-to-failure was related to the nth power of
stress, and the failure strain was a parabolic function of the strain rate in the limited range of
1077 to 10™* sec ~". The ISCC susceptibility was determined by the strain rate rather than the
stress, and decreased with increasing test temperature. The results suggest that the film rup-

ture step should be involved in the Zircaloy ISCC and that gas adsorption process is an

important step in the overall ISCC.

1. Introduction
Models to predict the pellet-cladding interaction
(PCI) failure have been suggested on the basis of the
iodine-induced stress corrosion cracking (ISCC) of
Zircaloy, which has been extensively studied by
various testing methods including a tube internal
pressurization method. The cladding failure criterion
used in the PCI'model is either a stress criterion based
on the relationship between hoop stress and time-to-
failure [1-4] or a strain rate criterion based on that
between strain rate and failure strain [5, 6].

Although most of the studies have focused on the
stress-based model, a few workers have reported that
the strain rate is also one of the important variables in
the ISCC of Zircaloy. In the constant elongation
rates tests (CERT), gaseous iodine reduced the load-
carrying capacity of irradiated Zircaloy-2 [7, 8] and
ISCC susceptibility of Zircaloy was dependent on the
strain rate [9, 10]. In the internal pressurization tests of
the tube, the relationship between ISCC susceptibility
of Zircaloy and strain rate has also been reported.
Peehs et al. [11] showed that the uniform elongation
was dependent on the strain rate in the iodine atmos-
phere and Jones er al. [12] recommended that the
hoop strain rate should be more influential in deter-
mining the time-to-failure in ISCC tests than either the
hoop stress or strain. Wood and Hardy [13] suggested
the threshold strain rate below which ISCC of Zircaloy
does not occur. In addition, Williford [6] has developed
a strain rate-based PCI model.

The experimental data, however, on the strain rate
dependence of the Zircaloy ISCC are not available
and the relation between the stress-based criterion and
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the strain rate-based one has not been studied. More-
over, the SCC mechanism has not been understood
with respect to the strain rate dependence of Zircaloy
ISCC.

In this work, the strain rate dependence of ISCC
susceptibility of Zircaloy-4 tubing is intensively investi-
gated using internal pressurization tests and an ISCC
mechanism is discussed in terms of the strain rate.

2. Experimental details
Details of the experimental procedures have been
described previously [14] and will not be repeated
here. All of the tests were conducted on nuclear grade,
unirradiated Zircaloy-4 tubing with an outside diam-
eter of 13.08 mm and a wall thickness of .42 mm. Test
specimens about 100 mm long were cut from the clad-
ding tube. A high purity argon gas was used in the
tube internal pressurization system. A given amount
of iodine was loaded into the specimen using a glass
ampule.

The values of the nominal hoop stress were cal-
culated as

R+ R

x P H

where R; and R, are the inside and outside radii,

respectively, of the tubing specimen and P the internal
gas pressure. The failure strain was calculated as

R — R

—_ “O 2

) R, 2)

where R; is the outside radius of the tubing after

failure. When an axial split failure occurred, the
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failure strain was not calculated, because R, could not
be measured. The average strain rate was calculated as

Em = &lh 3

where f; is the time-to-failure.

The average strain rate gives a measure of the mean
plastic strain rate, which was faster than the secondary
creep rate but slower than the primary creep rate
during a constant load test as shown in the previous
paper [14]. At a failure strain above 10%, the average
strain rate did not have a significant meaning, because
the tube specimen resulted in excessive local deform-
ation.

To examine the SEM fractographs, the failure
section was broken open in liquid nitrogen by bending
the half ring which had been cut from the failed
specimen.

3. Results
3.1. Relationship between time-to-failure and
stress

Figure 1 shows the time-to-failure as a function of
hoop stress at an iodine concentration of 2mgcm™
and a temperature of 330°C. The time-to-failure
increased with decreasing hoop stress, in agreement
with others [1, 5, 12-16]. Using the least-square
method, a relationship between hoop stress and
time-to-failure was obtained as Equation 4 in the
range of 400 to 500 MPa in which ISCC apparently
occurred.

All of the specimens showed two types of failure,
pinhole and axial-split. An axial split-type failure, in
general, has been observed at high stresses [5, 15],
but in this work it was also observed at low stresses
with the long time-to-failure, indicating the loss of
effectiveness of iodine as a SCC agent at low stresses.
The threshold stress is suggested to be located below
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Figure 1 Time-to failure as a function of hoop stress at 603K.
(0 = axial-split failure, ® = pinhole failure, NF = non-failure),
iodine concentration = 2mgc~?
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Figure 2 Time-to-failure as a function of hoop stress at 633K.
(04, axial-split failure, ® A, pinhole failure), (Iodine concentration
0®, 2mgcm~?, A4, 4mgem2),

437MPa in this work because the time-to-failure
increased rapidly and the failure mode was an axial-
split type below 437 MPa, indicating that the SCC
susceptibility was significantly reduced with decreas-
ing hoop stress.

Figures 2 to 4 show the time-to-failure as a function
of hoop stress at 360, 380, and 400°C, respectively.
The overall behaviours were similar to the data of
330°C, but the time-to-failure decreased in a given
hoop stress with increasing temperature. Least-square
fittings of the data yield the relationship

Zf = AO’fn (4)

The values of constants 4 and » are summarized in
Table I. The stress exponent, n, which represents the
slope of curve in the figure, decreased from 19.5 to 7
with increasing temperature at a given iodine concen-
tration of 2mgem~2, a decrease from 17 to 6 with
increasing iodine concentration at a temperature of
400° C. These results are similar to those of Shann and
Olander [15], in which the time-to-failure varied as a
function of the eighth power on stress at 0.01 torr
iodine pressure and 300°C.

Hoop Stress (MPa)
400 450 500 550
T T T T

o

Time-to-Failure (h)

I | Ll

1 ] i 1 1 | L
2.60 265 l 270 275
Log {Hoop Stress) (MPa)

0. L 4

Figure 3 Time-to-failure as a function of hoop stress at 653K.
(O, axial-split failure, ®a, pinhole failure), (Todine concentration
oe®,2mgem %, Aa, 4mgemT2).
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Figure 4 Time-to-failure as a function of hoop stress at 673K.
(O, v, axial-split failure, @, pinhole failure; iodine concentration:

_2

Olmgem™2, @, 2mgem 2, v, 6mgem™2).

3.2. Relationship between failure strain and
strain rate

The strain rate in this work was defined as the average

strain rate calculated from Equation 3, and was a

function of the hoop stress as shown in Fig. 5. Least-

square fittings yield Equation 5, similar to the creep

equation of Zircaloy [17].

Co’ (5)

&m =

The stress exponent, #n, is dependent on both tempera-
ture and iodine concentration, and increased in the
range of 6 to 17 with decreasing temperature at the
same iodine concentration.

Figure 6 shows the failure strain as a function of
strain rate at the iodine concentration of 2mgcm™
and the test temperature of 330° C. Data points on the
strain rate curve correspond to the stresses of 400 to
530 MPa in Fig. 1, and are in the range of 1077 to
10~*sec™', which is the range of the tensile strain rate
to promote SCC for many metal systems [[8]. In the
figure the dependence of the failure strain on the strain
rate is clear, and the failure strain shows a minimum
of 2.8% at an intermediate strain rate of
6.7 x 107 %sec™!. Below 2 x 10 ®sec”!, because
most specimens failed in an axial-split mode, the fai-
fure strain could not be measured. Therefore, the data
in the figure are not real values but nominal ones
inferred from the failure strains which were measured
in part out of axial-split of tube. The threshold strain
rate [5, 12] above which ISCC would occur was not

TABLE I Values of constant 4 and stress exponent 7 in the
equation t; = 4¢~"

Temperature Iodine concentration A n
0 (mgem™?)

330 2 8.2 x 1072 19.5
360 2 9.0 x 10% 13.3
360 4 7.0 x 10% 12.3
380 2 3.8 x 10% 11.8
380 4 2.4 x 102 8.4
400 1 2.3 x 10% 17.3
400 2 3.5 x 10 7.0
400 6 1.2 x 10' 6.1
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Figure 5 Variation of average strain rate with hoop stress.
(v = 400°C, 2mgem™~%; O = 380°C, 4mgem~2; O = 360°C,
2mgem™?; A = 330°C, 2mgem™?)

clearly defined in this result, but it is assumed to be a
strain rate at which the failure strain of ISCC equals
that of burst tests. Similar results on the strain rate
dependence of the Zircaloy SCC have been reported.
Wood et al. [13] and Jones et al. [5, 12] have reported
the threshold strain rate of an order of about
10" 7sec™". Peehs et al. [11] showed a minimum strain
at a strain rate of 1.7 x 107 "sec™".

Figure 7 shows the failure strain as a function of
strain rate at 360 to 400° C. In the figure, 380° C data
were measured at an iodine concentration of
4 mgcm ™2 because most specimens at 2 mgcm ~? failed
in an axial-split mode, and the strain rates at 400°C
are the nominal values and have some discrepancy
with real values, because specimens failed in an exces-
sive local deformation above 10% of failure strain.
Although the dependence of failure strain on the
strain rate at 360 to 400° C shows a similar trend with
that of 330° C, the overall failure strain increased with
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Figure 6 Variation of failure strain with strain rate at 603K.
(open mark = axial-split failure, NF = non-failure).
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Figure 7 Affect of test temperature on the ISCC behaviour.
(v = 400°C, 2mgem~2; ® = 380°C, 4mgem™2; @ = 360°C,
2mgem?; —330°C, 2mgem™?).

temperature and the axial-split failure became more
predominant. Fig. 8 shows the dependence of failure
strain on the iodine concentration. The failure strain
increased with decreasing iodine concentration at a
given strain rate but the strain rates at the minimum
strain rate were almost the same both in 2mgcm ™2
and in 4mgem™? at 360°C, in agreement with the
results of Peehs et al. [11].

The best fit curves of failure strain were obtained as
a function of strain rate: i.e.

8f=

A(log é, + BY + C (6)

constants 4, B and C are summarized in Table II. The
strain rate at a minimum of failure strain, which is
represented by a constant B, depends on temperature
as

b = 27.5exp (—9.15/RT) (7)

The failure strain at the minimum failure strain, which
is represented by a constant C, is increased with
increasing test temperature at a given iodine concen-
tration, which is consistent with the data of Jones et al.
[5, 12]. Considering the ductility minimum phenom-
enon of Zircaloy-4 in this temperature range [19, 20],
the ISCC susceptibility, which can be represented by
the ratio of failure strains under an iodine atmosphere
and that of an inert one, should be reduced as tem-
perature increased.

TABLE II Values of constant 4, B and C in the equation &
= A(log é, + B)' + C.

Temperature lIodine concentration A B C
O (mgem™)

330 2 49.9 5.17 2.8
360 2 16.3 4.75 4.1
360 4 15.7 4.79 3.0
380 4 56.0 4.66 4.4
400 2 99.7 448 1.2
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Figure 8 Affect of iodine concentration of the ISCC behaviour at
633K. (® = 2mgem™2, A = 4mgem™2).

3.3. Fractographs

The typical fractographs with various strain rates at
2mgem~* and 360°C are shown in Fig. 9. Fig. 9a,
failed at a fast strain rate of 6.4 x 107 °sec™' with a
large failure strain of 9.2%, shows a quasi-cleavage
mode with a number of tearing ridges but not a ductile
mode with microvoid coalescence. Fig. 9b, failed at a
intermediate strain rate of 1.6 x 10 °sec™' with a
small failure strain of 4.2%, shows the typical SCC
fractograph, with obvious tearing ridges produced by
tearing two breaches of cracks in the bottom of the
figure. Fig. 9c, failed at a low strain rate of 5.3 x
107 %sec™! with a large failure strain of 8.8%, shows
the quasi-cleavage mode similar to Fig. 9b with dis-
tinct tearing ridges.

Fig. 10 shows the fractographs which failed with
an extremely large failure strain at 2mgem 2 and
330°C. Although a quasi-cleavage failure was observed
at the intermediate strain rate with a small failure
strain as shown in Fig. 10b, a ductile failure with
microvoid coalescence, as shown in Figs 10a and 10b,
was observed in the extreme conditions of both fast
and slow strain rates with very high failure strains.

These results back up the above results, which in-
dicated that Zircaloy is susceptible to SCC in the
limited ranges of strain rate.

4. Discussion

The ISCC susceptibility of Zircaloy-4 has been rep-
resented by the relationship between the time-to-
failure and stress [1-4]. Recently, the strain rate was
known to be one of the important factors, and the
failure strain was well described as a function of strain
rate in this work. In addition, the stress dependence of
the time-to-failure could be explained by the relation-
ship between the failure strain and the strain rate.
That is, the time-to-failure was related to the strain
rate as



Substituting Equation 6 into Equation 9 yields
troc o " (9)

Equation 9 is consistent with Equation 4. The stress
exponents obtained from the relationships between
the time-to-failure and stress, which varied from
about 6 at 400° C to about 20 at 330° C, were relatively
consistent with those between the strain rate and
stress.

The ISCC susceptibility of Zircaloy could be rep-
resented by the relationship between failure strain and
strain rate. Failure strains were related to the second
power on the strain rate as shown in Figs 6 and 7, and
a minimum is observed in the plot at an intermediate
strain rate. It suggests that the rupture of solid film
may be involved in the ISCC of Zircaloy [5, 12, 21].
lodine reacts upon zirconium to produce gaseous
zirconium tetraiodides and solid iodides [22-24].
Zirconium tetraiodide is a candidate for corrodant to
cause the ISCC of Zircaloy. Thus, the reaction between
the zirconium tetraiodide and the Zircaloy metal sur-
face is one of the significant steps in the ISCC mechan-
ism. By the way, zirconium tetraiodide forms the
adsorption equilibrium on the metal surface and
reacts upon the zirconium metal to form zirconium
triiodide below 530° C which is a dense solid film [25].
Therefore, it seems that solid film involved in ISCC of
Zircaloy should be the dense film of zirconium tri-
iodide, but further studies will be necessary to identify
this.

If the solid film was involved in the ISCC of the
Zircaloy, the surface film should be ruptured mech-
anically and the fresh metal exposed to the corrosive
environment in order to propagate the stress cor-
rosion cracks. The strain rate should be, therefore,

Figure 9 SEM fractographs of specimens with varying strain rate at
633K. 2mgem~? (bar = magnification, pm). (a) &, = 6.4 X
107%sec™", & = 9.2%; (b) &, = 1.6 x 107°sec™", & = 4.2%;
©é, =53 x 107%sec™", & = 8.8%.

faster than a certain value below which the surface
film cannot be ruptured mechanically. In this result,
as the strain rate decreased below a minimum of
failure strain, the failure strain increased and the frac-
ture surface showed either a number of notable tearing
ridges or a ductile mode with microvoid coalescence in
the extreme cases. Moreover, specimens failed in an
axial-split mode at very low strain rates. This suggests
that there is a threshold strain rate above which SCC
will occur [5, 12, 13].

Above the threshold strain rate, the corrodants
should be adsorbed on the fresh metal surface to
embrittle Zircaloy by reducing the surface energy or
by weakening the metal bonding strength [6, 22, 23].
The adsorption rate is generally expressed by Equa-
tion 10 and increases with temperature [25]

do/d: = A(1 — ®)Pexp (—Q,/RT) (10)

where 0 is coverage, 4 a constant, P the gas pressure
and Q, the activation energy for condensation.
Assuming that the embrittlement factor due to adsorp-
tion is a function of coverage [6], it increases with
increasing temperature. The formation rate, however,
of the solid film which protects the adsorption of
zirconium tetraiodides on the fresh metal surface also
increases with temperature. Therefore, the strain rate
at which the failure strain shows a minimum, resulting
from the competition between the embrittlement due
to the adsorption and the protection by the solid film,
increases with increasing temperature as shown in
Fig. 7.

The surface concentration due to adsorption, y, can
be expressed by Equation 12 and decreases with tem-
perature [25]

y = z1, exp (Q/RT) (11)

where z is the collision factor, t, the time of stay of the
molecule on the surface at @ = 0, and Q the interac-
tion energy. The embrittlement factor, which is a func-
tion of surface concentration, decreases with increas-
ing temperature at a given iodine concentration. Thus
the minimum failure strain, depending on the embrittle-
ment factor, increases with increasing temperature as
shown in Fig. 7.

These results suggest that the strain rate rather than
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either stress or strain is a more important mechanical
variable in the internal pressurization tests of the
ISCC of Zircaloy. In order to clarify the strain rate
dependence of the Zircaloy ISCC, further investiga-
tions will be necessary through the constant elonga-
tion rate test.

5. Conclusions
The conclusions are as follows

(1) The time-to-failure in the Zircaloy ISCC was
related to the nth power on stress and the stress
exponent varied from about 6 at high temperatures to
about 20 at low temperatures.

(2) The failure strain in the Zircaloy ISCC was a
parabolic function of strain rate. Both the strain rate
at a minimum of failure strain and the minimum
failure strain increased with increasing temperature.

(3) Strain rate rather than stress was more influ-
ential in determining the susceptibility in the Zircaloy
ISCC tests.

(4) The film rupture step was involved in the
Zircaloy ISCC, which occurred only within a limited
range of strain rates. A gas adsorption process was an
important step in the overall ISCC of Zircaloy.
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