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Abstract

The circumferential mechanical properties of nuclear fuel claddings for Canada deuterium uranium (CANDU)
power reactors were examined and the constitutive equation which can predict the temperature dependence of
ductility and strain rate sensitivity was developed. The loss of ductility associated with dynamic strain aging was
observed between 250°C and 400°C. The elongation minimum results from the concentration of deformation in the
necked region in the temperature range of the flow stress plateau. Oxygen atoms actually strengthen the alloy.
However, the strengthening of the alloy due to dynamic strain aging decreases the strain rate sensitivity in the
temperature range of the flow stress plateau. The decrease in the strain rate sensitivity results in a low ductility.
Above the temperature range of the flow stress plateau the elongation of the alloy increases rapidly with temper-
ature. The prediction based on a dynamic strain aging model is in good agreement with the temperature dependence
of the circumferential ductility of Zircaloy-4 nuclear fuel claddings. © 2001 Elsevier Science B.V. All rights

reserved.

1. Introduction

It is now well established that the strain rate sensi-
tivity of Zircaloy-4 does not increase monotonically with
temperature as it is the case for a simple thermally ac-
tivated process. But the strain rate sensitivity is sub-
stantially depressed over a broad temperature range,
reaching a minimum over the temperature range where
dynamic strain aging occurs [1-8]. In many alloys, the
strain rate sensitivity becomes very small in the tem-
perature range of dynamic strain aging [1-8]. Over the
whole temperature range, the temperature dependence
of elongation follows the same trend as that of strain
rate sensitivity [8]. However, the reduction in area at
fracture for Zircaloy-4 increases continuously with
temperature and there is no minimum in the area re-
duction [8]. Hong et al. [8] have suggested that oxygen
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atoms are responsible for the strain rate sensitivity
minimum and the elongation minimum.

The mechanical properties of zirconium and its alloys
have been extensively studied in view of their use in
nuclear fuel claddings. In most cases, annealed Zr alloy
plates and rods have been used to investigate the me-
chanical properties of Zr alloys. In reality, stress relieved
Zr tubes which have a different microstructure and tex-
ture from those of annealed plates and rods are used for
nuclear fuel claddings. Cladding deformation plays a
key role in fuel pellet—clad interaction, with concomitant
implications for fuel rod lives. An understanding of the
clad deformation behavior is critical to ensure the safe
and reliable operation of nuclear power plants. The
stress imposed on the claddings due to pellet—clad in-
teraction is mostly hoop stress on the circumference of
the tubes and, therefore, the data on the circumferential
strength and ductility of nuclear fuel claddings are re-
quired. In this paper, the circumferential mechanical
properties of nuclear fuel claddings for Canada deute-
rium uranium (CANDU) power reactors were examined
and the constitutive equation which can predict the
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Table 1

Chemical composition of Zircaloy-4
Element Sn Fe Cr (0] C Si Zr
wt% 1.362 0.214 0.106 0.121 0.013 0.0101 Bal.

temperature dependence of ductility and strain rate
sensitivity was developed.

2. Experimental

Commercially produced Zircaloy-4 fuel claddings for
CANDU reactors were used in this study. The outer and
inner diameters of the claddings were 13.1 and 12.3 mm,
respectively, with a wall thickness of 0.4 mm. The
composition of the claddings is listed in Table 1. Ring
specimens with the width of 5 mm were cut transversely
from the cladding tube and tension tested using a special
grip. Fig. 1 shows the schematic configuration of the
ring specimen and two half-cylinders which open and
strain the ring specimen. As shown in this figure, 1 mm
wide space was given between two half-cylinders to al-
low free plastic flow at the beginning of the tensile test.
The diameter of the half-cylinders in Fig. 1 was 12.27
mm. Tensile testing was performed using a united testing
machine (SFP 10) equipped with a three-zone furnace at
room temperature and high temperatures up to 500°C.
The close examination of the ring specimens after frac-
ture revealed that no deformation took place in the top
and bottom parts of the ring specimen because of the
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Fig. 1. Schematic configuration of tensile testing sample and
grip.

friction stress between the specimen and the grip (Fig.
1). It is important to estimate the gage length relative
accurately since the strain is inhomogeneously distrib-
uted along the circumference of the ring specimen. The
gage length was determined after a careful comparison
between the circumferential (based on the ring tensile
test) and longitudinal (based on the split tube tensile test
[9]) mechanical properties (yield strength and elonga-
tion). Typically, the stress-relieved tubes have the basal
poles oriented at about 30° from the tube radial direc-
tion, which is close to the radial texture [10-13].
Therefore, the circumferential and longitudinal (both
directions are approximately perpendicular to the basal
pole) mechanical properties are similar. The gage length
in the ring tensile test was determined to be 5 mm by
equating the circumferential elongation (from ring ten-
sile testing) to the longitudinal elongation from split
tube tensile testing in which the gage length is clearly
defined. It was also experimentally confirmed that the

Fig. 2. Transverse (a) and longitudinal (b) microstructures of
CANDU nuclear fuel claddings.
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deformation occurred only in the left and right-hand
side of the specimen within approximately 5 mm width
centered on the split line of two half cylinders in Fig. 1.
Therefore, the gage length for the calculation of strain
rate was assumed to be 5 mm. The fracture surfaces were
examined using a JEOL-6400 scanning electron micro-
scope.

3. Results and discussion

Figs. 2(a) and (b) show the very small grains in the
transverse (a) and the longitudinal (b) sections of clad-
ding tubes. The grain size in the transverse section was
5.3 um. The grains are elongated parallel to the tube axis
(Fig. 2(b)) in the longitudinal section. Fig. 3 shows the
stress—strain responses of Zircaloy-4 CANDU cladding
tubes at the strain rate of 1.33 x 1073 s7! at various
temperatures. In the ring tensile testing, the bi-axial
stress may develop at the very beginning of the test.
However, the space between two split cylinders increases
with straining and the stress state may become close to
the uni-axial loading, which is supported by the presence
of pronounced necking in the fractured specimens. As
shown in this figure, there was negligible work harden-
ing and subsequent work softening up to 500°C. The
total strain to failure was reduced between 300°C and
400°C. The decrease of the total strain to failure was
also observed previously in annealed Zircaloy-4 [8]. Fig.
4(a) shows the circumferential yield strength of Zircaloy-
4 cladding tubes as a function of temperature. The
plateau of the yield stress is visible over the temperature
range between 230°C and 380°C in Fig. 4(a). In Fig.
4(b), the circumferential fracture elongation of the
Zircaloy-4 cladding tubes is plotted as a function of
temperature. The ductility minimum occurred at each

700 +
room (13.5)
| R 473K (16.0)
cod 7 T~ | 573K (14.1)
---=- 673K (12.8)
............. 723K (17.9)
o - - =773K(21.2)
E )
400
=
@
7]
..9-3 300
& .
200 4 RECTI
100
0 T T f I :
0 5 10 15 2 %

Strain[%]

Fig. 3. Stress—strain curve of Zircaloy-4 nuclear fuel claddings
at various temperatures.

strain rates and the minimum shifted to higher temper-
ature with increasing strain rate. Fig. 5 shows the frac-
ture surfaces of Zircaloy-4 nuclear fuel claddings. The
type of fracture in the temperature region of the elon-
gation minimum is typically of a ductile nature as
manifested by the presence of dimples (Figs. 5(c)
and (d)).

In the region of dynamic strain aging the total flow
stress o is the sum of the stress increment due to dy-
namic strain aging op and the flow stress o* expected in
the absence of dynamic strain aging [3,14]:

o =0+ op. (1)

The stress increment op due to dynamic strain aging has
its maximum potency at some intermediate temperature
and has the form of a statistical normal distribution
about temperature [7,8,14,15]:

op = b exp {— 7(T ;T) }, (2)

where ¢?) is the maximum value of op, T is the temper-
ature at which this maximum occurs and B measures the
width of the distribution [16]. For Zircaloy-4 CANDU
nuclear fuel claddings, ¢, and B were determined to be
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Fig. 4. Variations of yield stress (a) and elongation (b) of
CANDU nuclear fuel claddings as a function of temperature
and strain rate.



24 K. W. Lee et al. | Journal of Nuclear Materials 295 (2001) 21-26

20kU XK1,

o2

e

A

Fig. 5. Fracture surfaces of CANDU nuclear fuel claddings after tensile tests at (a) room temperature, (b) 200°C, (c) 300°C, (d) 400°C.

95.5 MPa and 1.09 x 10* K?, respectively. The reason
for using this equation has been given elsewhere [15-17].
The stress increment op due to dynamic strain aging is
strain rate and temperature dependent. When the strain
rate rises, op moves towards high temperatures, the
plateau leading to a region of low strain rate sensitivity
moves towards higher temperatures and accordingly the
elongation minimum temperature also increases [8,18].
Hong et al. [8] and Hong [15,18] found that the activation
energy obtained from a shift of the elongation minimum
temperature with strain rate is equal to that for solute
diffusion which is responsible for dynamic strain aging.
Hong et al. [8] also suggested that the stress plateau
leading to a low strain rate sensitivity and ductility
minimum is closely associated with the dynamic inter-
action between dislocations and oxygen atoms. The shift
of the temperature 7 at which the solutes exert the
maximum drag force and the elongation minimum
occurs can be predicted by the Arrhenius-type equation
as follows [8,15,18]:

1 R R

—=—1Ind——1Ing, 3
70 0 3)
where ¢ is the strain rate (s™'), O(= 205 kJ mol™") [8] is
the activation energy for oxygen diffusion in Zircaloy-4,
A (=9.84 x 10') is a dimensionless constant, and R and
T have their usual significance.

The strain rate sensitivity can be calculated from the
following usual formula:
d(Ino)
=—>". 4
" d(Ing) @)
Eq. (1) is substituted into Eq. (4) to give

_d{In(¢" +op)} 1 { _d(Inc")

my

d(Iné) "o +op d(In§)
d(hl (TD) o 1 %
+ oo d(Iné) } " o 4 op (o"m” + apmp), (3)

where m; is the observed strain rate sensitivity in alloys,
m* is the strain rate sensitivity expected in the absence of
dynamic strain aging as in pure metals and mp is the
contribution of dynamic strain aging to the strain rate
sensitivity. Eq. (5) has the same form as that of the creep
stress exponent for alloys [19].

The strain rate sensitivity m* in the absence of dy-
namic strain aging tends to rise linearly with increasing
absolute temperature [3,20]. Therefore, m* can be ex-
pressed as

d(Ino*)

=gy =T (6)

where o and f are constants. From Eq. (6) we can obtain
the following equation:
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N\ oT+B
k k E
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where o}, and &, are constants. The contribution of dy-
namic strain aging to the strain rate sensitivity can be
calculated from the following equation:

_d(lnop) d(lnep) dT  2R(T —T)T*

"0 4me)  dT  d(né)  BO 2

Now we can calculate the strain rate sensitivity from Eq.
(5). For a good fit between the data of this study and the
strain rate sensitivity predicted from Eq. (5), «, §, oj and
¢y determined to be 2.04 x 1074 K, —5.3 x 1072, 636
MPa and 1.498 x 10° s7!, respectively. The line pre-
dicted by Eq. (5) is in reasonably good agreement with
the experimental data, as shown in Fig. 6. The strain rate
sensitivity minimum occurs at each strain rate and the
minimum is shifted to higher temperature with increas-
ing strain rate.

It is well-known that the elongation is a sensitive
function of the strain rate sensitivity [14,20-23]. It can be
assumed that the fracture strain is a linear function of
the strain rate sensitivity for some alloys:

& (%) = am  + b, 9)

where a and b are constants. If the strain rate sensitivity
is high, the increase in strain rate in the necked region
may increase the resistance to flow sufficiently so that
deformation tends to occur above and below the neck,
resulting in a high ductility. However, the low strain rate
sensitivity concentrates the deformation in the neck,
once a neck is formed, resulting in a low ductility. For a
good fit of the fracture strain predicted by Egs. (5) and
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Fig. 6. Temperature dependence of the predicted (curves (a)-
(c)) and measured (O, A, V) strain rate sensitivity of flow stress
for the three strain rates, 1.33 x 107*s~' (curve a, Q),
6.67 x 107* s7! (curve b, A) and 3.33 x 1073 s7! (curve ¢, V).

(9) to the data of the present study, a and b were de-
termined to be 100 and 12.9, respectively. As shown in
Fig. 7, the predicted line is in reasonably good agree-
ment with the experimental data.

As stated previously, there is no minimum in the area
reduction in Zircaloy-4 (see [8], Fig. 2). This result implies
that the elongation minimum is apparently not associ-
ated with brittle fracture. In Zr alloys the low ductility is
associated with the low strain rate sensitivity due to dy-
namic strain aging. To distinguish the low ductility which
is due to grain boundary segregation of solutes as ob-
served in steels [24-26], the phenomenon associated with
the low ductility due to low strain rate sensitivity was
termed ‘indirect solute embrittlement’, and the low duc-
tility due to the grain boundary segregation of solute
atoms was termed ‘direct solute embrittlement’ [14]. The
reason for the term ‘indirect solute embrittlement’ is that
solute atoms do not cause the low ductility directly
but actually strengthen the alloy. However, the
strengthening of the alloy due to dynamic strain aging
reduces the strain rate sensitivity [8]. In many alloys, both
mechanisms may contribute to the low ductility at the
same time. The main difference between them may be the
role of solute atoms at grain boundaries [8]. Solute
atoms apparently weaken the grain boundaries in direct
solute embrittlement but do not do so in the indirect
solute embrittlement. The type of fracture in indirect
solute embrittlement is typically of a ductile nature
whereas the fracture in direct solute embrittlement
involves low energy fracture along grain boundaries.

The temperature region in which the elongation
minimum occurs corresponds to the plateau in the flow
stress vs. temperature curve [8]. This model also predicts
a rapid increase in elongation above the temperature
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Fig. 7. Predicted (curves (a)-(d)) and measured (O, O, A, V)
percentage elongation of CANDU(13.1) claddings vs. temper-
ature for the four strain rates. 1.33 x 10™* s! (curve a, 0),
6.67 x 1074 57! (curve b, ), 3.33 x 1073 57! (curve ¢, A),
1.33 x 1072 s7! (curve d, V).



26 K. W. Lee et al. | Journal of Nuclear Materials 295 (2001) 21-26

range of the flow stress plateau where the flow stress
rapidly decreases. Experimental data show a significant
increase in ductility above the elongation minimum
temperature, which is in good agreement with this pre-
diction [8]. As suggested by Hong [14], the macroscopic
deformation mode can be related to the microscopic
dislocation structure. In the temperature region of the
flow stress plateau, dynamic strain aging causes micro-
scopically the clustering of dislocations [I8] and
macroscopically the concentration of deformation in the
neck. Above the temperature range of the plateau,
dynamic strain aging causes microscopically the homo-
geneous distribution of dislocations [18] and macro-
scopically the spread-out of deformation over the entire
gauge section.

4. Conclusions

In this study a constitutive equation is derived which
can predict the temperature dependence of elongation
for Zircaloy-4 CANDU nuclear fuel claddings. The loss
of ductility associated with dynamic strain aging was
observed between 250°C and 400°C. The elongation
minimum results form the concentration of deformation
in the necked region in the temperature range of the flow
stress plateau. Oxygen atoms actually strengthen the
alloy. However, the strengthening of the alloy due to
dynamic strain aging decreases the strain rate sensitivity
in the temperature range of the flow stress plateau. The
decrease in the strain rate sensitivity results in a low
ductility. Above the temperature range of the flow stress
plateau the elongation of the alloy increases rapidly with
temperature. The prediction based on a dynamic strain
aging model is in good agreement with the temperature
dependence of the circumferential ductility of Zircaloy-4
nuclear fuel claddings.
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