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Abstract

Tube creep tests were conducted on low tin Zircaloy-4 cladding with variations given in final annealing temperatures

of 769–893 K, test temperatures of 613–673 K and applied hoop stresses of 90–195 MPa. The enhanced creep rates of

low tin Zircaloy-4 by a factor of 2 compared with standard Zicaloy-4 were observed mainly due to reduced tin content.

It was found that the creep parameters had a considerable stress dependency, that is, the activation energy and stress

exponent decreased with stress increment. The plausible contribution of Coble creep to low-temperature-annealed

Zircaloys at a lower stress range is discussed based on the determined creep parameters, microstructure and texture to

explain the observed stress dependency.

� 2002 Elsevier Science B.V. All rights reserved.

PACS: 62.20.Hg; 81.40.Lm; 83.50.By; 91.60.Dc; 81.40.Ef

1. Introduction

Presently, low tin Zircaloy-4 is widely used as a fuel

cladding material for pressurized water reactors. In this

alloy, the amount of tin is controlled down to 1.3 wt%

compared with 1.5 wt% of standard Zircaloy-4, in order

to improve corrosion resistance of the cladding. Under

normal operating conditions, the temperature of a

cladding tube is in about 573–673 K. Early studies on

circumferential creep of Zircaloy tube [1,2] in this tem-

perature range showed that a large creep strain occurred

in the stress-relieved material than in the recrystallized at

low stresses, and vice versa at high stresses. The authors

attributed the stress dependency to the difference in

dislocation density. That is, as the applied stress in-

creases a high dislocation density is required to maintain

a steady-state creep rate, thus the stress-relieved struc-

ture having the high dislocation density exhibits the low

creep strain at the high stress range.

However, only the dislocation density difference can

hardly explain when it comes to axial creep. The axial

creep strain of recrystallized Zircaloy-4 cladding was

always larger than that of the stress-relieved even at the

very low stress [1–3]. In addition, there are still consid-

erable differences of opinion as to operating creep

mechanism of a-phase zirconium alloys. At the low

temperature range of 573–773 K, several deformation

mechanisms such as climb-controlled dislocation creep

[4,5], recovery creep [6,7], and grain boundary sliding

(GBS) [8,9] have been suggested. At the temperatures

higher than 773 K, Haper–Dorn creep [10] has been

reported as well as diffusional creep [11–15] such as

Nabarro–Herring creep and Coble creep. Even in the

low temperature range, some authors [16,17] argued

Coble creep as a plausible mechanism, especially at the

low stress range.

The present work was undertaken to provide some

insight into creep behaviors of low tin Zircaloy-4 clad-

ding. Furthermore, an interpretation for the stress de-

pendency of Zircaloy-4 creep with annealing condition is
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attempted based on the creep results and microstructure

observations.

2. Experimental

The as-received Zircaloy-4 tube was manufactured

from the same ingot and had the same production his-

tory. The tube had an outer diameter of 9.7 mm and a

wall thickness of 0.63 mm. Its chemical composition is

listed in Table 1. The as-received condition of the tube

was cold-worked and stress-relieved at 769 K for 4 h. To

obtain various annealing conditions, some samples were

additionally annealed in a vacuum furnace for 4 h at the

temperatures of 793, 853 and 893 K, respectively.

Nominal 15 cm long specimens were cut from the

cladding tube and welded with a special end cap. These

samples were assembled with a tube creep testing ap-

paratus using Swagelok-type fittings. After attaining a

specified test temperature in 3-zone furnace, the speci-

mens were internally pressurized by argon gas. During

the test, the specimen temperature was maintained

within �3 K and the internal pressure was controlled in
a negligible variation. The diametral change of the

specimen was periodically measured with a digital mi-

crometer at the three different axial locations of the

specimen. Most of the tests were duplicated to reduce

uncertainty. The hoop stress of a specimen, rh, was

predicted in accordance with the formula, rh ¼
0:5PiDm=w, where Pi is the internal pressure, Dm is the
mid-wall diameter, and w is the thickness of the tube.

To preserve the dislocation structure, the specimens

were cooled with the pressurized state. The transmission

electron microscopy samples were prepared by chemi-

cally thinning the samples down to 80 lm, then
jet-polished, to observe dislocations after creep defor-

mation. For crystallographic texture measurement, the

sample was cut into six pieces axially after cutting about

1.5 cm length of a tube, and the texture orientation was

determined by X-ray diffraction in the circumferential-

axial plane.

3. Results and discussion

3.1. Diametral creep of low tin Zircaloy-4

Fig. 1 shows the diametral creep curves of the as-

received (annealed at 769 K � 4 h, hereafter referred to

SR) and the recrystallized (annealed at 853 K � 4 h,

hereafter referred to Rx) claddings. It is apparent from

Fig. 1 that the SR exhibited larger hoop strains than the

Rx when subjected to the low stresses, 90 and 120 MPa.

On the contrary, the Rx showed the large creep strain at

high stresses such as 135 and 150 MPa. This result

manifests that there exists a transition stress from which

the relative creep strength between the SR and the Rx is

reversed. The transition stress observed in the present

tests was around 120–135 MPa. Fig. 2 shows the effect of

annealing temperature as a function of applied stress. In

the low stress, the hoop creep strain decreased with

annealing temperature increase, while the trend was re-

versed in the high stress condition. In the intermediate

stress condition, minimum creep strain appeared in in-

termediately annealed claddings. All these behaviors of

Fig. 1. Diametral creep curves for both the stress-relieved and

the recrystallized Zircaloy-4 claddings at test temperatures of

(a) 633 K and (b) 673 K.

Table 1

The chemical composition of Zircaloy-4 tube used in the ex-

periment

Element Sn Fe Cr O C Si Zr

wt% 1.27 0.23 0.12 0.13 0.016 0.010 Balance
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the low tin Zircaloy-4 are well consistent with those of

the standard Zircaloy-4 [1–3,18].

In determining a creep rate from a constant internal

pressure test like the present experiment, attention

should be paid since the actual stress increases as the

tube is deformed. Because a negligible axial strain is

expected in Zircaloy tube creep [19], the actual hoop

stress increases due to the increment of diametral strain

as well as the decrement of cladding thickness. There-

fore, the relation between the true hoop stress and the

diametral creep strain, rh � r0hð1þ 2ehÞ, was considered
in correcting the secondary creep rates. Fig. 3 represents

the corrected secondary creep rates of the low tin Zir-

caloy-4 cladding against the applied stress. These creep

rates are on average a factor of 2 higher than those of

standard Zircaloy-4 tube (1.51% Sn) [20] regardless of

the applied stress or test temperature. According to Ref.

[21], 0.24% reduction in tin content (1.51–1.27%) could

cause a factor of 2.58 increase in creep rate. Therefore, it

can be inferred that the creep rate increase in low tin

Zircaloy-4 is mainly attributed to the reduction of tin

content.

Since the steady-state creep rate of Zircaloy-4 clad-

ding exhibited high stress dependency, the sinh-

type creep model has been widely used [20,22,23] in a

practical point of creep rate modeling. However, the

traditional way of describing creep rate is to use the

Dorn-type model [24].

_ees ¼ A
E
T

� �
r
E

� �n
exp

�
� Qc
RT

�
: ð1Þ

Here a and A are constants, n is stress exponent, Qc is
activation energy for creep, and E is Young’s modulus,

1:148� 105 � 59:9T (K) in MPa [25]. The model con-

stants, A, n and Qc, were determined as 1:48� 1018 K/
MPa h, 3.47 and 193 kJ/mol for the SR, and 6:01� 1022
K/MPah, 5.37 and 185 kJ/mol for Rx, respectively. In

general, if n is in the range of 4–7 and Qc is similar to
activation energy for self-diffusion, Qsd, the creep
mechanism is regarded as climb-controlled dislocation

creep. However, the determined Qc was lower than the
Qsd that is 259 kJ/mol in Zr–1.3% Sn alloy [26].
Saturated primary creep strain was determined from

the extrapolation of secondary creep rate down to zero

exposure time, and that is shown in Fig. 4. The primary

creep strain increased both with the applied stress and

the secondary creep rate. The Rx material showed more

sensitive primary creep than the SR, depending on the

applied stress and the secondary creep rate.

The activation energy variation with final annealing

temperature was obtained by performing ‘transient

creep test’ where the test temperature was suddenly in-

creased during a test. As shown in Fig. 5, the large dif-

ference in creep activation energy between 90 and 195

MPa was found especially in low-temperature-annealed

materials. Particularly at 90 MPa stressed SR tube, the

activation energy for creep reduced markedly than that

of the self-diffusion.

Fig. 6 shows double-log plot of the creep results in

the Dorn-type model where the results of the steady-

state tests and the transient tests are plotted altogether.

In spite of different structural evolutions between the

transient creep and the steady-state creep, both creep

rates were well aligned in a trend line. Accordingly, the

stress exponents for both the SR and Rx materials were

determined depending on the range of applied stress (see

Table 2). It is note worth that the stress exponent de-

Fig. 2. Total creep strain versus annealing temperature tested

at 613 K for 48 days.

Fig. 3. Secondary creep rate versus hoop stress for low tin

Zircaloy-4 tube.
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crease to 2.6 at the lower stress range in the SR tube that

is less than the lower bound of climb-controlled creep

mechanism. The high stress exponents, especially in the

Rx tube at the high stress range, may imply occurrence

of power-law-breakdown so as to deform by dislocation

glide-controlled mechanism.

3.2. Microstructure and texture

It is known that metallic zirconium deforms mainly

by slip in hai or haþ ci direction under high temperature
and low stress conditions like creep deformation con-

ditions. In the transmission electron microscopy study,

since the transmitted beam was [0 0 0 1] zone axis, all the

visible dislocations are hai type or haþ ci type disloca-
tions (see Fig. 7). The SR tube had an elongated and

deformed grain structure, while the Rx tube had

equiaxied grain structure with its diameter being about 7

lm. Small fractions of recrystallized grain were also
observed in the SR tube, but its diameter was less than 2

lm. The samples crept at 90 MPa showed that almost all
of the dislocations were individual ones. These were

usually pinned or bowed at precipitations or intersected

each other. It was observed some honey comb shape of

dislocation networks as well as individual dislocations at

120 MPa stressed samples. In the 150 MPa crept sam-

ples, well-developed subgrains were observed usually in

the vicinity of the grain boundary, while the dislocation

substructure was not evident at 90 MPa stressed

samples. Considering the fact that the development of

Fig. 4. Saturated primary creep strain as a function of (a)

secondary creep rate and (b) hoop stress.

Fig. 5. Effect of stress level and annealing temperature on creep

activation energy of Zircaloy-4 tube.

Fig. 6. Temperature compensated creep rate versus modulus

compensated applied stress of Dorn-type creep model.

Table 2

Variation of stress exponent with the stress range in the stress-

relieved and the recrystallized Zircaloy-4 material

Stress range

90–120 MPa 120–150 MPa 150–195 MPa

SR 2.64 4.49 4.92

Rx 4.94 5.83 8.60
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dislocation substructure is a feature of climb-controlled

creep mechanism, it can be inferred that the dislocation-

climb controls Zircaloy creep at the high stresses but not

at the low stresses.

No discernable shape change in pole figures after

creep deformation was observed even after very high

creep strain up to 23%, suggesting slip-dominated de-

formation. However, the Kearns texture number [27]

was slightly increased as the creep strain increased (see

Fig. 8). The reason for this is not clear now but some

occurrence of twin might contribute to the increment of

the texture number during creep deformation.

3.3. Creep mechanism at low stress range

It is obscure to explain the experimental observations

of the Zircaloy creep only by the difference in the dis-

location density because of the following reasons. Ac-

cording to the ‘dislocation density’ theory [1,2], if the

same stress were applied to differently annealed materi-

als, the dislocation density difference between the initial

state and the steady state would disappear at the pri-

mary creep stage due to either by the recovery or the

strain hardening, thus eventually the secondary creep

Fig. 8. Variation of Kearns texture number with creep strain.

Fig. 7. Thin film TEM micrographs of Zircaloy-4 cladding crept at 400 �C: (a) SR tube at 90 MPa and 1.5% strain, (b) Rx tube at 90
MPa and 0.8% strain, (c) and (d) Rx tube at 150 MPa and 23% strain.
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rate should approach to a constant rate independent of

their final annealing condition. To be compatible with

this, the primary creep strain of the SR tube should be a

decreasing function as the stress increases. These are

conflict with the test results shown in Figs. 3 and 4, re-

spectively.

Considering the observed creep parameters of the SR

tube with n < 3 and Qc < Qsd at the low stress level, it
can be envisaged either the activation of GBS or Coble

creep because the phenomenological deformation rate

for both deformation is usually expressed in the very

similar formula

_ees ¼ A
b
d

� �3 r
E

� �n
exp

�
� Qgb

RT

�
: ð2Þ

Here, b is Berger’s vector, d is grain size, and Qgb is
activation energy for grain boundary diffusion. In Eq.

(2), n ¼ 1 and n ¼ 2 represent Coble creep and GBS,
respectively. In Zircaloy, the value of Qgb would be
around 170 kJ/mol [12,28]. Although there are still a lot

of discrepancies in n and Qc for zirconium alloys in lit-
erature, at least it is evident that these values for stress-

relieved Zircaloys tend to decrease to out of the range of

climb-controlled creep as the applied stress decreases.

For instance, at around 573–693 K test temperatures,

the reported values of Qc and n seem to be stress sensi-
tive; 272 kJ/mol [23] at 78–314 MPa, 215 kJ/mol [20] at

51–126 MPa, and 113 kJ/mol and n ¼ 1:5 [29] at 45–73
MPa. Commonly, GBS accompanies grain rotation

during deformation, giving rise to a decrease in texture.

From Fig. 8, however, no texture randomization was

observed after creep deformation, suggesting a negligible

deformation by GBS.

Therefore, it is plausible to assume that Coble creep

becomes pronounced at the low stress level. Accord-

ingly, the decreased creep strain with the increased an-

nealing temperature at the low stress (see Fig. 2) is

believed to be associated with its larger grain size. On

the other hand, the predominance of dislocation-climb

at the high stress would result in the decreased creep

strain in the low-temperature-annealed materials due to

their high dislocation densities. Thus the minimum creep

strain appears at the intermediate annealing temperature

under moderate stress level, where dislocation-climb and

Coble creep compete. The larger creep strain of the

stress-relieved than the recrystallized materials even at

low stress range as low as 76 MPa in the axial creep

testing of Zircaloys [1–3] can be rationalized by con-

sidering axially elongated grain structure of the stress-

relieved claddings. The activation of Coble creep on this

grain structure is hard to occur axially since a long dif-

fusion distance is required to be deformed by Coble

creep. Up to now, occurrence of Coble creep in the

zirconium alloys has not been confirmed yet experi-

mentally at temperatures less than 773 K, probably due

to too much time consumption for a testing. However,

extrapolation of Berstein’s Coble creep model for Zir-

caloy-2 [12] down to the present test conditions gives a

creep rate range of 1� 10�5–8� 10�7 h�1 at the grain
size range of 3–7 lm. These creep rates, especially at
small grain size, are comparable to the present creep

rates at low stress level, which also supports the con-

tribution of Coble creep.

4. Conclusions

No significant differences of the creep behaviors of

low tin Zircaloy-4 tube were observed depending on the

variations in stress and final annealing when compared

with standard Zircaloy-4 cladding in literature, except

for the fact that the creep rates of the former were higher

than those of the latter by a factor of 2. From the in-

vestigation on creep parameters, microstructure and

texture, it is inferred that Coble creep seems to occur in

parallel with climb-controlled dislocation creep and it

becomes prominent at lower stresses and smaller grain

sizes.
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