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a b s t r a c t

Thermal creep is a key property of zircaloy cladding. CZ developed by CGN is a new zircaloy used as PWR
fuel cladding. This research is devoted to investigating the thermal creep behavior of CZ and build the
thermal creep model of CZ. Twenty internal pressure creep tests were conducted, and the ranges of
temperature and Tresca stress were 320e430 �C and 70e300 MPa, respectively. Real-time creep data
were analyzed by separating primary creep and steady-state creep. Based on Soderberg model and creep
test data, CZ thermal creep model is derived. As a whole, the mean value and the standard deviation of P/
M of CZ saturated primary creep strain are very close to these from steady-state creep rate, however, the
predictive effect of primary creep is less satisfactory. Four conditions, where there exists large deviation
between predicted values and test data, are 320 �C and 300 MPa, 350 �C and 190 MPa, 380 �C and
160 MPa, 380 �C and 190 MPa, respectively. As primary creep was much smaller than steady-state creep
in long-time operation, the thermal creep model built can be applied to predict the thermal creep
behavior of CZ cladding.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Creep is time-dependent inelastic deformation under a certain
applied load. Generally, it should be considered when the material
is under elevated temperature and certain stress condition for a
long time. The irradiation of Zircaloy fuel cladding in PWR is a
typical case with biaxial stress state. Zircaloy cladding initially
creeps down to become contact with fuel pellets in PWR operation,
as the coolant pressure is much greater than internal pressure in
fuel rod. The cladding is stressed by fuel pellets from inside after the
contact, and it may result in increase of cladding diameter by pellet
swelling and thermal expansion in power ramps. So creep is one of
the essential properties of the cladding in predicting the fuel rod
performance. Creep can generally exhibit into three characteristic
regions: primary creep, steady-state creep and tertiary creep. The
steady-state creep is predominant in normal operation of PWR, and
the tertiary creep generally occurs under accident conditions, such
as LOCA.

The creep of zircaloy cladding in PWR can be divided into
thermal creep and irradiation creep. Thermal creep denotes the
creep behavior in the absence of irradiation. The deformation due
6)0755-88617056, (86)0755-
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to the thermal creep component shows a marked dependence on
cladding temperature and stress, which is induced by the combi-
nation of internal rod pressure, contact pressure and coolant
pressure. Many lattice defects emerging under neutron irradiation
can accelerate creep, and it is called as irradiation creep [1]. The
Two most prominent mechanisms of irradiation creep are stress-
induced preferential absorption mechanism and climb and glide
mechanism [2]. The deformation due to the irradiation creep is
mainly dependent on neutron flux, neutron fluence, temperature
and stress. Although the major source of zircaloy cladding creep in
PWR is irradiation creep, thermal creep may rise to significant
deformation especially at relatively high temperature or stress.
Moreover, thermal creep behavior is intimately related to irradia-
tion creep so that a thorough understanding of thermal creep is
essential to an understanding of irradiation creep.

In the past twenty years, a series of zircaloy cladding internal
pressure creep tests were carried out to develop new zirconium
alloy, investigate creep mechanism and develop creep models. The
thermal creep tests [3], where the hoop stress is between 100 and
150MPa and the temperature is 350 �C, were performed to evaluate
out-pile creep properties of HANA cladding, and it was found that
the optimization of the final heat treat temperature and adding Sn
or Nb can improve the creep resistance. For the impact of hydrogen
on the creep property of Zirconium alloy [4], Bouffioux [5,6] carried
out a series of biaxial creep tests of unirradiated Zircaloy-4 cladding
tube at range temperature 20 �Ce400 �C and stress range
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Table 1
Ingot chemistry of CZ.

Element Sn Nb Fe Cr Cu Zr

Composition (wt%) 0.8e1.4 0.1e0.3 0.3e0.5 0.07e0.025 0.05e0.03 Balance

Fig. 1. Optical micrograph of CZ

Fig. 2. Schematic diagram of test specimen a
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120e350 MPa with hydrogen content between 100 and 1100 ppm,
and Kishore [7] carried out biaxial creep tests of unirradiated
recrystallized Zr-2.5%Nb pressure tube at 450 �C with hydrogen
content up to 170 ppm, it was found H2 in solid solution in general
decrease creep resistance of Zr alloys. Pratik Joshi at. el [8] reported
the creep locus for recrystallized HANA is close to isotropy, and
CWSR ZIRLO exhibited stronger creep anisotropy with relatively
weaker hoop direction, based on the biaxial creep tests with
different stress ratios of 0,0.5,1.5 and 20. Fifty-two internal pressure
creep tests of post-irradiation Zr-4 cladding [9e11] and six biaxial
creep tests of highly irradiated ZIRLO cladding [12,13] were carried
out to develop creep models and evaluate the zircaloy cladding
creep of dry storage.

CZ is a new zirconium alloy [13,14], which was developed by
China General Nuclear Power Group (CGN), and will be used as
PWR fuel cladding material in the future. Investigating the thermal
creep behavior of CZ cladding is an essential prerequisite for pre-
dicting CZ fuel rod performance and CZ commercial license.
Building the thermal creep model of CZ requires extensive mea-
surements of diametral deformation under controlled conditions.
Twenty biaxial stress creep tests under various internal pressures
and elevated temperatures were undertaken, and the external
nd internal pressure creep test machine.
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diameter of every specimen was measured in real time. In this
research, the process of CZ thermal creep modeling along with the
information of biaxial stress creep tests (including apparatus and
process) is presented.

2. Cladding material

Specimens for biaxial stress creep tests were cut out to about
200 mm length from re-crystallized annealed CZ cladding tubes,
which are manufactured in the specific process. The specimens are
sealed by connecting with collar nut, choke plug and cutting sleeve.
The nominal of external diameter and thickness of test specimens
are 9.5mm and 0.57mm, respectively. CZ is a Zr-Sn-Nb alloy, and its
composition is shown in Table 1. The optical micrograph of CZ is
shown in Fig. 1, and the diameter of the grains is 4.5 ± 1.0 mm.

3. Description of creep test

The internal pressure creep testmachine is the key equipment for
the creep test. As shown in Fig. 2, this machine consists of a vacuum
furnace, pressure system and a laser micrometer, and the specimen
is horizontally positioned in the creep test machine. Specimen is
connected to the pressure system, which fills high-purity argon to
specimens to reach setting pressure, and then set in the vacuum
furnace, which heats specimens to setting temperature and keeps
the temperature constant. The Laser micrometer can measure
external diameter of the specimen per minute in the test, and the
measurements can be automatically recorded in data files. Indeed,
the measurements of external diameter include creep, thermal
expansion and elastic strain, so subtracting thermal expansion and
elastic strain from the measurements is necessary to get the real
creep strain. The external diameter of the cladding tube is measured
in the middle region between ±20 mm from the axial midheight of
the tube. The measurement accuracy of the temperature and the
pressure for the test machine is 3 �C and 1%, respectively.

After the specimen is set in the vacuum furnace, turn on the
vacuum furnace and heat the specimen to the set temperature in
3e4 h. Then, turn on the pressure system and fill the high purity
argon to the specimen on the test pressure. Finally, Laser micrometer
measures external diameter of the specimen per minute until the
duration of the test reaches the setting time. PCL controller in the
pressure system can keep the inner pressure constant. If the inner
pressure deviates from the setting value, the pressure systemwill fill
or draw out the argon until the inner pressure equals the setting
pressure. The measurement accuracy of the laser micrometer is
4 mm. If the tangential strain in real time is greater than 10% in the
test, the test will be automatically ceased to prevent the specimen
from bursting, which can result in damage to the machine.

Twenty combinations of temperature and Tresca stress were
adopted from the temperature range of 320e430 �C and the Tresca
stress range of 70e300 MPa, which are summarized in Table 2. The
duration of most tests is 1000 h, except the conditions with
elevated temperature or high stress, such as 300 MPa and 400 �C,
Table 2
Test conditions.

tangential stress(MPa) radial stress (MPa) axial stress (MPa) T

66 31 �4 7
94 44 �6 1
122 57 �8 1
150 70 �10 1
178 83 �12 1
243 113 �17 2
281 131 �19 3
because the strain of the specimen exceeds 10% before 1000 h and
the test machine automatically ceases. Thin-wall cylindrical tube
theory under internal pressure [15] is used to determine stress state
of specimens in the test, and the formulations of axial stress,
tangential stress and axial stress on specimens’mid-wall are shown
as Eq. (1).

sz ¼ P,
DM

4t
� P
2
sq ¼ P,

DM

2,t
� P
2
sr ¼ �P

2

sTr ¼ sq � sr ¼ P,DM

2t

(1)

sZ: axial stress
sq: tangential stress
sr: radial stress
P: internal pressure
t: thickness of specimens
DM: mid-wall diameter
sTr: Tresca stress

Prandtl e Reuss incremental theory [16] is applied to calculate
specimens’ creep. According to Eq. (1), the deviatoric stresses of
three directions are shown as Eq. (2). The axial creep equals 0 in the
tests, as the axial deviatoric stress equals 0. Therefore, the mea-
surement of creep tests is the diameter.

dεi ¼
3
2
dεeff ðseff Þ

sdi
seff

sdz ¼ sz � 1
3
ðsz þ sq þ srÞ ¼ 0

sdq ¼ sq �
1
3
ðsz þ sq þ srÞ ¼ P,

DM

4t

sdr ¼ sr � 1
3
ðsz þ sq þ srÞ ¼ �P,

DM

4t

(2)

dεi: creep increment
dεeff: effective creep increment
dseff: effective stress
sd i: deviatoric stress

i denotes axial, tangential and radial direction, respectively.
4. Test results and modeling

The relationship between the creep strain of specimens’
external wall and time can be obtained in every creep test result.
The creep curve of stress relief annealing Zr-4 cladding in Fig. 3 is
resca stress (MPa) Temperature(�C)

320 350 380 400 430

0 - -

00 - - -

30 - - - - -

60 - - - - -

90 - - -

60 -

00 -



Fig. 3. The creep curves for creep tests.
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based on our test data. When stress and temperature of the test are
constants, primary creep is an exponential function and steady
estate creep is a linear function [17], which are shown in Eq. (3).
The first item of Eq. (3) denotes primary creep and the second item
of Eq. (3) denotes steady-state creep.

ε¼ εp þ εs ¼ B2,½1� expð�B3 , tÞ� þ B1,t (3)

ε: creep strain
εP: primary creep
εs: steady-state creep
B1: steady creep rate
B2: saturated primary creep stain
B3: kinetic constant of primary creep

Various types of Zircaloy creep models [18,19] are available.
Creep data of CZ are separated into primary creep and steady creep,
so Soderberg model and Matsuo model are employed to predict CZ
thermal creep behavior. Soderberg model [19] and Matsuo model
[18]are shown as Eq. (4) and Eq. (5), respectively. Primary creep and
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steady creep are explicitly considered in these two models.

ε ¼ εp þ εs ¼ B2,½1� expð�B3,tÞ� þ B1,t

B1 ¼ A1,expða1,sTrÞ,expð�
Q1

T
Þ

B2 ¼ A2,expða2,sTrÞ,expð�
Q2

T
Þ

(4)

ε ¼ B2 � f1� expð�52� ðB1,tÞ0:5Þg þ B1,t

B1 ¼ D1,
E
T
,sinhD2ðD3,s

E
Þ,expð�D4

T
Þ

B2 ¼ D5� BD61

(5)
T: temperature (K)
A1, a1, Q1, A2, a2, Q2: constant
D1, D2, D3, D4, D5, D6: constant
E: Young modulus

The first step of modeling is calculating the steady-state creep
rate B1, saturated primary creep strain B2 and kinetic constant of
primary creep B3 for all test conditions. The module of the curve
fitting of Origin software is adopted to calculate B1, B2 and B3, after
the vectors of time and creep strain of every test are input into
Origin software. All of the results are shown in Table 3. In the
second step, the constants of the formulation B1 are obtained, based
on the values of B1 in Table 3. In the last step, the constants of the
formulation B2 are obtained based on the values of B2 in Table 3.
4.1. Steady-state creep

4.1.1. Soderberg model
Taking the logarithm of Eq. (4), the steady-state creep rate of

Soderberg model becomes

ln B1 ¼ ln A1 þ a1,sTr �
Q1

T
(6)

lnB1 is a linear function of two variables, as sTr and 1/T. The
multiple linear regression is employed to determine A1, a1 and Q1,
and A1 ¼ 6.00 � 1011, a1 ¼ 0.04078, Q1 ¼ 27060. The correlation
coefficient of the linear fitting in Fig. 4 is 0.978. Then, B1 of Eq. (4)
becomes

B1 ¼6:0� 1011,expð0:04078 ,sÞ,expð�27060
T

Þ (7)
4.1.2. Matsuo model
Taking the logarithm of Eq. (5), the steady-state creep rate of

Matsuo model becomes

ln B1 � lnðE
T
Þ ¼ lnðD1Þ � D4

T
þ D2,ln½sinhðD3 ,s

E
Þ� (8)

lnB1-ln(E/T) as a dependent variable is a function of two vari-
ables, which are 1/T and s/E, respectively. The Young modulus E of
CZis calculated as follow

E¼ � 60:8,TC þ 100812 (9)

D1-D4 can be determined by nonlinear surface fittingmethod as
D1 ¼ 1.64 � 109, D2 ¼ 0.5086, D3 ¼ 6343 and D4 ¼ 26150. The
correlation coefficient of the nonlinear fitting in Fig. 5 is 0.979.
4.2. Primary creep

4.2.1. Soderberg model
Just like steady-state creep rate of Soderberg model, the con-

stants of saturated primary creep strain can be determined ad
A2 ¼ 0.473, a2 ¼ 0.01628 and Q2 ¼ 3698. The correlation coefficient
of the nonlinear fitting in Fig. 6 is 0.869. B2 of Eq. (4) becomes

B2 ¼ 0:473,expð0:01628 ,sTrÞ,expð�
3698
T

Þ (10)

Conjecturing the formulation among B3, temperature and Tresca
stress is extremely difficult based on B3 values in Table 2, so the
simply method is employed to calculated B3 values, namely aver-
aging all B3 value in Table 2, and B3 ¼ 0.162.

4.2.2. Matsuo model
Taking the logarithm of Eq. (5), the saturated primary creep of

Matsuo model becomes

lnB2 ¼D5þ D6� lnðB1Þ (11)

ln(B2) and ln(B1) should be a straight line. D5 and D6 can be
calculated by linear least squares method as D5 ¼ 0.1370 and
D6 ¼ 0.2373. The correlation coefficient of the linear fitting in Fig. 7
is 0.610.

5. Discussion

For steady-state creep rate, the mean value and the standard
deviation of P/M (the ratio of the prediction to themeasurement) of
Soderberg model are 1.11 and 0.49, respectively; the values of
Matsuomodel are 1.12 and 0.50. The fitting effect of the twomodels
is almost same. It is to be expected, as the correlation coefficients of
Soderberg model (0.978) is almost close to Matsuo model’s (0.979).
The comparison between predictions and measurements of
Soderberg model and Matsuo model is shown in Fig. 8. For satu-
rated primary creep strain, the mean value and the standard de-
viation of P/M of Soderberg model are 1.11 and 0.51, respectively;
however, the values of Matsuo model are 1.27 and 0.84. The com-
parison between predictions and measurements of Soderberg
model and Matsuo model is shown in Fig. 9. As a result, the fitting
effect of Soderberg model is much better than Matsuo model’s.
Meanwhile, the correlation coefficient of Soderberg model (0.869)
is much greater than Matsuo model’s (0.610). Overall, Soderberg
model is proposed to predict thermal creep behavior of CZ in this
research, and Eq. (12) is the formulation of CZ thermal creepmodel.

ε ¼ εp þ εs ¼ B2,½1� expð�0:162,tÞ� þ B1,t
B1 ¼ 6:0� 1011,expð0:04078,sÞ,expð�27060=TÞ
B2 ¼ 0:473,expð0:01628,sTrÞ,expð�3698=TÞ

(12)

For steady-state creep rate of CZ, the points in Fig. 8 are almost
in the straight line of P ¼ M. It denotes the prediction of steady-
state creep rate well confirms with the values in Table 3. The
apparent activation parameter Q1 ¼ 27060 K is in good agreement
with Zr-Sn-Nb(ZIRLO) alloys reported by Luscher [20] and Long
[21], which are 24176 K and 32559 K, respectively.

For saturated primary creep strain, as a whole, the mean value
and the standard deviation of P/M are very close to that from the
steady-state creep rate. However, the predictive confirmation of
saturated primary creep strain of CZ is less satisfactory than the
steady-state creep rate of CZ, and four points, which are marked by
red circles, have a relatively large deviation from P¼M line in Fig. 9.
Meanwhile, the correlation coefficient (0.869) of the saturated
primary creep strain of CZ has some difference from 1.0. The test
conditions of four points are 320 �C and 300 MPa, 350 �C and



Table 3
Steady-state creep rate, saturated primary creep strain and kinetic constant of primary creep.

Temp (�C) Tresca Stress (MPa) Steady creep rate, B1 Saturated primary creep strain, B2 kinetic constant of primary creep, B3

320 130 5.12E-06 9.44E-03 1.15E-01
320 160 8.60E-06 5.45E-03 3.72E-02
320 260 2.28E-04 7.82E-02 1.14E-02
320 300 2.77E-03 9.16E-02 1.53E-01
350 100 4.21E-06 6.71E-03 1.88E-02
350 130 1.84E-05 6.32E-03 2.23E-02
350 160 2.66E-05 1.40E-02 1.60E-02
350 190 8.66E-05 5.06E-02 1.03E-02
380 130 9.07E-05 2.05E-02 2.26E-02
380 160 3.07E-04 4.83E-02 2.87E-02
380 190 1.00E-03 7.43E-02 4.39E-02
400 70 3.38E-05 5.73E-03 7.33E-02
400 100 9.44E-05 1.26E-02 2.97E-02
400 130 3.35E-04 2.25E-02 3.64E-02
400 160 1.48E-03 1.83E-02 1.98E-01
400 190 7.58E-03 2.61E-02 1.99E-01
430 70 2.29E-04 7.75E-03 5.45E-01
430 100 6.86E-04 1.29E-02 9.87E-02
430 130 3.05E-03 9.96E-03 4.99E-01
430 160 1.64E-02 2.74E-02 1.09Eþ00

Fig. 4. Fitting surface of steady-state creep rate for Soderberg model.

Fig. 5. Fitting surface of steady-state creep rate for Matsuo model.

Fig. 6. Fitting surface of saturated primary creep strain for Soderberg model.
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Fig. 7. Matsuo’s saturated primary creep model.

Fig. 8. Comparison between predictions and measurements of steady-State creep rate for Soderberg Model and Matsuo Model.

Fig. 9. Comparison between predictions and measurements of saturated primary creep strain for Soderberg model and Matsuo model.
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190 MPa, 380 �C and 160 MPa, 380 �C and 190 MPa, respectively.
The characteristics of primary creep strain contribute to the
deviation. The duration of primary creep stage is much shorter than
that from test data curve, and primary creep strain is very small,



Fig. 10. Comparison between prediction and measurement of creep strain.
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therefore, there is a rather big error in test data of primary creep
strain, especially elevated temperature and high stress, where the
duration of the first stage is still much shorter and it is difficult to
accurately measure. Indeed, the test conditions of four points are
elevated temperature and high stress. It is an example that there
exists a large variation in kinetics constant of primary creep B3 in
Table 3, but considering that primary creep accounts for a relatively
small percentage of total creep, especially for conditions of elevated
temperature, high stress and long duration, consequently primary
creep has little effect on the predictive accuracy of thermal creep of
Zircaloy cladding. Through the comparison in Fig. 10, it demon-
strates that the prediction of CZ thermal creepmodel complies with
the measurement.

6. Conclusion

Twenty internal pressure creep tests were conducted to inves-
tigate the thermal creep characteristics of CZ. The ranges of tem-
perature and Tresca stress of these tests were 320e430 �C and
70e300MPa, which covered the normal conditions of fuel cladding
in PWR. Based on the test data, Soderberg model(Eq. (13)) is
preferred as thermal creep model of CZ.

ε ¼ εp þ εs ¼ B2,½1� expð�0:162,tÞ� þ B1,t
B1 ¼ 6:0� 1011,expð0:04078,sÞ,expð�27060=TÞ
B2 ¼ 0:473,expð0:01628,sTrÞ,expð�3698=TÞ

(13)

The mean value and the standard deviation of P/M on steady-
state creep rate and saturated primary creep strain, are 1.11 and
0.49. and 1.11 and 0.51, respectively. However, four predicted values
of saturated primary creep strain had a large deviation from test
data. The main reason is that the duration of primary creep was
rather short and primary creep strain is small. As primary creepwas
much smaller than steady-state creep in long-time operation for
Zircaloy cladding, the thermal creep model built can be applied to
predict the thermal creep behavior of CZ cladding.
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