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Abstract

Zircaloy-4 cladding tubes with different area reductions at the final cold working were subjected to creep testing at
temperatures of 350 to 500°C. The creep testing was carried out mainly at the biaxial stress state. The creep rate and creep
strain of the Zircaloy-4 cladding tube increased with increasing area reduction at the fina cold working. The creep model
was derived to cover the effect of area reduction and then verified by using supplementary creep data obtained at 350°C and
138 MPa. Furthermore, this generalized creep model was verified to well describe the thermal creep of Duplex tubes and
low Sn Zircaloy-4 tubes. The creep rate of Zircaloy-4 cladding tubes followed the exponentia stress dependence, not the
power law creep. The creep activation energy was determined to be 60 kcal /mol, leading to the conclusion that creep is
controlled by dislocation creep. Thus, it is suggested that the increase of creep rates and creep strains with the increase in
cold working is due to an enhanced climb rate arising from the increased concentration of vacancy. © 1997 Elsevier Science

B.V.

1. Introduction

Creep of Zircaloy-4 cladding is one of the important
properties determining the gap distance between fuel and
cladding, and influencing the heat transfer from fuel to
coolant. Therefore, an understanding of the creep behavior
of Zircaloy-4 cladding is required to predict safely and
reliably the thermal performance and mechanical integrity
of fuel rods. Researches on the creep of Zircaloy-4 have
been conducted [1,2] but it is not clear what the main
process controlling the creep rate of Zircaloy-4 is. Kalstrom
showed that the creep of Zircaloy-4 is anisotropic and
varies with the area reduction in the fina rolling though
the texture effect is trivial compared to the area reduction
effect [1]. However, Murty insisted that the creep rate of
Zircaloy-4 is determined by the texture and, when applica-
ble, grain shape anisotropy [2].

Since the creep of Zircaloy-4 is related to the move-
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ment of dislocation, however, attention should instead be
paid to the area reduction at the final cold working. Thisis
due to the fact that the mobility of dislocation is strongly
affected by the area reduction that Zircaloy-4 tube under-
goes during manufacturing. The purpose of this study is to
systematically investigate the effect of the area reduction
on the creep of Zircaloy-4 cladding tubes and to derive a
generalized creep model that can be applied to all
Zircaloy-4 cladding tubes. The Zircaloy-4 tubes used in
this study were subjected to different area reductions at the
final pilger pass as shown in Table 1. On the other hand, at
the final annedling, tube A was subjected to a stress
relieving treatment while the others underwent a partially
recrystallized treatment with an identical degree of recrys-
tallization among them. Thus, tube A had greater strength
than the others which showed almost the same yield of
strength among them. To verify a derived creep model,
complementary creep testing was additionally conducted
on tube B at 350°C and 138 MPa. Furthermore, the creep
behavior of Duplex tubes and low Sn Zircaloy-4 were
investigated to prove the generdlity of the derived creep
model.
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2. Experimental procedures

2.1. Cladding tubes used

Four different Zircaloy-4 cladding tubes were used in
this study, referred to as tubes A, B, C and D, as shown in
Table 1. To identify the effect of the area reduction, these
tubes were subjected to various area reductions from 64.3
to 81.7% at the final pilger pass. It is worth noting that all
tubes except tube A underwent a partialy recrystallized
treatment, leading to identical yield strength and texture
among them. Furthermore, the measurement of the degree
of recrystallization by TEM showed that their degree of
recrystallization was identical as shown in Table 1. TEM
foils with an area of 20000 to 30000 p.m? were shown to
obtain a highly representative value for the degree of
recrystallization. However, tube A with the largest area
reduction had a stress relieving treatment at the fina
annedling, resulting in a yield strength 20-25% higher
than other tubes with partially recrystallized treatment.

Duplex tubes whose OD surfaces were covered with
corrosion resistant zirconium alloys were used to investi-
gate the applicability of a derived creep model along with
low Sn Zircaloy-4: D1 (Zr-2.5% Nb), D2 (Zr-0.4% Fe—
0.5% Sn), and D3 (Zircaloy-4 + 1% Nb). The details of
their chemical compositions are reported elsewhere [3].

2.2. Creep testing

Biaxial creep testing was conducted at 350 and 400°C
by internal pressurization of 20 cm long tubes where the
hoop stress changed from 80 to 150 N /mm?. The tempera-
ture along a tube was controlled within +1°C while the
tube pressure was monitored by a transducer for the dura-
tion of the exposure. The creep strain was measured by
measuring the change of the tube OD periodically. On the
other hand, the creep testing at 500°C was conducted with
the ratio of tangential stress and axial stress changing from
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0 to 2 by using a lever arm machine (the ATS model 2330
with the lever arm ratio of 20 to 1).

3. Results and discussion
3.1. Creep of Zircaloy-4 cladding

Figs. 1 and 2 show the creep stains of Zircaloy-4
cladding tubes over time at 400 and 350°C, respectively.
The creep strain and rate of Zircaloy-4 cladding increased
with increasing area reduction at the final cold working:
tube A with 81.7% area reduction showed the largest creep
strain and creep rate, while tube D with 60.3% area
reduction had the lowest creep strain and creep rate. The
same trend was aso confirmed by the creep testing at the
hoop stresses of 100 and 120 N/mm? and 400°C. It is
worth noting that tubes A and B with a similar area
reduction showed similar creep strains and the very same
creep rate, despite the difference in the fina annealing
treatment and the former cold working processes. Further-
more, the larger creep strains and creep rate of tube B, as
opposed to tube C, lead to the definitive conclusion that
the area reduction is a main controlling factor in determin-
ing the creep behavior of Zircaloy-4. Thisis due to the fact
that the only manufacturing variable between tubes B and
C is the area reduction at the final cold working.
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Fig. 1. Creep strain of four different of Zircaloy-4 tubes at 400°C
and at (a) 150 MPa and (b) 80 MPa.

Table 1

Characteristics of Zircaloy-4 cladding tubes

Item Tube A Tube B Tube C Tube D
(1) Dimension (OD X W) 9.5 0.58 9.5 0.64 10.75x 0.73 9.5 0.64
(2) Areareduction at fina cold working (%) 817 80.3 74.7 64.3

(3) Final heat treatment SR2 PRP PR PR

(4) Degree of recrystallization - 13-24 13-24 10-24

(5) Kearns No. (f,) - 0.52 0.56 0.52

(6) Yield strength at RT (N/ mm?) 652 507 493-517 > 471

(7) Tensile strength at RT (N /mm?) 849 709 681705 > 664

2Stress relieved.
PPartially recrystallized.
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Fig. 2. Creep strain of four different Zircaloy-4 tubes at 350°C and
150 MPa.

Tubes B and D had a similar texture but showed quite
different creep strains and rates. This fact suggests that the
effect of texture on the creep behavior of Zircaloy-4 is
insignificant compared to the area reduction effect. There-
fore, the texture effect was disregarded in developing a
creep model.

3.2. Modeling of Zircaloy-4 creep

An empirical creep equation was derived using aDorn’'s
model [4], in which the creep rate and strain at the
mid-wall of a Zircaloy-4 tube were expressed as a function
of effective stress. The mid-wall strain was calculated from
the OD creep strain by assuming a constant volume under
plastic deformation [5]. The creep equation to best fit the
creep behavior of tube B was expressed as

8t=88(1—exp(—34.138'\/t_))+8't, (1)
& =c,exp(—30084,/T (K))exp(33000y;/E), 2

where &, is the total creep strain (%), & is the steady
state creep rate (%,/d), the primary creep constant 88 =
4.84 X 10" %4 (%), the constant ¢, = 1.72 X 10% (%/d),
the effective stress gy = 1/v2[(0, — 6,)% + (0, — 0,)?
+ (0 — 0?12 (N/mm?) and E is an elastic modulus
of Zircaloy-4 (N/mm?). It should be noted that the pri-
mary creep constant, 88, increases with oy;. The creep
rates and strains calculated by Egs. (1) and (2) agreed well
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Fig. 3. Comparison of the calculated creep rates () and strains (b)
with the measured ones of tube B.

o T T T N e T T

m] Tube A
* Tube B
o Tube C
A

0.1 Tube D

Calculated Creep Rate (%/d)

0.001 L L
0.001 0.01 0.1
Measured Creep Rate (%/d)

Fig. 4. Comparison of the measured and calculated creep rates for
four different Zircaloy-4 tubes.

with the measured ones taken from tube B, as shown in
Fig. 3.

With an aim to develop a generalized creep model that
can describe the creep behavior of not only tube B but all
four Zircaloy-4 tubes, Egs. (1) and (2) were adjusted to
introduce a variable of the area reduction. This is because
the creep rate and strain of Zircaloy-4 cladding tube
increase proportionally with an increase in the area reduc-
tion at the final cold working, as shown in Figs. 1 and 2.
The generalized creep equations were represented as fol-
lows:

&5 = RAZ/(1— RA?)9.477 x 10'°
X exp(—30084/T (K))exp(330004,/E),  (3)
£91=6.027 X 10 °RA 0

X (1-exp(—34.132 Vb)) + &'t (4)

where &4, &4 and RA represent the generalized total
creep strain, the generalized creep rate and the area reduc-
tion at the fina cold working (%), respectively. The main
feature of this generalized creep model is that the primary
creep strain and steady state creep rate vary as a function
of the area reduction, RA, as shown in Egs. (3) and (4). A
comparison of the measured creep rates and the predicted
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Fig. 5. Comparison of the measured and calculated strains for al
four Zircaloy-4 tubes.
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Fig. 6. The verification of the generalized creep model by compar-
ing the calculated and the measured strains taken at 138 MPa and
350°C for tube B.

ones was made for al four Zircaloy-4 cladding tubes, as
shown in Fig. 4. The predicted creep rates obtained by this
generalized creep rate agreed excellently with the mea
sured ones. Furthermore, the total creep strains determined
using Eq. (4) agreed well with the measured ones taken
from al four kinds of Zircaloy-4 cladding tubes in all
creep testing conditions, as shown in Fig. 5. Consequently,
it is concluded that the generalized creep model can pre-
dict well the creep behavior of any Zircaloy-4 cladding
tube if its area reduction at the final cold working is
known.

3.3. Verification of the generalized creep model

Complementary biaxial creep testing was carried out
additionally for tube B at 350°C and 138 MPa hoop stress
to verify the generalized creep model. Fig. 6 shows a
comparison of the measured and calculated creep strains.
Even at a hoop stress of 138 MPa and 350°C, this general-
ized creep model was verified to predict well the creep
behavior of Zircaloy-4.

To see if the generalized creep model is applicable to
Duplex tubes and low Sn Zircaloy-4 tubes, biaxial creep
testing was conducted on them as well as tube B, at 350
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Fig. 7. Creep strain of Duplex tubes, D1, D2 and D3, and low Sn
Zircaloy-4 at 350°C and at hoop stress of 138 MPa
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Table 2
Measured creep rates and calculated area reduction of Duplex
tubes and low Sn Zircaloy-4

Tubes Creep rate at Creeprate Calculated area
mid-wall(%,/d) ratio reduction (%)

D1 8.92x107° 25 91.2

D3 6.59%x 1072 18 88.5

D3 5.35x107° 15 86.5

Low SnZry-4 4.33x1073 12 84.6

Tube B 357x107°8 1 80.32

#Measured value.

and 400°C. The tangential stress was kept constant at 138
or 150 MPa. Duplex tubes and low Sn Zircaloy-4 tube
showed enhanced creep strains and rates compared to tube
B as shown in Fig. 7. Among the Duplex tubes, D1
showed the highest creep strain and rate while D2 had the
lowest creep rate and strain. According to the generalized
creep equations (Egs. (3) and (4)), Duplex tubes and low
Sn Zircaloy-4 must have undergone a greater area reduc-
tion at the final cold working compared to tube B. The
area reductions of these Duplex tubes and low Sn
Zircaloy-4 were calculated based on the measured creep
rates and their relative ratios over the creep rates of tube B
that was taken at 350°C and 138 MPa (see Table 2).
However, since the detailed manufacturing procedure of
Duplex tubes and low Sn Zircaloy-4 is not known to us, it
remains to be confirmed how correct the calculated area
reduction for Duplex tubes and low Sn Zircaloy-4 is.

By using these calculated area reductions, their creep
rates were calculated and compared with the measured
ones at 400°C. The calculated creep rates of Duplex tubes
and low Sn Zircaloy-4 agreed well with the measured ones
at 400°C and 150 MPa, as shown in Fig. 8. In addition,
when the measured creep strains of Duplex tubes and low
Sn Zircaloy-4 were compared with the calculated ones, as
shown in Fig. 9, the calculated creep strains agreed with
the measured ones, also. Conclusively, the results shown
in Figs. 7-9 prove that the generalized creep model is
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Fig. 8. Comparison of the calculated creep rates with the mea
sured ones of Duplex tubes, low Sn Zircaloy-4 and tube B at
400°C and 150 MPa.
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Fig. 9. Comparison of the calculated and measured creep strains
for Duplex tubes, D1, D2 and D3, and low Sn Zircaloy-4 tube at
400°C and 150 MPa.

applicable to both the Duplex tubes and low Sn Zircaloy-4
as well.

The main feature of this generalized creep model is the
fact that the creep rate increases exponentially with equiva-
lent stress. In other words, it does not follow a power law
creep as reported by Murty where the creep rate increases
with the stress of the exponent n [3]. To confirm that the
creep rate of Zircaloy-4 follows the stress dependence,
additional supplementary creep testing was conducted on
tubes B and D at 500°C, with the ratio of tangential stress
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and axial stress changing from 0 to 2. When the log—log
plot of the creep rate versus stress was made, the slope, n
was not constant but changed with the applied stress
conditions, as shown in Fig. 10. However, when a semi-log
plot of the creep rate versus equivalent stress was made, a
linear relationship was observed, regardless of the stress
state, while the value of n was determined to be 0.045 as
shown in Fig. 11. By incorporating 0.045 for n and the
calculated value of elastic modulus at 500°C into Eq. (3),
an exponential constant of 3000 was obtained in compari-
son to the 3300 as determined in the generalized eguation
(Eg. (3)). Itisnot clear if the difference in the exponential
constant may be related to a partial recrystallization during
creep testing or to the uncertainty of the calculated elastic
modulus and experimental error. A conclusion can never-
theless be drawn, however, that the creep rate of Zircaloy-4
follows an exponential function of equivalent stress and
not a power law creep.

3.4. Creep controlling mechanism of Zircaloy-4

The activation energy for the creep of Zircaloy-4
cladding tubes turned out to be 60 kcal /mol as shown in
Eq. (3). This is in quite good agreement with the creep
activation energy reported by Murty [4] and Lyashenko [6].
Furthermore, as this value is very consistent with the
self-activation energy of zirconium in «-zirconium, 69
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Fig. 10. Log—log plot of the hoop and axial creep rates for tubes B and D under an R (= g,/a,) of 1 and 0.5.



13 F T T T T 7
2
2141 R=1 .
L
[0]
x 15 - =
% Tube B
8 16 | ° -
L°>- Tube D
9 -7 -
T
E18F m —
-19 |- 1 | 1 I 1
60 80 100 120 140 160 180
Effective Stress (MPa)
o
g-164 R=0.5
[
© Tube B
& 47 4 ././-
Q
[0
<t
O .18
e [ ]
2
= -19
-20 —
T T T T
60 80 100 120 140 160
Effective Stress (MPa)

(/sec)

[

-

[«
T

In Axial Creep Rate

| I | I |
60 80 100 120 140 160 180

Effective Stress (MPa)

14 —

In Axial Creep Rate (/sec)

60 80 100 120 140
Effective Stress (MPa)

160

Fig. 11. Semi-log plot of the creep rate versus effective stress for tubes B and D under an R (= g,/a,) of 1 and 0.5.

kcal /mol [7], the creep rate of Zircaloy-4 conclusively is
controlled by zirconium diffusion. In other words, it is
concluded that the rate of dislocation climb that is affected
by zirconium diffusion determines the creep rate of
Zircaloy-4. Holmes dready suggested this assumption
based simply on the calculated activation energy [8] but
failed to show any evidence to support his hypothesis.
The larger the amount of cold working at the final pass,
the higher the concentration of vacancy becomes [9].
Therefore, the creep rate of Zircaloy-4, is expected to
increase with increasing vacancy concentration. Therefore,
the proportional increase of the creep rate of Zircaloy-4
cladding with the area reduction at the final cold working
stage provides evidence that the creep of Zircaoy-4 is
controlled by dislocation climb. It should be noted that
tubes B, C and D were subjected to different area reduc-
tions at the fina cold working, followed by partia recrys-
tallized treatment with an identical degree of recrystalliza-
tion among them. Therefore, the faster creep rate of tube B
must prove that the creep rate of Zircaloy-4 cladding is
determined mainly by the area reduction at the fina cold
working, leading to an increasing rate of dislocation climb.

4. Conclusion

This study demonstrated that the creep stain and rate of
Zircaloy-4 increased proportionally with the increasing

area reduction at the final pilger pass. A generalized creep
model was derived to describe the creep behavior of four
different kinds of Zircaloy-4 cladding by introducing the
area reduction effect shown in Egs. (3) and (4).

By using complementary creep data taken at 350°C and
138 MPa, this generalized creep model was verified to
predict well the creep behavior of Zircaoy-4 cladding
tubes. Furthermore, this model was confirmed to explain
well the creep behavior of all Duplex tubes and low Sn
Zircaloy-4 tubes. The creep rate of Zircaloy-4 cladding
tubes followed the exponential equivalent stress depen-
dence, not a power law stress dependence creep. The creep
activation energy was 60 kcal /mol, leading to the conclu-
sion that creep is controlled by dislocation climb. Thus,
increasing creep rates and creep strains with the increasing
area reduction at the fina cold working are due to the
enhanced climb rate arising from the increased concentra-
tion of vacancy at higher cold working.
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