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Received 20 March 2006; accepted 12 July 2006
Abstract

Neutron radiation induces important changes in the mechanical behavior of recrystallized zirconium alloys used as fuel
cladding tube. The neutron radiation effects on the mechanical behavior for internal pressure tests performed at 350 �C
have been investigated using a specific analysis in terms of isotropic hardening, kinematic hardening and viscous stress.
A unified internal variables modeling has also been used in order to provide a consistent description of the radiation effects
on the mechanical behavior. The impact of irradiation has been interpreted in terms of microscopic deformation mecha-
nisms observed by transmission electron microscopy. Due to the localization of the plastic deformation inside channels and
because of the only activation of basal channeling, the kinematic hardening is expected to be strong in irradiated zirconium
alloys.
� 2006 Elsevier B.V. All rights reserved.

PACS: 61.80.Hg; 62.20.Fe
1. Introduction

Zirconium alloys cladding tubes containing the
fuel of pressurized water reactors nuclear power
plants constitute the first barrier against the dissem-
ination of radioactive elements. In order to improve
the material and guaranty the cladding integrity all
along its life time, it is necessary to have a good
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understanding of the effect of neutron radiation on
the mechanical properties and the related radia-
tion-induced microstructure.

It is known that neutron radiation leads to a
significant increase in strength [1–4]. This strength-
ening is usually attributed to the presence of a high
density of small hai prismatic loops induced by irra-
diation [5] which act as obstacles against disloca-
tions glide [6,7]. However it is known that these
loops can be swept up by gliding dislocations when
a sufficient stress is applied leading to the creation of
channels where dislocations can freely glide [8]. This
mechanism has been reported by several authors in
.
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irradiated Zr alloys [9–15]. Lately an extensive study
[16,17] of this phenomenon has been performed on
irradiated Zr alloys tested at 350 �C using transmis-
sion electron microscopy (TEM). It has been estab-
lished that for the irradiated material strained
during a tensile test performed in the transverse
direction of a rolled sheet specimen or an internal
pressure test performed on a cladding specimen
at 350 �C, only basal channeling occurs whereas
for the non-irradiated material, prismatic glide is
mainly activated. The change in principal slip sys-
tem activation has been attributed to the difference
in junction reaction between loops and prismatic
gliding dislocation and basal gliding dislocation.
Indeed, as described in [16], in the hexagonal closed
packed structure, the junctions created between a
hai loop and a hai dislocation gliding in the basal
plane are always glissile whereas in the case of a
hai dislocation gliding on the prismatic plane and
interacting with a hai loop, the junction is sessile
in two cases over three. This leads to a lower ability
for dislocation channeling in prismatic plane and
therefore a change in principal slip system acti-
vation.

Nevertheless, the effect of this specific deforma-
tion mechanism on the mechanical behavior of irra-
Table 2
Irradiation conditions and testing conditions

Specimen Material Fluence, n/m2 Irradiation
temperature (�C)

NI1 M5TM 0 –
NI2 M5TM 0 –
NI3 M5TM 0 –
NI4 M5TM 0 –
NI5 M5TM 0 –
NI6 M5TM 0 –
NI7 M5TM 0 –
NI8 Zy-4 0 –
IR1* M5TM 3.5 · 1025 350
IR2 M5TM 2.3 · 1025 350
IR3* M5TM 3.5 · 1025 350
IR4* Zr–1%Nb–O 12 · 1025 350
IR5* Zy-4 0.4 · 1025 350

* TEM investigations [16,17]: basal channels observed.

Table 1
Zr alloys chemical composition (wt%)

Alloy Sn Nb Fe Cr O Zr

Zy-4 1.30 – 0.210 0.100 0.125 Bal.
M5TM – 1.00 0.035 – 0.130 Bal.
Zr–1%Nb–O – 1.00 0.02 – 0.125 Bal.
diated zirconium alloys (for internal pressure test at
350 �C) is not yet clear.

In order to have a thorough understanding of the
effect of dislocation channeling phenomenon on the
mechanical behavior of neutron irradiated zirco-
nium alloys, a detailed mechanical analysis has been
performed. This specific analysis aims at character-
izing the strain hardening behavior, the strain rate
sensitivity as well as the stress relaxation behavior
of the irradiated material and the non-irradiated
material. A unified internal variables model is also
used in order to confirm the analysis and provide
a coherent description of the effect of neutron radi-
ation on mechanical properties. The obtained
results are then compared and discussed in terms
of deformation mechanisms observed by TEM.
2. Materials and mechanical tests

Mechanical tests have been performed on three
irradiated and non-irradiated recrystallized zirco-
nium alloys: recrystallized Zy-4, M5TM alloy and a
previous experimental grade alloy referred here as
Zr–1%Nb–O. Chemical compositions are given in
Table 1 and irradiation conditions are given in
Table 2.

Mechanical tests have been conducted at 350 �C
at various strain rates with internal pressure loading
condition (rzz � rhh/2 and rrr � 0). In addition, in
order to obtain detailed information on the mechan-
ical behavior, several non-monotonic tests have
been performed. All these mechanical tests can be
divided into four types. The first type of test is a
simple monotonic strain hardening test (at a given
Mechanical test Test
temperature (�C)

Strain rate, s�1

Type 4 at e = 0.8% 350 2.5 · 10�4

Type 4 at e = 0.8% 350 2.5 · 10�4

Type 4 at e = 0.8% 350 2.5 · 10�4

Type 2 at e = 1.5% 350 2.0 · 10�4

Type 2 at e = 2.3% 350 2.0 · 10�4

Type 1 350 2.0 · 10�5

Type 1 350 2.5 · 10�6

Type 2 at e = 1.2% 350 2.5 · 10�4

Type 4 at e = 0.8% 350 3.0 · 10�4

Type 4 at e = 0.8% 350 3.0 · 10�6

Type 3 at e = 0.8% 350 3.0 · 10�6

Type 1 350 3.0 · 10�4

Type 2 at e = 0.7% 350 3.0 · 10�4



Table 3
Yield stress (r0.02%) and flow stress (r0.2%) of the eight non-
irradiated specimens and the five irradiated specimens

Specimen r0.02%, MPa r0.2%, MPa

NI1 195 ± 5 205
NI2 190 ± 5 215
NI3 195 ± 5 215
NI4 200 ± 5 205
NI5 175 ± 5 200
NI6 180 ± 5 210
NI7 180 ± 5 210
NI8 175 ± 5 200
IR1 460 ± 20 590
IR2 320 ± 20 505
IR3 380 ± 20 510
IR4 460 ± 20 575
IR5 430 ± 20 540
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strain rate) that can be followed (type 2) by an
unloading stage beginning at a given strain (ehh)
(with the same strain rate). The third type of test
is a strain hardening test followed by a stress relax-
ation test at fixed strain (ehh) during 72 h. The relax-
ation test can also be followed (type 4) by another
strain hardening test. Testing conditions are given
in Table 2.

The stress and the strain are computed for inter-
nal pressure test using the usual thin wall formula.
All stress and strain values given in the mechanical
behavior analysis account for hoop stress (rhh)
and hoop strain (ehh) of the biaxial stress state dur-
ing internal pressure test.

On four out of the five irradiated specimens (IR1,
IR3, IR4 and IR5), thin foils have been taken after
testing and investigated using TEM. In each case
many basal channels have been observed and no
other type of channel can be observed. A detailed
analysis is given in [16,17].

3. Mechanical behavior analysis

3.1. Yield and flow stress

Typical stress–strain curves of irradiated speci-
mens are reported in Fig. 1, and compared to
non-irradiated materials. Yield stress (chosen here
at 0.02% plastic strain, r0.02%) and flow stress at
0.2% plastic strain (r0.2%) have been measured and
are given in Table 3. Errors on the measurement
Fig. 1. Typical stress–strain curves (NI1, NI5, NI7, NI8, IR1,
IR2, IR4, IR5) performed on non-irradiated and irradiated
recrystallized Zy-4, M5TM and Zr–1%Nb–O alloy. (Type 1: thin
line, type 2: normal line, type 4: bold line). (The test IR4
performed on Zr–1%Nb–O alloy has been irradiated up to higher
fluence.)
of the yield stress given in Table 3 are due to uncer-
tainty in determining the elastic slope for each test.
The uncertainty is higher for the irradiated material
due to the higher strain hardening rate at the onset
of plastic flow.

As reported by many authors [1–4], it is shown
that irradiation leads to a strong increase in flow
stress, while elastic properties remain unaffected by
irradiation. It is also seen that, the flow stress at
0.2% plastic strain increases as the irradiation flu-
ence increases from 0.4 · 1025 to 12 · 1025 n/m2. It
can also be noticed that for the non-irradiated mate-
rial, the difference between yield stress (r0.02%) and
flow stress (r0.2%) is low (between 5 and 30 MPa),
whereas after irradiation the difference between
these two stresses becomes higher (between 110
and 185 MPa). This shows that the strain hardening
is higher for the irradiated material than for the
non-irradiated material between 0.02% and 0.2%
plastic strain.

3.2. Strain hardening

In order to investigate the strain hardening
behavior more accurately, the strain hardening rate
has been computed and compared to the non-irradi-
ated material. The strain hardening rates (dr/dep),
for the two tests NI2 and IR1, are plotted as a func-
tion of the stress as reported in Fig. 2. It is shown
that the strain hardening rate is nearly two orders
of magnitude higher for the irradiated material
(dr/dep � 800 GPa) than for the non-irradiated
material (dr/dep � 10 GPa) at the onset of plastic
flow. For the irradiated material however the
strain hardening rate decreases rapidly to low values



Fig. 2. Strain hardening rate vs. hoop stress for the two tests NI2
and IR1.
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(dr/dep � 10 GPa), whereas for the non-irradiated
material, the strain hardening rate decreases slowly.
As shown in Fig. 2, the decrease of the strain hard-
ening rate follows a nearly linear relationship. The
slope and the ordinate at origin, given in Eq. (1),
are reported in Table 4.

dr
dep
¼ �Arþ B: ð1Þ

Since the raw experimental signal exhibits strong
fluctuations, a direct fitting approach may be pre-
ferred to the computation of the derivative of the
stress with respect to the plastic strain. The inte-
grated form of the differential equation (1) leads
to Eq. (2), which is expressed here in terms of three
parameters C, D and r0. These parameters are cho-
Table 4
Parameters obtained by the strain hardening rate analysis

Test First method Second method

B = Dr0 + C

(MPa)
A = D r0 (MPa)

NI1 3.2 · 104 105 180
NI2 5.4 · 104 195 185
NI3 6.2 · 104 230 190
NI4 4.0 · 104 140 190
NI5 3.3 · 104 115 175
NI6 4.4 · 104 145 180
NI7 3.4 · 104 105 180
NI8 1.8 · 104 160 175
IR1 1.2 · 106 4340 230
IR2 1.1 · 106 2200 230
IR3 2.0 · 106 3270 260
IR4 – – 230
IR5 1.0 · 106 3920 230
sen so as to be compared to the coefficients obtained
using a simple internal variables modeling described
in the next section of this paper. For consistency,
Eq. (1) can be rewritten in terms of these three coef-
ficients in Eq. (3).

rðepÞ ¼ r0 þ
C
D
ð1� expð�DepÞÞ; ð2Þ

dr
dep
¼ �Drþ ðDr0 þ CÞ: ð3Þ

Both methods give similar results (Table 4). It is
shown that coefficients D and C are much higher
for the irradiated material than for the non-irradi-
ated material due to the higher strain hardening rate
at the onset of plastic flow for the irradiated mate-
rial. In the case of the specimen IR4, the data are
not good enough to compute the strain hardening
rate.

The results are in agreement with the data given
by Yasuda et al. [3] who observed that irradiated
recrystallized Zy-2 tested in axial tensile test exhibits
a higher strain hardening coefficient at the onset of
plastic flow than the non-irradiated material. It is
also shown in [3] that the strain hardening coeffi-
cient decreases when the plastic strain increases,
becoming lower (at the same plastic strain) than
the strain hardening coefficient of the non-irradiated
material.

3.3. Isotropic and kinematic hardening

It is known that during cyclic mechanical test,
such as tensile-compressive test, many materials
exhibit a Bauschinger effect leading to a lower yield
C (MPa) D B = Dr0 + C

(computed) (MPa)

1.43 · 104 130 3.8 · 104

1.56 · 104 130 4.0 · 104

1.35 · 104 120 3.6 · 104

1.34 · 104 130 3.8 · 104

1.29 · 104 115 3.3 · 104

1.69 · 104 125 3.9 · 104

1.56 · 104 125 3.8 · 104

1.30 · 104 130 3.6 · 104

15.5 · 105 4300 2.5 · 106

6.0 · 105 2000 1.1 · 106

7.5 · 105 3000 1.5 · 106

15.5 · 105 4300 2.5 · 106

13 · 105 4200 2.3 · 106



Fig. 3. Handfield and Dickson technique for interpreting
hysteresis loop shape (from Handfield et al. [21]).

Table 5
Estimates for isotropic, viscous and kinematic stresses

Test ep (%) rV (MPa) R (MPa) X (MPa) r (MPa)

NI8 1 20 ± 20 70 ± 20 155 ± 20 245
NI4 1.2 20 ± 20 70 ± 20 175 ± 20 265
NI5 2 20 ± 20 70 ± 20 185 ± 20 275

IR5 0.2 70 ± 20 R P 235 X 6 235 540

Fig. 4. Stress–plastic strain curves of the two loading–unloading
tests NI5 and IR5.

Fig. 5. End of the stress–plastic strain curve of the NI5 test.
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stress in compression performed after a tension than
without prior tension. This phenomenon can be
described, as proposed by [18–22] on the assump-
tion that the flow stress is the sum of two compo-
nents: the isotropic stress (R or effective athermal
stress) and the kinematic stress (X or internal stress
or back stress) referred as rint in Fig. 3

r ¼ X þ R: ð4Þ
In addition to these two components, Dickson et al.
[21] have proposed to add a third component
(Fig. 3) which corresponds to the viscous stress
(rV or the thermally activated stress [22]) referred
as r 0 in Fig. 3

r ¼ X þ Rþ rV: ð5Þ
This component of the flow stress is revealed at the
beginning of the unloading as a non-linear or quasi-
elastic phase before the proper elastic phase.

In the case of non-irradiated Zr alloys, several
authors have reported a strong Bauschinger effect
[23–25]. For internal pressure test it is not possible
to achieve proper reverse loading, such as compres-
sion test. Nevertheless, the reverse yield stress can be
observed during the unloading if the kinematic
stress (X) is higher than the isotropic stress (R). In
that case it is possible to measure the kinematic
stress as the value of the stress at the middle of
the linear part of the unloading, the isotropic stress
corresponding to half of the linear part of the
unloading (Fig. 3).

On tests performed with unloading (type 2 tests),
viscous (rV), isotropic (R) and kinematic (X) stres-
ses have been measured (Table 5) as shown in Figs.
4–6. It has to be emphasized that this method leads
to high uncertainty on the obtained values due to
difficulties in determining the linear part of the
unloading.

It is shown that for the non-irradiated material
(assuming that recrystallized Zy-4 and M5TM

behave in the same manner) the viscous and isotro-
pic stress are nearly constant with plastic strain,
whereas the kinematic stress increases with plastic
strain since it is assumed that the kinematic stress
is equal to zero for zero plastic strain. The measured
data are in agreement with the results obtained in



Fig. 6. End of the stress–plastic strain curve of the IR5 test.

Table 6
Strain rate sensitivity and Norton coefficient

Test 1/N N

NI7, NI5, NI2, NI3 �0.013 6 1/N 6 0.005 N > 200
IR1, IR2, IR3 0.032 6 1/N 6 0.034 31.6 P N P 29.6

Fig. 7. Stress relaxation tests performed on the specimens NI2
and IR1.
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[23–25] in low cycle fatigue at room temperature on
various zirconium alloys. Indeed, it is shown in [23–
25] that the back stress (X) is high in Zr alloys and
the strain hardening is mainly due to the increase of
the back stress, whereas the isotropic hardening is
low.

The unloading test performed on the irradiated
material (IR5) did not exhibit any sign of Bauschin-
ger effect, as shown in Fig. 6. This proves that for
this plastic strain level the kinematic stress is lower
than the isotropic stress (X 6 R). The measured
value of the flow stress (r0.2% = 540 MPa) allows
to evaluate the maximum value for the kinematic
stress and the minimum value for the isotropic
stress, taking into account that the measured vis-
cous stress is of the order of rV = 70 ± 20 MPa. It
is then deduced that the isotropic stress is higher
than 235 MPa and the kinematic stress is lower than
235 MPa for the irradiated material at 0.2% plastic
strain.

3.4. Strain rate sensitivity

Mechanical tests performed at two different
strain rates on non-irradiated and irradiated materi-
als allow to compute the strain rate sensitivity of the
materials. The strain rate sensitivity (1/N) can be
expressed as

1

N
¼ D lnðrÞ

D lnð_epÞ : ð6Þ

For the non-irradiated material, from values of the
flow stress at 0.2% plastic strain for various strain
rates (Table 3), it is shown that the strain rate sensi-
tivity ranges from �0.013 to 0.005. These results
agree with the data given in [24,26–31], where a very
low strain rate sensitivity around 350 �C is ob-
served. From data given in Table 3, it is shown that
the strain rate sensitivity for the irradiated material
ranges from 0.032 to 0.034.

Assuming a Norton flow law (Eq. (7)), the Nor-
ton coefficient (N) can be computed as the inverse
of the strain rate sensitivity. The Norton coefficient
is therefore higher than 200 for the non-irradiated
material and ranges from 29.6 to 31.6 for the irradi-
ated material (Table 6). This increase of the strain
rate sensitivity with irradiation has also been
reported by Pettersson [32] for internal pressure
tests performed at 290 �C

_ep ¼ r
K

� �N
: ð7Þ
3.5. Stress relaxation test analysis

The Norton coefficient (Eq. (7)) can also be mea-
sured from stress relaxation tests (Fig. 7), by com-
puting the plastic strain rate as a function of the
stress. It is shown in Fig. 8 that the slope becomes
lower after irradiation which demonstrates that irra-
diation induces a decrease of the Norton coefficient.
Because of fluctuations of the experimental signal, a
direct fitting on the raw signal is also preferred here
to the computation of the derivative. Assuming a
Norton flow law (Eq. (7)), it can be shown that
the stress follows Eq. (8) during the stress relaxation
test.



Fig. 8. Plastic strain rate vs. hoop stress for NI2 and IR1 stress
relaxation tests.

Table 8
Flow stresses before and after stress relaxation

Test Hoop stress
before relaxation
(MPa)

Hoop stress
after relaxation
(MPa)

Difference of
stresses Dr
(MPa)

NI1 231 248 +16
NI2 243 258 +15
NI3 245 245 0
IR1 587 470 �117
IR2 516 410 �106
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rðtÞ ¼ r0ð1þ ctÞ
1

1�N : ð8Þ

The relaxed stress (rrelax) is given in Table 7 as well
as the normalizing coefficient K, the Norton coeffi-
cient (N) obtained by the first method, and the three
coefficients (r0,N,c) obtained by the direct fitting
method. The two methods give similar results, nev-
ertheless the direct fitting gives systematically lower
values for the Norton coefficient. This analysis
proves that irradiation leads to an increase of the
strain rate sensitivity (decrease of the Norton coeffi-
cient) during stress relaxation tests. It is shown how-
ever that for both the non-irradiated material and
the irradiated material, the strain rate sensitivity
measured during stress relaxation tests is much
higher than when measured from the strain harden-
ing tests performed at various strain rates. In other
words, the relaxed stress is much higher than the
viscous stress. This phenomenon can be explained
if a static recovery of the kinematic stress (X) occurs
during the stress relaxation test, as described in [20],
leading to a high relaxed stress.
Table 7
Relaxed stress and flow law coefficients obtained by stress
relaxation test

Test rrelax

(MPa)
First method Second method

K

(MPa)
N r0

(MPa)
N

(MPa)
c

(s�1)

NI1 105 820 12.15 230 12 0.0016
NI2 110 780 12.25 245 11.5 0.0022
NI3 115 770 12.48 245 11.8 0.0025
IR1 340 1900 10.14 590 9 0.0074
IR2 300 2110 9.69 560 7.5 0.0007
IR3 290 3020 7.96 500 7.2 0.0007
3.6. Strain hardening after stress relaxation

Strain hardening tests performed after stress
relaxation show that for the non-irradiated mate-
rial, the flow stress goes rapidly back to the flow
stress curve obtained before stress relaxation,
whereas for the irradiated material, the flow stress
during strain hardening conducted after stress relax-
ation is much lower (about 100 MPa) than the flow
stress curve obtained before stress relaxation as
shown in Fig. 1. The flow stresses before and after
stress relaxation, when flow stress curve is reached,
are given in Table 8. This phenomenon can be
attributed to the partial recovery of the isotropic
stress during the stress relaxation test performed
on the irradiated material. Since this decrease does
not reveal itself during the strain hardening but dur-
ing the stress relaxation, this decrease consists of a
static recovery (with time) of the isotropic stress
rather than a dynamic recovery (with plastic strain).
These phenomena are investigated in more details in
the following section using a unified internal vari-
ables modeling.

4. Mechanical behavior analysis using an internal

variables model

4.1. The model

In order to confirm the previous results and pro-
vide a better description of the various mechanical
tests, a unified internal variables model [20,33,34]
has been used.

Since only one loading direction is studied (inter-
nal pressure), the approximation is made that the
behavior of the material is isotropic although it is
well known that recrystallized zirconium alloy clad-
ding tube behaves anisotropically [23]. However,
when the analysis is limited to internal pressure tests
(rzz � rhh/2 and rrr � 0), it can be seen that the nor-
mal direction of the Mises yield loci is very close to
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the normal direction of the Hill yield loci. This
shows that this approximation, which seems over-
simplified for the general case, leads only to a small
error on the plastic flow direction during the simu-
lation when the analysis is limited to internal pres-
sure test. Internal variables modeling which takes
into account the anisotropic behavior of Zircaloy
tubes as well as the kinematic strain hardening of
non-irradiated and irradiated Zircaloy-4 can be
found in [23,35]. The behavior of the material is
assumed to satisfy the normality law given in Eq.
(9).

_ep ¼ 3

2
_p

devðrÞ � devðX Þ
J 2ðr� X Þ ; ð9Þ

where _ep is the plastic strain rate tensor and _p is the
equivalent cumulated plastic strain rate defined by
Eq. (10). dev(x) is the deviator of a second rank
tensor (Appendix A) and J2(x) is given by Eq.
(11). A table of symbols used in the modeling is also
given in Appendix A.

_p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

3
_ep : _ep

r
; ð10Þ

J 2ðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

2
devðxÞ : devðxÞ

r
: ð11Þ

The strain hardening is chosen as additive with two
contributions: the kinematic strain hardening and
the isotropic strain hardening. These choices are
consistent with the Dickson et al. [21] hypothesis
concerning the partition of the flow stress stated in
Eq. (5). The second rank tensor X, given in Eq.
(9), corresponds to the kinematic stress.

The visco-plastic flow law is chosen as a Norton
law given in Eq. (12).

_p ¼
J 2ðr� X Þ � R

k

� �n

ð12Þ

with hxi = 0 if x < 0 and hxi = x if x P 0. The
scalar quantity R corresponds to the isotropic stress.
The coefficients n and k are the fitting parameters of
the flow law.

The kinematic stress is chosen as a classical law
[20,33,34] expressed in Eq. (13).

X ¼ 2

3
Ca; ð13Þ

where C is a fitting coefficient and a is an internal
variable second rank tensor. The internal variable
a evolution law is chosen as in Eq. (14) in order to
account for the static recovery of the kinematic
stress pointed out by the mechanical analysis. D,
m and a0 are three fitting coefficients.

_a ¼ _ep � Da _p �
J 2ðaÞ
a0

� �m a

J 2ðaÞ
: ð14Þ

The unloading tests have shown that the isotropic
stress is nearly constant with plastic strain for the
non-irradiated material ð _R ¼ 0Þ. In the case of the
irradiated material, the evolution of the isotropic
stress with plastic strain has not been measured.
Only a minimum value at 0.2% plastic strain for
the isotropic stress has been obtained. Nevertheless,
since sweeping up of loops occurs inside channels,
the isotropic strain hardening is believed to be very
low. The isotropic strain hardening is therefore cho-
sen as constant with plastic strain as for the non-
irradiated material. The static recovery of the
isotropic stress, revealed by the strain hardening test
performed after stress relaxation, is taken into
account in Eq. (15).

_R ¼ �bðR� R0Þ ð15Þ
with R(0) = R0 + DR. _R is the time derivative of the
isotropic stress and b, R0 and DR are three fitting
coefficients. For the non-irradiated material the
coefficients are b = 0 and DR = 0.

Only the internal pressure tests NI1, NI4, NI7,
IR1 and IR2 performed on non-irradiated and irra-
diated M5TM claddings are used for the fitting. The
model has 11 coefficients: two coefficients for elastic-
ity, Young’s modulus Y and Poisson’s ratio m, two
for the flow law (n,k), four coefficients for the kine-
matic hardening (C,D,m,a0) and three for the iso-
tropic stress (R0,b,DR). Since only the hoop strain
is measured during internal pressure test, the Pois-
son’s ratio is not fitted and chosen as m = 0.42, value
close to the ones given in [23,36]. The fitting proce-
dure consists of introducing the experimentally
measured parameters given in Tables 4–7 as initial
parameters. Then coefficients are adjusted sepa-
rately for non-irradiated and irradiated materials
using a minimizing procedure of a cost function.

The viscous stress, the isotropic stress and the
kinematic stress are also computed during the simu-
lation and compared to experimental values. The
computed viscous stress is defined [20,33], according
to the chosen model, and in agreement with the
Dickson et al. [21] hypothesis (Eq. (5)), as Eq. (16).

rV ¼ hJ 2ðr� X Þ � Ri ¼ kð _pÞ
1
n: ð16Þ

Since the kinematic stress is a second rank tensor,
the computed value for the kinematic stress is



Fig. 10. Stress–time curve of the tests NI1 and IR1 and simulated
test using the NI coefficients set and the IR coefficients set.
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chosen as the hoop component Xhh. However, since
the internal pressure test is a biaxial loading and be-
cause of the chosen flow law, the computed value of
the hoop stress of the kinematic stress (Xhh) cannot
be directly compared to the value of the kinematic
stress (X) measured in the hoop direction reported
in the mechanical analysis part. Only orders of mag-
nitude and relative proportion for R0, rV and Xhh

are compared to measured values.

4.2. Results

The two coefficients sets (NI and IR coefficients
sets) obtained after the fitting procedure are given
in Table 9. A good agreement is obtained between
simulated tests and experimental tests as shown in
Figs. 9 and 10 (NI1 and IR1 tests). It can be noticed
that a decrease of the Young modulus with irradia-
tion is obtained (�10%), probably mainly because
of the two different mechanical test devices used
Fig. 9. Stress–strain curve of the tests NI1 and IR1 and simulated
tests using the NI coefficients set and the IR coefficients set.

Table 9
Coefficients of the model obtained after the fitting procedure

Coefficient Non-irradiated Irradiated Uncertainty (%)

Y (MPa) 89500 79700 ±1
m* 0.42 0.42 –
n 13.0 6.2 ±1
k (MPa s1/n) 130 520 ±10
R0 (MPa) 100 140 ±1
b (s�1) 0 4 · 10�6 ±10
DR (MPa) 0 60 ±1
C (MPa) 8700 501000 ±1
D 80 3000 ±10
m 1.7 1.5 ±1
a0 (s1/M) 24 16 ±10

*Fixed coefficient.
for non-irradiated and irradiated materials. This
phenomenon could also be explained with analogy
to the microplasticity phenomenon (reversible
motion of dislocations) which induces a decrease
of the apparent Young modulus with plastic strain
for non-irradiated strain hardened materials
[37,38]. The fitting sensitivity has been analyzed
using numerical perturbations. Coefficients values
have been modified from 1% to 10%. The relative
change in the cost function has been computed. A
perturbation lower than 10%, for low sensitivity
coefficients, leads to a small change in the cost func-
tion. While a change higher than 1%, for highly sen-
sitive coefficients, leads to a significant change in the
cost function. Estimated uncertainties on coeffi-
cients are given in Table 9. A high sensitivity is
obtained for the Young modulus (Y), for exponent
values n and m, for the C coefficient and for the
yield stress coefficients R0 and DR.

The use of this simple model allows to confirm
that the strain rate sensitivity increases with irradia-
tion as shown by the decrease of the n coefficient
with irradiation (n = 13.0 for the non-irradiated
material and n = 6.2 for the irradiated material). It
has also been confirmed that in order to reproduce
the low strain rate sensitivity in strain hardening
as well as the stress relaxation, static recovery of
the kinematic hardening has to be introduced into
the modeling. This simple internal variables model-
ing has also confirmed that the strain hardening rate
at the onset of plastic flow is increased by irradia-
tion as shown by the increase of the C coefficient
(C = 8.7 GPa for non-irradiated material and
C = 501 GPa for irradiated material). It has also
been confirmed that the strain hardening rate
decreases more rapidly than for the irradiated mate-
rial as proved by the increase with irradiation of the



Fig. 13. Simulated values for isotropic, viscous and kinematic
stresses for the test IR1 vs. hoop plastic strain.
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D coefficient (D = 80 for the non-irradiated material
and D = 3000 for the irradiated material). The
introduction of the static recovery of the isotropic
stress has also been able to reproduce the decrease
of the flow stress, for strain hardening test per-
formed after stress relaxation in the case of the irra-
diated material.

Finally, a major interest of this approach is the
ability to compute and estimate the kinematic, iso-
tropic and viscous stresses (Figs. 11–14) and com-
pare them to measured values or bounds obtained
by the Handfield and Dickson technique. It is pro-
posed here that for the irradiated material, the iso-
tropic stress (R) is equal to 200 MPa and that the
kinematic stress (here Xhh) is equal to 200 MPa at
0.2% plastic strain. This has to be compared to
the values estimated for the non-irradiated material
where the isotropic stress (R) is equal to 100 MPa
and the kinematic stress (here Xhh) is equal to
100 MPa at 1.5% plastic strain. The simple internal
variables model used shows that these values are
consistent with the mechanical behavior of the
material.
Fig. 11. Simulated values for isotropic, viscous and kinematic
stresses for the test NI1 vs. hoop plastic strain.

Fig. 12. Simulated values for isotropic, viscous and kinematic
stresses for the test NI1 vs. time.

Fig. 14. Simulated values for isotropic, viscous and kinematic
stresses for the test IR1 vs. time.
5. Discussions

5.1. Discussion on the mechanical behavior of the

non-irradiated material

Mechanical properties obtained in this study
for the non-irradiated material agree with mechani-
cal properties reported in the literature for recrys-
tallized zirconium alloys at 350 �C [23–31]. The
Handfield and Dickson technique [21], applied to
non-irradiated recrystallized zirconium alloys, has
shown that the isotropic stress (R) is constant dur-
ing strain hardening. According to [22], this phe-
nomenon can be attributed to the low hardening
due to athermal short range obstacles such as forest
dislocations. Indeed it has been recently demon-
strated in [39] that, in a-Zr, the forest hardening
of hai screw dislocations gliding in the prismatic
plane (principal slip system as reviewed by [40,41])
is very low at room temperature. The analysis pro-
posed by Handfield and Dickson has also shown
that the viscous stress is low (rV is of the order of
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20 MPa) and constant with plastic strain for non-
irradiated Zr alloys at 350 �C. This result is con-
firmed by the very low strain rate sensitivity
observed during strain hardening at various strain
rates, which proves that the viscous stress is close
to zero. The low strain rate sensitivity of the non-
irradiated material has been reported by many
authors [24–31]. This phenomenon is usually
attributed to dynamic strain aging effect due to the
interaction of oxygen solute atoms with hai screw
dislocations gliding in the prismatic plane. These
tests have also shown that the strain hardening is
mainly due to the increase of kinematic stress since
only the kinematic stress (X) increases with plastic
strain. According to [22,24,25,42–45], this pheno-
menon is attributed to strain incompatibilities
between grains due to the plastic anisotropy of the
h.c.p. grains which present a limited number of easy
glide slip systems. It has also been shown that a part
of the kinematic stress (X) is recovered during the
stress relaxation test. This explains the higher strain
rate sensitivity measured during stress relaxation
test than during strain hardening test.

5.2. Discussion on the mechanical behavior of the

irradiated material

It has been shown that irradiation leads to a
strong hardening, as reported in Fig. 1 and Table
3 for yield stress (r0.02%) and flow stress at 0.2%
(r0.2%). The increase of the yield stress (r0.02%) with
irradiation can directly be related to the high loop
density induced by irradiation. Indeed, according
to the classical dispersed barrier hardening model
reviewed by [6,7], dislocation loops act as obstacles
against dislocation glide. However, if a sufficient
shear stress is applied, dislocations overcome or
sweep up all obstacles encountered in the slip
planes, thus macroscopic plastic strain occurs [8].
This stress level defines the macroscopic yield stress
chosen here as the flow stress at very low plastic
strain (0.02% plastic strain).

The mechanical analysis also shows that the flow
stress at 0.2% plastic strain is increased by irradia-
tion. In this case however, TEM investigations of
the specimen IR5 [16] have proved that for 0.2%
plastic strain, basal channels are observed. It is sur-
prising that irradiation hardening is still observed
for this plastic strain level although irradiation
loops are cleared up inside channels. Additionally,
it is seen in Fig. 1 that for the specimen IR4 the flow
stress increases from 0.2% to 0.5% plastic strain and
that many channels can be observed at 0.5% plastic
strain, as reported in [16]. It can be assumed that for
the specimen IR4 channels are already present in the
material for 0.2% plastic strain as it has been
observed in the specimen IR5. Thus, it is also sur-
prising that the flow stress increases, since disloca-
tion channeling corresponds to irradiation defects
clearing, and therefore to local softening inside
channels. This phenomenon can be explained by
considering the polycrystalline aspect of the mate-
rial. Indeed, the localization of the plastic strain
inside a channel should lead to high strain incom-
patibility between the channel and the surrounding
grains which should induce back stress due to dislo-
cations pile-up at grain boundaries. Indeed, it has
been proved for various materials [22] that intra-
granular heterogeneous plastic deformation can
induce internal stress or back stress. For instance,
in the case of the low cycle fatigue, various authors
have suggested that heterogeneous plastic deforma-
tion such as planar slip or persistent slip band
induce internal stress or back stress [22,46,47].
Additionally, since basal channeling occurs exclu-
sively for internal pressure tests, only two inde-
pendent deformation modes are activated and
compatibility conditions between grains cannot be
satisfied [41]. This phenomenon should also induce
microscopic internal stresses and eventually should
lead to the activation of other deformation modes.
These microscopic internal stresses are associated,
at the macroscopic scale, to the kinematic hardening
component of the flow stress. Therefore, in the case
of the irradiated material a strong kinematic hard-
ening is expected to occur. This high kinematic
hardening can then balance the local softening
inside channels (decrease of the isotropic stress),
leading to a hardening behavior at the macroscopic
scale as observed for the specimen IR4. This would
therefore explain that the plastic deformation at the
specimen scale is still homogeneous, according to
laser measurements given in [16], although at the
grain scale, the plastic deformation is localized
inside channels.

The high strain hardening rate measured at the
onset of plastic flow in the case of the irradiated
material can also be interpreted as a consequence
of the localization of the plastic strain at the grain
scale. Indeed, if a channel embedded into an elastic
medium is considered, a high amount of plastic
strain inside the channel is required in order to gen-
erate a small amount of macroscopic plastic strain.
This high amount of local plastic strain will then
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lead to a high increase of internal stress and thus to
a high macroscopic strain hardening rate. It is
shown however that the strain hardening rate
decreases very rapidly in the case of the irradiated
material (Fig. 2) compared to the non-irradiated
material. The decrease of the strain hardening rate
can mainly be attributed to the propagation of
channels from grain to grain due to the high stress
concentration at grain boundaries, at the edge of
channels, as it has been observed in [16,17]. The
decrease of the macroscopic strain hardening rate
would eventually induce strain localization at the
specimen scale. This can explain the strong decrease
in uniform elongation with irradiation reported by
many authors [1–4,10,11,14,48,49]. Nevertheless,
using internal pressure tests, it has not been possible
to measure the kinematic stress, only a maximum
value has been obtained (X 6 235 MPa). Kinematic
strain hardening in compression–tension tests for
the transverse direction has not yet been experimen-
tally observed for irradiated zirconium alloys due to
the difficulty to perform appropriate mechanical
test. Nevertheless, the stabilized hysteresis loop,
obtained during fatigue testing experiment [50] per-
formed in the axial direction on irradiated Zy-4 and
Zy-2 proves that a stronger Bauschinger effect
occurs after irradiation. This observation supports
the hypothesis that kinematic strain hardening is
also strong for internal pressure tests.

It has also been shown that irradiation leads to
an increase of the strain rate sensitivity. This
phenomenon is attributed to the basal slip activa-
tion instead of the prismatic slip activation. Indeed,
the secondary slip systems are expected not to
undergo dynamic strain aging for this test tempera-
ture, leading to higher strain rate sensitivity [51].
This phenomenon has also been reported by Petters-
son et al. [32] for internal pressure test performed at
290 �C, however Yasuda et al. [3] has not observed
any increase of strain rate sensitivity on Zy-2 tested
in axial direction. This can be explained by the fact
that in this case prismatic channeling occurs instead
of basal channeling [16]. The plastic strain localiza-
tion inside channels can also induce an increase of
the strain rate sensitivity since the local strain rate
inside channels is higher than the macroscopic
strain rate leading therefore to a higher viscous
stress. As for the non-irradiated material, it has also
been shown that a static recovery of the kinematic
stress (X) occurs during stress relaxation tests lead-
ing to a higher strain rate sensitivity during strain
relaxation test than during strain hardening test.
Strain hardening test performed after stress
relaxation test have suggested that a static recovery
of the isotropic stress also occurs during stress relax-
ation test. The recovery of the isotropic stress can be
explained by the sweeping up of hai loops by gliding
dislocations inside channels. However, this decrease
should correspond to a dynamic recovery of hai
loops with plastic strain which is not in agreement
with the macroscopic analysis. Although dynamic
recovery of hai loops occurs at the microscopic scale
it is possible that this dynamic recovery does not
appear at the macroscopic scale due to the polycrys-
talline aspect of the material. Indeed, as it has been
discussed previously, the polycrystalline aspect of
the material can induce internal stresses (or kine-
matic stress) which can balance the local softening
inside channels. However, once the material is
reloaded, the flow stress is likely to be lower than
that observed prior stress relaxation, as observed
experimentally. It is also possible that thermal
annealing of hai loops occurs for stress relaxation
tests performed during 72 h at 350 �C. This thermal
annealing should lead to a static recovery of the iso-
tropic stress, as observed at the macroscopic scale.
Nevertheless, the static recovery of hai loops was
not obvious from the TEM investigations per-
formed in [17].

6. Conclusions

A specific mechanical behavior analysis has been
performed for non-irradiated and irradiated recrys-
tallized zirconium alloys. By means of this specific
analysis, confirmed by an internal variables model-
ing, it has been shown that neutron radiation
induces major changes in the mechanical behavior
of recrystallized zirconium alloys. Indeed it has been
assessed that irradiation leads to a strong increase of
the yield stress as well as the isotropic stress. This
has been attributed to the hardening due to the high
loop density induced by irradiation. It has also been
proved that the strain rate sensitivity, as well as the
associated viscous stress, is increased by irradiation
which is explained by the activation of basal slip
instead of prismatic slip for the non-irradiated
material. From TEM examinations and mechanical
analysis it has been proposed that the kinematic
strain hardening is increased by irradiation due to
the high strain incompatibilities between grains
induced by the activation of basal channeling. The
increase of kinematic strain hardening with irradia-
tion can explain the increase with irradiation of the
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strain hardening rate at the onset of plastic flow. It
is also proposed that the fast decrease of the strain
hardening rate of the irradiated material is attrib-
uted to the propagation of basal channels from
grain to grain. Nevertheless, the kinematic stress
has not been measured for the irradiated material.
The mechanical analysis has also proved that the
strain rate sensitivity in stress relaxation, as well
as the associated relaxed stress, is increased by irra-
diation. This is attributed to the activation of the
basal slip as well as the important recovery of
the kinematic stress during relaxation test due to
the increase of the kinematic stress with irradiation.
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Appendix A. Table of symbols used in the modeling

The deviator of a second rank tensor is defined as
devðxÞ ¼ x� 1

3
trðxÞI where tr(x) is the trace of a two

orders tensor. The constricted product x:y is
defined, using Einstein’s notation, by x:y = xijyij.
Symbol
 Variables and coefficients
r
 Stress

e
 Strain

_ep
 Plastic strain rate

_p
 Cumulated equivalent plastic strain rate
a
 Internal variable for the
kinematic hardening
X
 Kinematic stress

rV
 Viscous stress

R
 Isotropic stress

_R
 Time derivative of the isotropic stress
Y
 Young modulus

m
 Poisson’s ratio
n
 Flow law exponent

k
 Fitting coefficient of the flow law
R0
 Fitting coefficients for the static recovery
of the isotropic stress
b

DR
C
 Fitting coefficients for the kinematic
strain hardening evolution law
D

m

a0
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