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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

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-

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

Table 2
Irradiation conditions and testing conditions

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

Mechanical test Test
temperature (�C)

Strain rate, s�1

NI1 M5TM 0 – Type 4 at e = 0.8% 350 2.5 · 10�4

NI2 M5TM 0 – Type 4 at e = 0.8% 350 2.5 · 10�4

NI3 M5TM 0 – Type 4 at e = 0.8% 350 2.5 · 10�4

NI4 M5TM 0 – Type 2 at e = 1.5% 350 2.0 · 10�4

NI5 M5TM 0 – Type 2 at e = 2.3% 350 2.0 · 10�4

NI6 M5TM 0 – Type 1 350 2.0 · 10�5

NI7 M5TM 0 – Type 1 350 2.5 · 10�6

NI8 Zy-4 0 – Type 2 at e = 1.2% 350 2.5 · 10�4

IR1* M5TM 3.5 · 1025 350 Type 4 at e = 0.8% 350 3.0 · 10�4

IR2 M5TM 2.3 · 1025 350 Type 4 at e = 0.8% 350 3.0 · 10�6

IR3* M5TM 3.5 · 1025 350 Type 3 at e = 0.8% 350 3.0 · 10�6

IR4* Zr–1%Nb–O 12 · 1025 350 Type 1 350 3.0 · 10�4

IR5* Zy-4 0.4 · 1025 350 Type 2 at e = 0.7% 350 3.0 · 10�4

* 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.
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