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Abstract

The anomalous strain rate sensitivity of zirconium alloys over the temperatures range 20°C—
600°C' has been widely reported in the literature. This unconventional behavior is related
to the existence of strain ageing phenomenon which results from the combined action of
thermally activated diffusion of foreign atoms to and along dislocation cores and the long
range of dislocations interactions. The important role of interstitial and substitutional atoms
in zirconium alloys, responsible for strain ageing and the lack of information about the domain
where strain ageing is active have not been yet adequately characterized because of the
multiplicity of alloying elements and chemical impurities.

The aim of this work is to characterize experimentally the range of temperatures and strain
rates where strain ageing is active on the macroscopic and mesoscopic scales. We propose
also a predictive approach of the strain ageing effects, using the macroscopic strain ageing
model suggested by McCormick (McCormick, 1988; Zhang et al., 2000).

Specific zirconium alloys were elaborated starting from a crystal bar of zirconium with 2.2 wt%
hafnium and very low oxygen content (80 wt ppm), called ZrHf. Another substitutional atom
was added to the solid solution under the form of 1 wt% niobium. Some zirconium alloys were
doped with oxygen, others were not. All of them were characterized by various mechanical
tests (standard tensile tests, tensile tests with strain rate changes, relaxation tests with
unloading). The experimental results were compared with those for the standard oxygen
doped zirconium alloy (1300 wt ppm) studied by Pujol (Pujol, 1994) and called Zr702. The
following experimental evidences of the age—hardening phenomena were collected and then
modelled:

e low and/or negative strain rate sensitivity around 200°C-300°C,
e creep arrest at 200°C,
e relaxation arrest at 200°C' and 300°C,

e plastic strain heterogeneities observed in laser extensometry on the millimeter scale.

Relaxation experiments give information about deformation mechanisms. At lower plastic
strain rates, the macroscopic response is associated with the dragging mode (higher
temperatures) and at higher plastic strain rates, the macroscopic response is associated with
the friction mode (lower temperatures). Between these two limiting modes, the behavior
is unstable. For Zr702, the change in the deformation mechanism was observed between
200°C" and 400°C. The apparent activation volumes associated with friction and dragging
modes are almost the same for Zr702, close to 0.7 nm?.atom™'. By reconstruction of the
entire relaxation curve at the temperature peak of 300°C for strain ageing, an estimated
"drag stress” of about 250 MPa was determined for Zr702 (1300 wt ppm oxygen). For ZrHf,
the dragging mechanism was observed for lower temperatures close to 300°C. The apparent
activation volumes are close to 2 nm3.atom™! for the friction mode and 1 nm?.atom™" for
the dragging mode. For this alloy which contains only about 80 wt ppm of oxygen, the "drag
stress” was estimated at about 130 MPa. These relaxation tests provided also evidence that
strong internal stresses develop in the tested specimens for both alloys.

The macroscopic strain ageing model was implemented in a finite element code. An internal
variable, characterizing a global ageing time of the material and associated with a non—
linearity of the constitutive equations allows to simulate plastic strain (rate) localization
under the form of bands extending across the width of the sample. The material parameters
were identified for Zr702. A reliable prediction of the strain ageing phenomena observed
experimentally can be ensured with this model. The development of strain heterogeneous
fields observed by laser scanning extensometry may be also predicted by the model.
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GENERAL INTRODUCTION 7

In the core of a nuclear reactor, the cladding tubes retain the fissile material. They
prevent nuclear material from leaking into the coolant as the first safety wall of a nuclear fuel
of the Pressurized Water Reactors (PWR) in France. Zirconium alloys such as Zircaloy have
been used since the 1960’s as the material because they meet the criteria of the resistance
to an irradiation and corrosion in the reactor core system and have a small cross section
for neutron absorption. The current challenge in the French industry of nuclear energy is
to increase PWR fuel performance at burn-ups beyond 65 GWd/t in a more demanding
operating environment. In this scope, a program was performed to develop superior cladding
and guide-tube materials. New zirconium alloys were produced by AREVA NP and its
partners: quaternary materials (Zr, Sn, Fe and V), (Zr, Sn, Fe and Nb) and ternary materials
(Zr, Nb, O).

The viscosity of nuclear zirconium alloys such as Zircaloy—4 evolves in an "unconventional” way
within the temperatures range 20°C—-600°C, covering the operating temperatures in PWR.
Especially the outer temperature of the fuel rod is about 350°C. Moreover, such effects
can be observed under certain conditions of strain rate (time) and chemical composition of
the zirconium alloys (microstructure). Various studies in the 1970’s years suggested that
this "anomalous” behavior is related to microscopic strain ageing phenomena. The basic
mechanisms of deformation are the coupling between diffusive processes of solute atoms and
moving dislocations, and the long range dislocation interactions.

In dilute zirconium alloys, the most famous macroscopic effects due to strain ageing, reported
in the literature are:

e Static Strain Ageing (SSA), corresponding to the existence of a "stress peak” and/or a
Liiders plateau on the macroscopic tensile curve,

e Dynamic Strain Ageing (DSA), which is associated with the decrease of the Strain Rate
Sensitivity (SRS) parameter which can tend to zero and/or negative values.

In particular, low and/or negative strain rate sensitivity can have a major impact on the
mechanical properties such as the loss of ductility and elongation. Strain ageing can also
induce strong effects on creep behavior. Drastic changes in creep properties such as sudden
decrease in creep rate for temperatures covering the operating temperatures of PWR were
observed by Pujol in transverse type 702 zirconium alloy, Zr702 (Pujol, 1994).
Consequently, the objectives of nuclear industry are on the one hand to better understand
the microscopic strain ageing phenomena observed in various industrial zirconium alloys such
as Zircaloy—4 and on the other hand to predict the macroscopic behavior of these alloys.
That is why, the present study was proposed in the framework of "Contrat de Programme de
Recherche CEA-CNRS-EDF” called "Simulation des Métaux des Installations et Réacteurs
Nucléaires” (CPR SMIRN), based on the viscoplastic behavior of zirconium alloys in
the temperatures range 20°C'-400°C. Omne problem in materials mechanics is to use an
appropriate scale: macroscopic, mesoscopic or microscopic. The main objective of this thesis
is to take a phenomenological approach based on experiments and modeling of strain ageing
in dilute zirconium alloys. We chose to describe plasticity not on the microscopic scale but
examining the results of macroscopic mechanical tests and field measurements (millimeter
scale), in order to suggest constitutive laws taking strain ageing phenomena into account.
Anomalous behavior observed in the studied zirconium alloys can also be described by these
laws. The manuscript is divided into four parts, which are introduced as follows.
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Part A introduces the most reliable findings of the current state of knowledge about
microscopic strain ageing phenomena and their macroscopic effects observed in various dilute
zirconium alloys. The bibliography review is used to specify the experimental and numerical
aspects of this research work. The existence of strain ageing phenomena has not been
yet adequately characterized because of the multiplicity of alloying elements and chemical
compositions in zirconium alloys. Furthermore, a lack of information about creep and
relaxation behavior was evidenced, for instance while during operating conditions in PWR,
the fuel rod is kept under creep conditions at about 350°C". Besides, no constitutive modeling
of strain ageing effects in zirconium alloys has been proposed, although various models taking
the physical mechanisms of strain ageing phenomena into account have been suggested in the
bibliography for other materials such as aluminium alloys. Indeed, the Portevin-Le Chatelier
(PLC) effect and the negative strain rate sensitivity can be simulated in aluminium alloys
using either the Kubin-Estrin’s model (Kubin and Estrin, 1985) or the McCormick’s model
(McCormick, 1988).

In part B, we show experimental evidence of strain ageing phenomena in the chosen
zirconium alloys for various loading conditions. The major aim of this part is to better
characterize the range of temperatures and strain rates where strain ageing phenomena
are active on the macroscopic scale. The mechanical tests were carried out at Centre
des Matériaux/Ecole Nationale Supérieure des Mines de Paris (ENSMP), in addition to
microstructural characterization of the materials at "Service des Recherches Métallurgiques
Appliquées” at CEA Saclay. In particular, this part focuses on two main points. First, the
impact of interstitial and substitutional atoms on strain ageing effects is studied by comparing
specific zirconium alloys. For this, five zirconium alloys were elaborated starting from a
zirconium crystal bar with 2.2 wt% hafnium and very low oxygen content (80 wt ppm),
called ZrHf. Another substitutional atom was added to the solid solution under the form
of 1 wt% niobium. One set of zirconium alloys was doped with oxygen, the other one
was not. These zirconium alloys were compared to a standard zirconium alloy, Zr702,
studied by Pujol (Pujol, 1994). Secondly, many mechanical experiments permitted to better
characterize these five zirconium alloys. Tensile tests were carried out at various applied
strain rates and temperatures. From tensile tests carried out with strain rate changes,
the values of SRS at various temperatures between 20°C' and 400°C' can be measured.
However, both mechanical tests are limited. Indeed they do not show experimental evidence
of deformation mechanisms because the investigated strain rates range is too narrow. Two
alternative strengthening mechanisms are possible in a material exhibiting strain ageing
effects: hardening by solute drag force exerted on moving dislocations and the usual strain
hardening mechanism associated with an increase in the dislocation density. That is why,
repeated relaxation tests at constant temperature, including unloading sequences before
reloading were carried out in order to investigate wide ranges of strain rates in the entire
temperatures domain explored. The main deformation mechanisms for Zr702 and ZrHf are
identified. The interpretation is mainly based on the determination of the apparent activation
volumes detected at constant temperature and constant microstructure. Each well-defined
activation volume is associated with one deformation mechanism. The evolution of these
deformation mechanisms is then studied as a function of temperature, stress and strain rate
for both zirconium alloys.
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The basic mechanisms of deformation associated with strain ageing phenomena lead to
spatio—temporal plastic instabilities. In the literature review, two main types of plastic
instabilities are extensively recalled. The Liiders phenomenon is characterized by a continuous
propagation of a strain band front moving along the entire specimen only once and at a nearly
constant velocity. This macroscopic effect can be mainly observed in mild steels (Lomer, 1952;
Butler, 1962). The other plastic instability is the Portevin-Le Chatelier (PLC) effect which
is characterized by plastic strain heterogeneity concentrated within a spatially limited region
denoted as the PLC bands. Such bands can nucleate and vanish periodically or erratically
and sweep across the same region of the sample several times. Three different types of band
propagation were studied in particular in aluminium alloys (Estrin and Kubin, 1989; Klose
et al., 2003a), labelled types A, B and C. Consequently, in part C, we checked whether
strain ageing phenomena lead to strain heterogeneities on the mesoscopic scale in Zr702 and
ZrHf. We chose the experimental method of laser scanning extensometry which seems to be
an appropriate method, permitting to detect and characterize strain heterogeneities on the
millimeter scale such as the Liiders bands and the PLC effect (Casarotto et al., 2003). These
experiments were carried out at the University of Braunschweig in the European network of
DEFINO RTN (DEformation and Fracture Instabilities in NOvel materials Research Training
Network). After validating the experimental set up by testing standard alloys such as a mild
steel and aluminium alloys, fields of local strain were measured for both zirconium alloys
at various temperatures 20°C, 100°C' and 250°C'. Then, the type of strain heterogeneities
detected in zirconium alloys were compared to the case of the more standard alloys.

Finally, the aim of part D is to present a predictive approach of the strain ageing
effects observed in dilute zirconium alloys in the temperatures range 20°C—400°C', using
a macroscopic model based on negative strain rate sensitivity. For this purpose, we compared
various constitutive models taking PLC effect into account, suggested in the literature. We
retained two main models. The phenomenological constitutive model suggested by Penning
and improved by Kubin-Estrin (Penning, 1972; Kubin and Estrin, 1985) which introduces
the evolutionary behavior of the coupled densities of mobile and forest dislocations. The
second model is a constitutive model suggested by McCormick (McCormick, 1988) which
introduces a local solute concentration at moving dislocations temporarily arrested by forest
dislocations. We chose to use the macroscopic strain ageing model suggested by McCormick
(McCormick, 1988) and used by Zhang and McCormick (Zhang et al., 2000) in finite elements
simulations. Before applying this model to zirconium alloys, we tested the possibilities and
limitations of this model, based on a parametric study. Then we simulated the deformation
of notched and CT specimens in tension. Specific sets of parameters were determined for
standard alloys such as a mild steel and aluminium alloys. This study is based on the finite
element code ZEBULON, developed by ENSMP. Experiments carried out especially at Ecole
Centrale de Paris and simulations were compared. Then we present a predictive approach of
the strain ageing effects observed in zirconium alloys especially in Zr702, based on low and/or
negative strain rate sensitivity, creep arrest and other macroscopic effects observed during
our experiments. For this purpose, the parameters of the model were identified using the
parametric study and the experimental characterization in the temperatures range 100°C—
300°C' and strain rates range 10 °s~1-1073s~! where strain ageing is active. Afterwards,
comparisons between simulations of a flat tensile specimen and experiments were presented,
based on the development of heterogeneous plastic strain fields.
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Chemical compositions of various zirconium alloys used in
nuclear industry
Name Zircaloy-2 | Zircaloy-4 Zr-Nb M5 Zr-1%Nb | Zr702
Reference 1 2

Alloying elements

(%owt)

Sn 1.2-1.7 1.2-1.7 0.2280
Fe 0.07-0.02 | 0.18-0.24 0.076
Cr 0.05-0.15 | 0.07-0.13 0.024
Ni 0.03-0.08 0.005
Nb 2.4-28 | 0.81-1.2

O 0.011-0.14 | 0.011-0.14 | 0.09-0.93 | 0.09-0.149 1.07 0.13
Impurities

(ppm max)

Al 75 75 75 30

B 0.5 0.5 0.5

Cd 0.5 0.5 0.5

C 270 270 270 58
Cr 200 80

Co 20 20 20 19

Cu 50 50 50 32

Hf 100 100 100 400

Hf 25 25 25

Fe 1500 360 760
Mg 20 20 20

Mn 50 50 50 23

Mo 50 50 50 o6

Ni 70 70 30 50
N 65 65 65 12 33
Si 120 120 120 51

Sn 50 8

Ti 50 50 50 26

U 3.5 3.5 3.5

W% 100 100 100 25

(Thorpe and Smith, 1978b)

1:
2 : (Pujol, 1994)
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Chapter -I-

Introduction

Abstract: The aim of this bibliography part is to give a synthetic view of the various strain ageing
phenomena observed in dilute zirconium alloys in order to direct the experimental and numerical
aspects of this work over the temperatures range 20°C—-400°C. Attention is focused on the main
points:

e the important role of interstitial and substitutional atoms,
e the appropriate parameters relative to strain ageing phenomena,

e the lack of information about creep and relaxation behavior.

In dilute zirconium alloys, "anomalous” mechanical behavior over the temperatures range
20°C-600°C has been reported in the literature. Two main effects can be directly observed,
the Static Strain Ageing (SSA) and the Dynamic Strain Ageing (DSA).

e The SSA behavior corresponds to the existence of a ”stress peak” and/or a Liiders
extension on the macroscopic tensile stress versus strain curve. We call "stress peak”,
the existence of a maximum stress followed by a sharp softening, which is a characteristic
of the Liiders behavior. The value of the stress peak is denoted Ao. The SSA mechanical
test consists in straining the specimen into the plastic region at constant strain rate,
then interrupting the loading experience at the prescribed stress level or plastic strain
level, waiting for a given interval of time (called 75), and at the end reloading. After
yielding, the work—hardening of the specimen is observed. This cycle is repeated at
different increasing plastic strain levels. The SSA effect is measured by the parameter
Ao at constant temperature, applied strain rate and microstructure. Consequently,
this type of effect appears after an initial plastic deformation and is observed when the
material is aged and deformed again.

e The DSA behavior is associated with the decrease of the Strain Rate Sensitivity
parameter (SRS) which can tend to zero and/or negative values. Tensile tests carried
out at different applied strain rates or strain rate jumps at constant temperature and
constant microstructure allow to obtain the SRS parameter, defined as follows:

do kgT

— 55 (L1)

SRS — (m)T,EP Va
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where V, is the apparent activation volume. A negative strain rate sensitivity leads to
the Portevin-Le Chatelier (PLC) effect which can be observed by the presence of stress
drops, called also serrations on the macroscopic stress versus strain curve during plastic
deformation. Consequently, this type of effect is observed during plastic deformation.

SSA and DSA effects are linked, observed under certain conditions of temperature,

strain rate (time) and chemical composition of the tested materials. The basic mechanism
of deformation is the coupling between diffusive processes of solute atoms and moving
dislocation, and long range dislocation interactions. This microscopic phenomenon is also
commonly called ”strain ageing”. The SSA behavior is attributed to the pinning of mobile
dislocations, created during previous straining into the plastic region, by diffusion of some
solute atoms during the ageing time, 7,. The DSA effects are connected with dynamic
interactions between mobile dislocations during on—going plastic deformation.
The relationship between SSA and DSA is a consequence of the time/temperature equivalence
associated with the thermally activated processes. Consequently, these mechanisms are linked
to laws of solute atoms diffusion, described by the Arrhenius equation. For SSA, the deformed
material exhibits some initial concentration of solute atoms. The ageing time, 75 or the
dislocation pinning is generally so long that unpinning of dislocation is irreversible on the time
scale of tensile test (the impurities can diffuse around dislocations, leading to their anchoring).
The fact that dislocations can move during the next straining is perturbed by this anchoring,
thus leading to the changes of mechanical properties and plastic deformation such as the
Liiders extension. This phenomenon can be observed at lower temperatures than for DSA for
which the strain rate or the stress rate is imposed. That is why the observation of DSA effects
is on the one hand reduced to a limited temperatures range and on the other hand to a limited
strain rates range, depending on the mobility of diffusive solute atoms during straining. The
perturbations are due to the fact that the diffusion rate of solute atoms is in the same range
than this of the glide dislocations. The competition of the mobilities between dislocations
and solute atoms leads to successive anchoring—unanchoring of dislocations, associated with
some changes of mechanical properties and plastic deformation, called the PLC effect. Note
that in the literature, this effect is observed in some ranges of temperatures and strain rates
for which negative strain rate sensitivity is observed. Consequently the coupling between
strain ageing and plastic deformation depends on plastic strain (the microstructure), strain
rate and temperature. Moreover, a material can be sensitive to DSA without exhibiting PLC
effect.

These microscopic effects occur at intermediate temperatures (0.3 T%) in the b.c.c. and
c.f.c. metals but also in the h.c.p. metals, strengthened by interstitial and substitutional
atoms in solid solution. They are also connected to dislocations core spreading of screw
dislocations in b.c.c. and h.c.p. metals.

In dilute zirconium alloys, strain ageing phenomena lead to various “unconventional”
macroscopic stress—strain behaviors, for instance:

e Liiders phenomenon,

e plateau or maximum in the flow stress versus temperature diagram,

e minimum in the strain rate sensitivity versus temperature diagram,

e maximum in the apparent activation volume versus temperature diagram,

e minimum in ductility and elongation for increasing temperature.

Strain ageing phenomena can also induce strong effects on creep and relaxation behavior.
These main points are developed in the following chapters of part A.
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From microscopic mechanisms to
macroscopic plastic instabilities in
strain ageing alloys
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Abstract: In this chapter, we first explain the general basic mechanisms of deformation associated
with strain ageing phenomena, leading to spatio-temporal plastic instabilities. Then, we present some
macroscopic features observed in typical strain ageing materials such as Al — Mg alloys.

II.1 Microscopic mechanisms in strain ageing alloys

The motion of dislocations is inherently inhomogeneous in space and discontinuous in time,
due to various local stresses along dislocation lines and thermally activated break away from
different extrinsic obstacles. These obstacles can be the Peierls stress itself, the mutual
intersection of dislocations on various glide planes (the interaction with immobile dislocations,
for instance forest dislocations, and impurity atoms or their clusters). Even though the
motion of single dislocations is locally inhomogeneous and discontinuous in time, macroscopic
deformation, especially for pure metals develops homogeneously and stably except if observed
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Figure II.1 : Cottrell cloud around a edge dislocation (Cottrell and Bilby, 1949).

with acuracy like strain field measurements (Neuh&user, 1983) or infrared pyrometry (Ranc
and Wagner, 2005). The most famous unstable behavior is the PLC effect, discovered
in the 20" century. For a comprehensive description of the PLC effect in metals, it is
necessary to start with the basics of plastic deformation. The literature is extensive (Friedel,
1964; Schoeck, 1980; Hirth and Lothe, 1982; Haasen, 1983; Hull and Bacon, 1984). It is
generally accepted that the existence of strain ageing is one of the necessary conditions for the
occurrence of certain type of plastic instabilities which appears in macroscopic measurements.
According to Cottrell, strain ageing results from the interaction between the viscous glide
of dislocations and foreign atoms with a drift velocity of the order of magnitude of the
dislocations velocity (Cottrell, 1948; Cottrell and Bilby, 1949; Cottrell, 1953; Nabarro,
1947). The idea of strain ageing was further developed in (Louat, 1956; Sleeswyk, 1958;
Friedel, 1964; McCormick, 1972; van den Beukel, 1975a; Mulford and Kocks, 1979; van den
Beukel, 1980; Louat, 1981; Schwarz, 1982; Schwarz, 1974; Schwarz, 1985b; Schwarz, 1985a;
McCormick, 1986; McCormick, 1988; Estrin et al., 1993; Springer, 1998). Note that the list
of references is not exhaustive, that is why in chapter VIII, we discuss more precisely about
the microscopic mechanisms of strain ageing. This classical theory of DSA due to interstitial
atoms and dislocations interactions depends on long range diffusion of solute atoms towards
dislocations. Generally, one calls the "Cottrell cloud”, the development by bulk diffusion of
solute atoms around edge dislocations. This organization is non local. Consequently, the
local concentration of solute atoms around dislocations increases as shown in figure II.1.
Interstitial and substitutional atoms can diffuse in volume around the edge dislocations. The
solute atoms having a size inferior to those of the lattice can diffuse to the compressive part
of the stress field of dislocations (see figure II.1 (a)). The substitutional atoms with diameter
superior to those of the lattice can diffuse to the tensile zone of the stress field of dislocations
(see figure I1.1 (b)). This is also the case for interstitial atoms (see figure II1.1 (c)).



II.1. MICROSCOPIC MECHANISMS IN STRAIN AGEING ALLOYS 19

Figure I1.2 : Scheme of the diffusion processes within the scope of strain ageing illustrating
the intersection strengthening (I) (Mulford and Kocks, 1979) and the line strengthening
(IT) mechanism (van den Beukel, 1980) respectively. The straight lines represent immobile
dislocations (for instance forest dislocations) intersected by a bowed mobile dislocation (Klose
et al., 2003a).

Contrary to the Cottrell’s view, the motion of dislocations is basically discontinuous
even in the absence of strain ageing. Tabata et al. (Tabata et al., 1980) observed this
discontinuous motion of dislocations by Transmission Electron Microscopy (TEM) during in
situ deformation of Al — Mg single crystals. It must be noted that on the microscopic scale
of single dislocations, most of the strain ageing phenomena occur as static strain ageing of
stationary dislocations. The influence of strain ageing leads to a preferential activation of
slightly ”aged dislocations” that mainly carry the plastic strain rate. In today’s view, strain
ageing is a necessary but not sufficient condition to observe "non conventional” macroscopic
behavior. Indeed a synchronization of dislocations is required. They “communicate” with
each other by means of their long range stress fields. The result is a correlated motion
and generation of dislocation avalanches (Korbel et al., 1976; Héhner, 1993; Héhner, 1996a;
Hiahner, 1996b; Hihner, 1996¢; Héhner, 1997). Contrary to the classical Cottrell’s theory,
this mechanism of fast dislocations locking depends on short range diffusion, associated with
high diffusion coefficients of solute atoms to dislocations. Two interpretations were suggested:

e the first interpretation suggested by Sleeswijk (Sleeswyk, 1958), then by Cuddy and
Leslie (Cuddy and Leslie, 1972) and Mulford and Kocks (Mulford and Kocks, 1979)
is based on the enhanced diffusion of foreign atoms along the distorted lattice around
the dislocation lines and cores. This type of diffusion is called the "pipe diffusion”
mechanism. Two ageing mechanisms have to be distinguished: (I) an intersection
strengthening mechanism at lower temperatures and higher stresses (Mulford and
Kocks, 1979), (II) a line strengthening mechanism at higher temperatures (van den
Beukel, 1975a). Figure II1.2 shows these two different diffusion processes within the
scope of strain ageing. Hence the exhaustion of mechanism (I) is enhanced when foreign
atoms migrate from the intersection points along the dislocation lines. Mechanism (II)
becomes sufficiently dominant only at elevated temperatures,

e the second interpretation suggested by Schoeck and Seeger (Schoeck, 1956; Schoeck and
Seeger, 1959) is based on the Snoek ordering (Snoek, 1941) of interstitial solute atom
pairs in the stress field of dislocations as shown in figure I1.3.
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Figure I1.3 : Interaction dislocation—solute atom: (a) diffusion of solute atoms atmosphere
without applied stress, (b) diffusion of solute atoms atmosphere with applied stress, (c)
concentration of solute atoms without applied stress (Snoek, 1941).

The Snoek’s mechanism (Snoek, 1941) can explain the anelastic phenomena observed
in the a iron—carbon solid solution. For instance, a single well defined internal friction
peak, called the "Snoek peak”, is observed due to the stress induced ordering of nitrogen
and carbon interstitial atoms, occupying the octahedral interstices in b.c.c. « iron
lattice. Snoek considered that without an applied force, the interstitial atoms fill the
octahedral sites of the iron lattice at random (i.e. the centers of the faces and the edges
of the b.c.c. lattice). As these sites are asymmetric, the interstitial atoms distort
the lattice in an asymmetric manner. The application of a stress, parallel to one
crystalline axis decreases the distorsion in this direction and favours also the jumps
in the interstitial sites to other sites. Then Schoeck and Seeger developed the idea that
an internal stress field associated with dislocations can also order the interstitial atoms.
The new organization, decreasing the free enthalpy of the crystal leads to more stable
dislocations. Consequently, the organization is local and the concentration of solute
atoms around the dislocations does not increase as in the case of the Cottrell’s model.
The Snoek’s mechanism is the base of the microscopic Friedel’s model (Friedel, 1964).
Thus, these dislocations are released from the solute atoms interaction. That is why, a
stress peak can be observed on the macroscopic curve of a SSA mechanical tensile test.

To conclude, the strain ageing phenomena are the combined action of the thermally

activated diffusion of foreign atoms ("Cottrell clouds” of mobile solute atoms) to and along
the dislocation cores and the long range dislocations interactions. The result is an additional
anchoring of the mobile dislocations when they are arrested during "ageing time”.
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Regarding the bibliography, we can define two types of ageing time, (1) the "macroscopic
ageing time”, related to the collective behavior of dislocations and microstructure changes and
(2) the "microscopic ageing time”, usually shorter than the macroscopic ageing time because
the cell size is superior to the cell of all the structure:

e the "macroscopic ageing time” is the interval of time of a tensile test carried out at
constant strain rate and constant temperature with interrupted loading, waiting for
during a given interval of time and then reloading. Due to the external load, that
enforces the multiplication and the motion of dislocations, strain ageing leads to stress
peaks on the macroscopic stress versus strain curve after ageing times and reloading,

e the "microscopic ageing time” is the time that a dislocation spends at extrinsic obstacles
such as the forest dislocations. Strain ageing phenomena leads to their repeated
break away from mobile solute atoms. This physical model is introduced by isolated
dislocations.

II.2 Macroscopic features of spatio—temporal plastic instabil-
ities

11.2.1 Some generalities

Two types of instabilities are associated with strain ageing phenomena: the Liiders front and
the PLC effect. Liiders front and PLC effect were observed in a variety of f.c.c. and b.c.c.
substitutional and interstitial alloys in particular ranges of temperatures and strain rates, as
well as in non-metal matrix such as silicon (Mahajan et al., 1979). Recently, PLC effect was
observed in ordered intermetallics (Brzeski et al., 1993).

The Liiders front, in a tensile specimen, is a delineation between plastically deformed and
undeformed material (Lomer, 1952). It appears at one end of the specimen and propagates
with typically constant velocity, if the cross—head velocity is kept constant, towards the
other end (Butler, 1962). The nominal stress versus strain curve appears flat during the
propagation. However, the localization is preceded by yield point behavior. After reaching
a peak, the flow stress quickly drops to a lower value. This effect was initially observed by
Piobert (Piobert, 1842) in iron. Then in 1860, Liiders described this deformation bands,
bended to about 45° of the tensile axis at the surface of middle steel specimen.

PLC effect denominates spatio—temporal instabilities during plastic deformation of solid
solutions in a certain range of deformation rates, temperatures and predeformations. Initially
in 1909, Le Chatelier (Chatelier, 1909) was the first to show this type of effect in middle steel
between 80°C and 250°C. Then Portevin and Le Chatelier studied the discontinuous plastic
flow in tension of Al — 4.8%Cu at room temperature, between 1920 and 1923 (Portevin and
Chatelier, 1923). Especially, spatial inhomogeneities denote localized rapid deformation in
a limited part of the specimen’s gauge length called the "PLC bands”, while the bulk of the
specimen is deforming very slowly. Indeed, a sequence of shear bands appearing sequentially
with sometimes regular spacing, or a set of propagating bands with a source at one end of the
specimen were observed (Chihab et al., 1987). Temporal instabilities occur as a succession of
stress drops on the stress versus strain curve in strain rate controlled tests . In stress rate
controlled tests 2, the temporal instabilities arise as repeated strain bursts after an almost

¢ = constant. The experimental condition is usually applied as a constant cross head velocity [ = constant
of the tensile or compression test machine.
26 = constant. This mode of deformation is usually applied through as a constant force rate.
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elastic increase of stress (at lower temperatures and smaller stress rates). Hence a staircase
like stress versus strain curve is obtained (Caisso, 1959). Two examples for the Al —3%Mg
alloy at 20°C, at strain and stress rate controlled deformation respectively at é = 1074 s~ !
and ¢ = 0.2 MPa~! are given in figures I1.4 (a), (b) (Dierke, 2005). Although the stiff
machine used here is able to change its speed by a factor of 100 within about 50 ms, this is
not sufficient to impose a perfectly constant stress rate control condition in the present case of
plastic PLC instabilities. This can be recognized in the resulting staircase stress versus strain
curve of figure I1.4 (b). Apart from the serrated or the stepped shape, the work hardening
is effectively compensating for the absence of drag stress in the active PLC bands. An other
example of staircase stress versus strain curve is given in figure I1.5 for the 316 type stainless
steel steel at various temperatures.

Transition from Liiders front to PLC response, while changing temperature or strain rate
was observed (Cottrell, 1953; Nadai, 1950; Brindley et al., 1962; Sleeswyk, 1958). At the
beginning of the macroscopic stress versus strain curves obtained at constant strain rate, the
plastic deformation often (for small grain sizes) starts with the Liiders band (see figure 11.4
(a)). The stress drop at the beginning of plasticity corresponds to the initiation of the
deformation band. Then the plateau is associated with the progressive propagation of the
band in the whole specimen. Note that the tensile curve can exhibit an abrupt drop of stress,
called the upper upper yield point, which is followed by an extended deformation at constant
stress, called the lower yield point. This plateau shows some successive stress drops and
corresponds to the Liiders band in the sample.

Regarding tensile tests carried out at constant strain rate, the PLC strain heterogeneity is
concentrated within a spatially limited region denoted as the PLC band with the band width
wp. This band, mostly inclined at an angle of about 45° from the tensile axis according to the
direction of maximum shear stress propagates along the specimen axis with the band velocity
vp. PLC effect has been investigated most extensively using strain rate controlled tensile
tests. Three different types of deformation mode can characterize PLC effect. They are
labeled type A, B and C bands (Brindley and Worthington, 1970; Wijler and van Westrum,
1971; Cuddy and Leslie, 1972; Pink and Grinberg, 1982; McCormick, 1986; Chihab, 1987).
These various types of plastic heterogeneities are given as follows (see figure I1.6):

e type A bands correspond to a continuous propagation of bands which usually nucleate
near one of the specimen’s grip and propagate with a nearly constant velocity and band
width to the other end of the specimen. These bands sweep across the gauge length
periodically. Such a plastic instability can mathematically be described as a solitary
wave. The increase in strain is quite slow, and the fluctuations of load are moderate
during propagation. Sometimes the nucleation starts within the specimen length,
preferentially within the first stage of deformation. The external applied strain (rate)
is mainly concentrated within the active width of the PLC band. The continuously
moving type A bands are associated with a smooth rise of the local strain, resulting in
a smooth global strain curve for each PLC band,

e type B PLC bands propagate discontinuously along the specimen, or more precisely,
small strain bands nucleate in the nearest surroundings of the former band. The average
velocity is significantly reduced in comparison with type A bands. After nearly elastic
loading, the stress abruptly drops down due to a very rapid local plastic deformation
(Eloc > Eext). The associated saw—tooth like load serrations become more and more
periodic with increasing strain (Schwarz, 1985b),
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Figure II.4 : Macroscopic stress versus strain curves for the deformation of Al — 3% Mg
alloy at 20°C' in (a) a strain rate controlled mode with ¢ = 107* s~ and (b) a stress rate
controlled mode with & = 0.2 M Pa~!. The serrated yielding in the strain rate controlled
mode is replaced by strain bursts in a staircase shaped deformation curve in stress rate
controlled mode (long term elastic loading periods without plastic deformation are interrupted
by sudden strain bursts, the "PLC events”) (Dierke, 2005).
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600°C

Figure I1.5 : Stress versus strain curves on a soft tensile machine again the PLC region for
316 type stainless steel (Blanc, 1987).

e type C bands are characterized by a spatially random nucleation of bands with limited
subsequent propagation accompanied by strong, high frequency and chaotic load drops.
The load frequently drops from the upper level of flow stress reached at the onset of
the stress versus strain curve.

Figure I1.6 (a) shows the serrations of type A, B, C (Lacombe, 1985). Figure I1.6 (b)
displays various serrations, observed for a Cu—In alloy as a function of temperature (Lacombe,
1985).

Strain ageing phenomena may affect manufacturing processes, as well as the fracture
properties of a material. Delafosse (Delafosse et al., 1993) found that DSA affects the fracture
resistance of Al-Li alloy. Their tests, in the range of temperatures and strain rates where DSA
is active, showed localization in the form of PLC bands near the crack tip, high temperatures
and loading rate dependence of the tearing modulus.



I11.2. MACROSCOPIC FEATURES OF SPATIO-TEMPORAL PLASTIC INSTABILITIES 25

wvea

TVPE B ~"VT0 " .

. cupovatdein TR C ¢
GRMIN SIZE ~O-Odom '
(b) . STHAIN. RATE ~8-3%{0" s~

Figure I1.6 : (a) Serrations of type A, B, C in the stress versus strain diagram for the
316L steel (Karimi, 1981); (b) Various serrations, observed for a Cu-In alloy as a function of
temperature (Lacombe, 1985).
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I1.2.2 Comparison between Portevin—Le Chatelier effect and Liiders
phenomenon

These types of spatio-temporal plastic instability can be distinguished, based on a temporal
criterion (Estrin and Kubin, 1995) and a spatial criterion (Rauch and G’sell, 1989). The
homogeneous plastic strain becomes unstable in some parts of the sample and the strain
gradient increases in one direction of the band as the following conditions:

e h <o and SRS > 0, the instability is type h, associated with Liiders phenomenon,
e h > o and SRS < 0, the instability is type S, associated with PLC effect,

where h is the hardening rate and SRS is the Strain Rate Sensitivity parameter, defined by:

Ao Ao
. . RS = (—— 1.1
A Ep )T,ap ) SRS ( )T,ap ( )

Alogé,

According to Ziegenbein et al. (Ziegenbein, 2000), the propagation velocity of the
Liiders band is significantly smaller than that of the PLC bands because of the high strain
concentration within the Liiders band.

The PLC effect is thermally activated. This effect depends on the type of the tensile machine,
temperature, chemical composition, microstructure and strain level. The Liiders behavior is
not thermally activated but depends on the grain size.

PLC effect is due to the propagation of successive bands which can spread in the whole
specimen, being able to reflect themselves at the ends of the sample. The Liiders bands can
initiate at any point of the sample, often in many points. They cross over the whole sample
just one time. Liiders bands belong to a strain softening phenomena, contrary to the strain
rate softening type of PLC bands (Kubin and Estrin, 1984).

With a soft machine, the flow stress is constant during the propagation of the Liiders band.
However, the flow stress increases during PLC deformation.

h=(

In mild steels, PLC effect appears at high temperature, and it is not obvious to observe
these localized bands because of the furnace. Contrary to PLC effect, at room temperature it
is easier to observe the Liiders band, by using a low—angled light. Some techniques are used
to observe both phenomena, but it is not so easy when the experimental set up is used at high
temperatures. For instance, extensometric micro—grids were carried out on sample in Al-Li
alloy by Delafosse (Delafosse et al., 1993). A network of parallel lines by lithography was put
on the sample. Tests were carried out in—situ in order to follow the evolution of the grids
by microscopy. An other technique is the infrared pyrometry. The overheating associated
with the plastic deformation was observed by Ranc in Al-Cu alloy (Ranc and Wagner, 2005;
Louche and Chrysochoos, 2001). Especially, the front of PLC bands and their displacement
were observed when the variations of temperature were reproduced, as shown in figure I1.7.
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Figure I1.7 : Observation of the PLC bands by infrared pyrometry in 4% copper—aluminium
alloy : (a) thermographs of tensile specimen, (b) temperature increment during the occurrence

of PLC bands (Ranc and Wagner, 2005).
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Figure I1.8 : Schematic evolution of the tensile mechanical properties due to dynamic strain
ageing.

11.2.3 Consequences on mechanical properties

In addition to plastic strain heterogeneities, strain ageing phenomena lead to various changes
of mechanical properties in tension. The influence of DSA on the tensile mechanical properties
is shown in a synthetic view in figure I1.8. When the temperature increases, these effects are
characterized by:

e the increase of yield stress (o¢ and 0g 59 and the mechanical strength R,,),

e the increase of yielding rate (the parameter n of the Hollomon law o = Ke"),
e the decrease of SRS,

e the decrease of ductility (A), and necking parameter (7).

When referring to simple models describing the local modes of plasticity versus strain rate
as nonlinear, some authors suggested (Estrin and Kubin, 1988; Kubin and Estrin, 1989a) to
plot the various means of the existence of the DSA phenomena in a temperature versus
strain rate diagram (see figure I1.9). Stress peak for instance can be observed in the largest
domain described in figure I1.9 in connection with SRS values going down to a minimum in
the center of the domain. Crossing this domain at constant temperature (2 in figure I1.9) or
constant strain rate (4 in figure 11.9), the minimum value of SRS will remain positive. On
the other hand, in a restricted domain located at the center of the previous one (1 and 3 in
figure I1.9), the SRS curves will go through negative values around their minimal values. A
purely theoretical approach will lead to conclude that PLC serrations can only be observed
under the condition that SRS is negative (Kubin and Estrin, 1991b).
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Figure II.9 : Dynamic strain ageing (DSA) and Portevin—Le Chatelier (PLC) domains
associated with the strain rate sensitivity (SRS).

Experimentally, it was reported in the literature that the PLC domain is probably wider,
since the so—called instantaneous strain rate sensitivity must be distinguished from the relaxed
strain rate sensitivity as pointed out by McCormick (McCormick, 1988). Similar observations
were reported by Blanc (Blanc, 1987) in 316 stainless steel around 600°C' (low positive values
of the strain rate sensitivity associated with PLC serrations on the macroscopic curve) and
by Korbel (Korbel et al., 1976; Korbel et al., 1979) in Cu—Zn alloys. This point which relates
to the internal microstructure of the specimen and the change of scale from microplasticity
to macroplasticity will be further explored and discussed in this work.

I1.3 Dislocation cores and yield stress anomalies
The dislocation cores were mainly studied by Hirth and Lothe (Hirth and Lothe, 1968).
In addition, yield stress anomalies were found in numerous intermetallic alloys with many
different crystallographic structures as well as in some pure metals and disordered alloys.
They occurred with many different glide systems and their amplitude could for instance be
small, forming a plateau-like stress versus temperature curve, or large, leading to an increase
of yield stress by a factor 10. Three types of explanation were thus suggested to explain yield
stress anomalies in these different cases (Caillard and Couret, 1991):

e diffusion controlled frictional forces,

e Peierls type frictional forces,

e cross slip leading to non planar antiphase boundaries.

These three various microscopic mechanisms are summarized as follows.
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I1.3.1 Stress anomalies in case of diffusion controlled frictional forces

Dislocations are assumed to be slowed down by diffusion controlled mechanisms, such as
climb dissociation and core interaction with solute atoms. Such effects are observed in
Al3T1, steel... An equilibrium configuration is progressively reached after some temperature
dependent relaxation time. It is important to note that many dislocation characters are
related to these mechanisms, which results in an isotropic dislocation substructure. Three
domains can be defined:

e high dislocation velocities, low temperatures: diffusion is too slow to contribute the
structure of mobile dislocations, and the temperature dependence of the flow stress is
negative,

e low dislocation velocities, high temperatures: diffusion is so fast that even mobile
dislocations reach their equilibrium configurations almost instantly. The temperature
dependence of the flow stress is also negative,

e intermediate dislocation velocities and temperatures: the speed of diffusion is
comparable to the velocity of dislocations, in such a way that dislocations move easier at
a higher velocity, thus inducing negative stress—velocity dependence. At a given strain
rate, only a very low density of dislocations is gliding very rapidly at the same time,
which leads in some cases to the so—called "jerky flow” or PLC effect.

11.3.2 Yield stress anomalies in case of Peierls type frictional forces

The materials which are subjected to this effect are: Be (dislocations in pure metals), TiAl
(ordinary dislocations), Fe3 Al (superdislocations with planar antiphase boundaries)... Since
dislocation substructures have a tendency to lie along crystallographic directions, it can be
concluded that dislocations have a minimum velocity in these directions (the strain rate
is controlled by the mobility of these dislocation segments which are subjected to Peierls
frictional stresses). Peierls forces are expected to originate from a non planar core structure.
Régnier and Dupouy (Régnier and Dupouy, 1970) were the first to apply the case of Peierls
type frictional forces for dilute alloys (f.c.c. streel and h.c.p. titanium). Stress anomalies were
observed in stainless steel in the temperatures range 200°C—600°C' (Barnby, 1965), associated
with a ”jerky flow” or PLC effect. According to these authors, the origin of these anomalies is
that screw dislocations may have two possible configurations, corresponding to dissociations
in the basal and the prismatic planes, and that the energy barrier to the prismatic—basal cross
slip is lower than that to the reverse process. It is noted that this prediction is in agreement
with calculations of Legrand (Legrand, 1984) which indicate the possibility of dislocation
spreading in prismatic planes with high stacking—fault energy. The deformation mechanism
corresponding to the jerky movement of dislocations is a series of locking and unlocking
processes by double cross slip between basal and prismatic planes, with activation energies
of G, (prismatic-basal) and Gy (basal-prismatic respectively, as shown in figure 11.10). It
is based on the assumption already made by Régnier that screw dislocations can have two
different core structures, extended in the basal and the prismatic planes respectively.

This locking—unlocking mechanism is not fundamentally different from the Peierls
mechanism, since the Peierls mechanism is a limiting case of the locking—unlocking mechanism
when the jump distance between locked positions decreases and scales with interatomic
distances (Caillard et al., 1991; Couret and Caillard, 1991). The locking—unlocking
mechanisms were evidenced in several h.c.p. metals with either normal or "anomalous” stress—
temperature relationship (Couret and Caillard, 1991; Couret et al., 1991). The transition
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Figure II.10 : Peierls type frictional forces in metals and alloy: (a) and (b) Peierls
and locking—unlocking (double cross slip) mechanisms; (c) energy diagram of the locking—
unlocking mechanism (Caillard et al., 1991).
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Figure I1.11 : Two possible topologies of dislocation—obstacle interactions: (a) by passing
and cutting; (b) by cutting (Caillard et al., 1993).

between locking—unlocking and Peierls mechanisms was studied in titanium (Farenc et al.,
1995). The Peierls stresses are very sensitive to material purity. Note that all dislocation
characters are concerned with such a diffusion process. Thus, the Peierls stresses which
control prismatic slip in titanium are much higher when oxygen content is higher (Farenc,
1992; Naka et al., 1988). It is also possible that the Peierls stresses are increased by the
chemical interaction between dislocation cores and diffusing solute atoms or impurities, at
increasing temperatures. Such a behavior corresponds to an evolution of the dislocation core
structure with temperature in basal and/or prismatic planes. Assuming dislocations in basal
planes are split into two Shockley partials separated by a stacking fault, this evolution can
be described by a decrease in the stacking fault energy with increasing temperature.

11.3.3 Stress anomalies in case of antiphase boundary cross slip

The materials which display antiphase boundary cross slip are the following: NigAl, TiAl,
FegAl... The hypothesis is based on the thermally activated locking of superdislocations by
cross slip from the primary plane, leading to an antiphase boundary partly or completely out
of the primary plane. For instance in NizAl, the type of dislocation—obstacle interaction
depends only on the respective velocities of free dislocation segments and glissile—sessile
transitions along screw dislocations. Analogies can also be found between screw dislocations
blocked by cross slip leading to a non planar antiphase boundary and dislocations blocked in
Peierls valleys. In both cases, dislocations have a non planar structure, and superdislocations
with their antiphase boundary out of the glide plane can be considered as lying in a peculiar
type of Peierls valley. Accordingly, glide mechanisms may have the same origin, based either
on by passing or cutting processes, as shown in figure II.11.

In conclusion, the Snoek’s mechanism, the Cottrell cloud and the dislocation cores
diffusion have the same effect. The individual behavior of a dislocation is not sufficient
and the collective behavior of dislocations has to be taken into account.
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Abstract:  Anomalous macroscopic behavior was observed in dilute zirconium alloys over the
temperatures range 200°C—600°C' in the past fifty years. Many of these macroscopic effects were
related to some forms of strain ageing phenomena and a variety of microscopic mechanisms were
proposed in the literature, which revealed many inconsistencies. The purpose of this chapter is to
present some reliable findings about microscopic mechanisms in dilute zirconium alloys, especially the
anelastic relaxation phenomena associated with oxygen diffusion and strain ageing measurements.

III.1 Theory of mechanical relaxation modes of paired point
defects in h.c.p. crystals

In the past fifty years, large attention were paid to study the impurities and lattice defects
in crystals. The awareness of a large amount of information was obtained through the study
of the anelastic behavior of solids (Nowick and Heller, 1963). Several anelastic phenomena
observed in crystals can be associated with the stress induced ordering of paired point defects
(the internal friction due to interstitial atom pairs or the Zener relaxation effect in alloys)
(Berry, 1965). In general, paired point defects induce an ellipsoidal stress field around them
whereas an isolated defect produces a spherical distortion of the lattice. An external stress
applied to the crystal interacts with the elastic field of the pair, which rotates in order
to minimize the free energy of the system. This relaxation phenomenon may result in a
dissipative process. In this interpretation, one of the defects in the pair is assumed to remain
fixed and the other can occupy any of the neighbouring positions. Three types of nearest
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Figure IIL.1 : Coordinates of the two kinds of interstitial sites in the h.c.p. lattice:
octahedral (white points) and tetrahedral (black points) sites (Povolo and Bisogni, 1966).

neighbours have to be considered: the first (nn) , second (nnn) and third nearest (tnn)
neighbours. The mechanical relaxation modes are studied for the pairs s—i, i-i, s—s and v—v
where s denotes a substitutional atom, i an interstitial atom and v a vacancy in the h.c.p.
lattice. Since in the h.c.p. lattice there are two kinds of interstitial sites, the octahedral
being about twice as large as the tetrahedral (Azaroff, 1960), the main configuration for the
s—i pair is the occupancy of the octahedral sites. The coordinates of all the sites are shown in
figure I11.1. There are two tetrahedral sites (nn) with coordinates (0, 0, %) and located at a
distance +c/2 in the <c> direction, six (nnn) with coordinates (3, %, %) and six octahedral
sites (tnn) in positions (2, %, 1), located at a distance +a along the three main directions
in the basal plan (see appendix I giving some generalities about the crystalline structure of
h.c.p. zirconium alloys).

The literature reveals that there is evidence of anelastic effects which are attributed to
the stress induced ordering of i-i atom pairs (Wu and Wang, 1958) and s-i atom pairs
(Ké and Tsien, 1956), which should possess the required anisotropic stress fields in h.c.p.
alloys. Consequently, the distortion introduced by such defects is anisotropic and the Snoek’s
mechanism is possible with only certain jump frequencies between the different sites. That is
why, internal friction studies should be able to provide measurements of the jump frequency
of interstitial atom if it is assumed that the substitutional atom is fixed and the reorientation
for the s—i pairs occurs by jumps of the more mobile interstitial. Two distinct types of jumps
can lead to the reorientation for the s—i pairs when dissociation of this pair is excluded. As
shown in figure I11.2, the first jump denoted W is parallel to the basal plane, while the second
jump denoted Wy is perpendicular to the basal plane.
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Figure II1.2 : Illustration of the two types of interstitial jumps which produce reorientation
of the nearest—neighbour substitutional-interstitial pair in zirconium. The jump rate Wi is
parallel to the basal plane, while that of W5 is parallel to the <c¢> awis. Note that only
four of the six equivalent s—i orientations are shown in this diagram while in the basal plane
projection three of the interstitial sites are at z = +c¢/4 and the other three immediately
below at z = —¢/4 (Nowick and Heller, 1963).

I11.2 Internal friction and anelastic diffusion coefficient of
oxygen

It is now fairly well established that the internal friction peaks associated with impurities
exist in "hard” h.c.p. metals which have a ratio c/a less than the ideal. The internal friction
spectrum of & zirconium—hafnium type Van Arkel, containing oxygen in solid solution exhibits
an anelastic relaxation peak at about 420°C' (Gacougnolle et al., 1970). However there are
conflicting experimental evidences concerning the identity of the anelastic dipole responsible
for this peak. Mishra and Asundi (Mishra and Asundi, 1971; Mishra and Asundi, 1972)
argued that the peak is due to the reorientation of the s—i pairs, while Browne (Browne,
1971) suggested that the i-i pairs are also involved.

Gacougnolle et al. (Gacougnolle et al., 1970) showed that both s-i and i-i reorientations
can give rise to internal friction peaks. But the internal friction peak due to the stress induced
reorientations of the s—i pairs predominates at low oxygen concentrations (<3%at.). These
authors observed that the height of the peak is a function of the oxygen content and is due to
the Hf-O pairs in « zirconium. For hafnium contents superior to 1%at., the temperature of the
appearance of the peak is independent of the oxygen content. However for hafnium content
inferior to 350.10~%at., the temperature of the occurrence of the peak increases linearly with
oxygen content. The height of the peak for a constant oxygen content is very sensitive for
low hafnium content, contrary to high hafnium content. The oxygen atoms located on the
octahedral sites jump from the compressive sites to the tension sites due to the applied stress
and the substitutional atoms. Consequently, there is a maximum threshold of substitutional
content from which the lattice is distorded on the whole. All the sites are affected by the
applied stress and then contribute to relaxation. This effect can explain the influence of
oxygen and hafnium atoms on the height of the peak for low hafnium content.
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Mishra and Asundi (Mishra and Asundi, 1972) also found that for each particular
substitutional solute species, oxygen interstitial impurity gives two internal friction peaks.
Their relative intensities depend upon the concentration of oxygen. They suggested that
when plotting the logarithm of the oxygen content versus the logarithm of the intensity of
the internal friction, the slope of the straight line indicates the type of mechanism probably
operating. When the slope is unity a single oxygen jump is associated with the relaxation
process, when it is two, a pair mechanism is operative. This technique is used for explaining
the three oxygen atoms jump mechanism observed at high temperature for zirconium-—niobium
with low oxygen content. These authors showed that substitutional atoms whose atomic
diameters are larger than zirconium (for instance tin) or smaller than zirconium (for instance
iron, niobium, hafnium) show the following features:

e an oxygen—substitutional interaction peak called P1 occurs at high temperatures
(>450°C') when the oxygen content is low (<0.1%at.). This peak is associated with
S—OXygen—oxygen—oxygen complex,

e an oxygen—substitutional interaction peak called P2 occurs at low temperatures
(<550°C) when the oxygen content is moderately high (>2%at.). This peak is
associated with s—oxygen complex.

Tables II1.1 and II1.2 summarize the results of the internal friction measurements found by
Mishra and Asundi (Mishra and Asundi, 1972) for respectively the peaks P1 and P2.

Table III.1 : Characteristics of the internal friction peak P1 associated with s—O-O-O
complex: high temperature and low oxygen content (Mishra and Asundi, 1972).

Element | Amount | Size factor with | Peak temperature | Oxygen content
(%at.) | respect to Zr (%) (°C) (%oat.)

Fe 0.03 - 22 425 0.3

Fe 0.8 - 22 425 0.3

Nb 0.25 - 8.75 540 0.22

Nb 0.5 - 8.75 550 0.22
| Ti 1] -8.12 | 520 | 0.22 |
| Hf | 03 | - 1.2 | 645 | 0.22 |
| Sn |05 | 4125 | 645 | 0.22 |

Then Ritchie et al. (Ritchie et al., 1976) presented strong evidence from low frequency
internal friction experiment on single crystals of zirconium-oxygen alloys with 5000 wt ppm
oxygen that the atomic jump rate for jumps parallel to the basal plane W is responsible
for the observed internal friction peak. The authors found a relaxation frequency factor of
=1 = 3W,. In figure II1.3, the dominant jump frequency is around 450°C' and the small
broadening of the peak can be attributed to various contributions:

e a small contribution from the reorientation of the i-i pairs,

e the probability that more than one type of substitutional impurity (for example Hf)
contributes to the peak,
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Table IT1.2 : Characteristics of the internal friction peak P2 associated with s—O complex:
low temperature and high oxygen content (Mishra and Asundi, 1972).

Element | Amount | Size factor with | Peak temperature | Oxygen content
(%at.) | respect to Zr (%) (°O) (%at.)

Fe 0.03 - 22 350 3

Fe 0.8 - 22 350

Nb 0.25 - 8.75 480 1

Nb 0.5 - 8.75 475 1
| Ti R - 8.12 | 430 | 4 |
| Hf | 03 | - 1.2 | 570 | 2 |
| Sn | 05 | +1.25 | 630 | 1 |

e the probability that some larger complexes such as i—s—i or i—i—i triplets also contribute
to the measured peak.

Browne et al. (Browne, 1971) were the first to discuss the relationship between anelastic
relaxations and diffusion of oxygen in h.c.p. metals. But these workers assumed that Ws
is the rate controlling jump. Ritchie et al. (Ritchie et al., 1976) re-examined the results of
these authors taking W as the rate controlling jump. For interstitial diffusion in h.c.p. lattice
where the diffusion occurs in the basal plane (Manning, 1968), following Browne (Browne,
1972), the equation for the mean diffusivity D is:

D = a*W; (ITL.1)

Ritchie (Ritchie et al., 1976) found also experimentally:

46000

with RT is in J.mol~!. This diffusion equation is in excellent agreement with the diffusion
equations found by Béranger and Lacombe (Béranger and Lacombe, 1965) for the bulk
diffusion of oxygen in « zirconium in the temperatures range of 650°C-850°C"
DA = O.22exp(—47R.¥) ; D™ = O.50exp(—%) (ITL.3)
From the studies of the dissolved oxygen concentration gradient beneath an oxide layer,
DA refers to results obtained from microhardness measurements of oxygen concentration,
while D™ refers to results obtained from measurements of the mass of diffused oxygen.
Consequently, the good agreement between equations (I11.2), (II1.3) may be taken as further
evidence that jumps of type W is the rate controlling phenomenon in the diffusion of oxygen
in a zirconium. Moreover, the activation energy of the peak is equal to 192 kJ.mol™!,
which is in good agreement with the value of 197 kJ.mol~! found by Béranger and Lacombe
(Béranger and Lacombe, 1965) for the diffusion of oxygen in « zirconium in the temperatures
range 650°C-850°C.
De Paula E Silva et al. (Silva et al., 1971; Tyson, 1967) seem to be the first authors
to discuss the kinetics of static strain ageing in terms of the anisotropy of oxygen diffusion
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Figure II1.3 : Oxygen friction peak at two frequencies measured in the single crystal
zirconium-oxygen alloys with 5000 wt ppm oxygen tested in flexure (Ritchie et al., 1976).

in o zirconium. Although de Paula E Silva et al. assumed that W5 is the rate controlling
jump as Browne did, they established the interval of time 75 for which the amplitude of the
stress peak Ao did not increase for different temperatures. Table I11.3 gives the values of the
distance covered by oxygen interstitial atoms during 75 at various temperatures (Shewmon,
1963). These values are obtained with the following diffusion equation:

z =2VDA (I11.4)

where x is the distance covered by the interstitial atoms during 7.

Table II1.3 : Summary of the results of de Paula E Silva about kinetics of SSA in terms of
the anisotropy of oxygen diffusion in « zirconium where RT is in J.mol~! (Silva et al., 1971).

Temperature | z DA Ty | T= 9.10*1663319(%)
(°C) (A) | (em*s7Y) | (s) (s)

| 290 | 21 1.6107 | 660 | 663 |
| 330 | 23 [ 281071 | 50 | 43 |
| 350 [ 289310718 | 22 | 13 |

Table I11.3 shows also that the distances covered by oxygen atoms and deduced from T,
exclude long range diffusion phenomena. That is why De Paula E Silva suggested a Snoek
ordering diffusion to explain static strain ageing effects. The value of 7, measured in strain
ageing experiments are compared with the relaxation time for s—i reorientation 7. As it can be
seen from table II1.3, the good agreement between the values obtained from 75 and 7 suggest
that a reorientation of s—i pairs is responsible for the observed strain ageing in « zirconium.
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Many workers investigated the diffusion of oxygen in « zirconium according to various
techniques (internal friction, conventional strain ageing, microhardness profile...). Ritchie et
al. (Ritchie et al., 1976) gave a compilation and an analysis of data related to oxygen diffusion
in « zirconium taking two assumptions into account:

e basal plane oxygen jumps which effectively produce reorientation of the s—i pairs are not
significantly perturbed by the presence of the substitutional impurity and can therefore
be directly compared to the free migration jumps of single oxygen interstitial atoms,

e basal jumps which are rate controlling in the reorientation of the s—i pairs at temperature
around 400°C' are also rate controlling in the free migration of interstitial atoms at
similar temperatures.

They showed that for temperatures ranging from 290°C to 650°C, the bulk diffusion
coefficient of oxygen in « zirconium (in em?.s71) is given by:

4400
D= 0.6616.%;0(—%) (IIL.5)

It is attributed to the jumps of oxygen intertitials in the basal plane. They showed also that
for temperatures ranging from 650°C to 1500°C', the bulk diffusion coefficient of oxygen in «
zirconium (in em?.s71) is given by:

54700
RT
It is suggested that in this temperatures range, jumps of oxygen interstitial atoms in the <c>

direction are rate controlling.

D = 16.5exp(— ) (I11.6)

I11.3 Effect of substitutional-interstitial interaction on static
strain ageing behavior

In the previous section, internal friction measurements with different oxygen contents and
various types of substitutional impurities lead to various internal friction responses (for
instance the temperature of its occurrence or the height of the peak). Consequently the
oxygen content and the nature of the substitutional atom must play an important role on
static strain ageing behavior. Thirty years ago, a substantial amount of work was published
on the strain ageing characteristics of zirconium-oxygen alloys (Silva et al., 1971; Kelly
and Smith, 1973), Zircaloy—2 (Veevers and Rotsey, 1968; Veevers et al., 1969; Veevers and
Snowden, 1973), Zircaloy—4 (Silva et al., 1971), zirconium solid solutions (Veevers, 1975) and
Zr-2.5 wt%Nb (Sinha and Asundi, 1977b).

Figure III.4 illustrates the role of oxygen content by comparing the temperature
dependence of the stress peak, measured by Ao for zirconium alloyed with various amounts
of oxygen (Kelly and Smith, 1973). For 430 wt ppm oxygen, Ao shows a single peak at
295°C'. Tts height is lower than the peak for 1000 wt ppm oxygen at 325°C'. The strain
ageing parameter increases with increasing oxygen content. This effect was also observed by
Kelly (Kelly and Smith, 1973) by comparing the strain ageing response for zirconium-oxygen
alloys with various oxygen contents at 325°C as shown in figure IIL.5.

The argument that substitutional atoms may play an important part in strain ageing
response is supported by the fact that Veevers showed that the temperature dependence of
Ao is strongly affected by substitutional alloying elements (Veevers, 1975). The main feature
of the figure I11.6 is that zirconium—iron alloys show a peak at 450°C', whereas zirconium-tin,
zirconium—chromium, zirconium-nickel alloys exhibit a peak in the temperatures range of
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Figure III.4 : Variation of the temperature dependence of strain ageing parameters in
zirconium—oxygen alloys with two oxygen concentrations and between alloys with similar
oxygen content but possibly different substitutional impurities (Silva et al., 1971; Kelly and

Smith, 1973).
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Figure IT1.5 : Variation of the strain ageing parameter Ao as a function of ageing time after
4% pre—strain at 325°C for zirconium-oxygen alloys with various oxygen contents (Kelly and
Smith, 1973).

275°C-325°C. Note that the high peak of Ao for zirconium—tin alloy is due to the amount of
the alloying element which is about an order of magnitude greater than in the other alloys.
Figure II1.6 can give an explanation for the fact that in figure II1.4, for 350 wt ppm oxygen,
Ao exhibits two peaks at 250°C and 425°C while at 1000 wt ppm oxygen, there is a single
peak at 325°C. This can be explained by the fact that at low oxygen levels (350 wt ppm),
the high temperature peak is caused by an interaction between iron and dislocations.

Veevers and Snowden (Veevers and Snowden, 1973) compared the behavior of annealed
and quenched Zircaloy—2 to study the role of the s—i pairs on strain ageing response. They
showed that quenching from 750°C enhances the strain ageing parameter by a factor of about
2 at 300°C' and reduced by a factor of about 4 at 425°C' as compared with the behavior of
annealed Zircaloy—2. This effect is shown in figure II1.7. The increased amount of strain
ageing in quenched Zircaloy—2 at 300°C' can also be readily explained by a Snoek’s interaction
between glide dislocations and an increased concentration of the s—i atom pairs frozen in by
the quenching treatment. Many evidences in the literature indicate that quenching retains
oxygen interstitial atoms in solution with the result that higher yield points are usually
observed on the strain ageing response. This result was also found by Keh and Leslie on
iron—carbon alloys (Keh and Leslie, 1963). The absence of strain ageing at 425°C' in quenched
Zircaloy—2 is thought to be due to the trapping of iron by quenched—in defects so that the
residual concentration of iron atoms is not sufficient to cause significant interaction with glide
dislocations.
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Figure II1.6 : Ao versus temperature for various zirconium alloys (Veevers, 1975).
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Figure III.7 : Ao versus temperature for annealed Zircaloy—2 at 750°C' and quenched from
750°C Zircaloy—2 (Veevers and Snowden, 1973).
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Figure II1.8 : Ao versus ageing time for annealed Zircaloy-2 at 750°C' and quenched from
750°C Zircaloy—2 (Veevers and Snowden, 1973).
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Figure II1.9 : Strain ageing response at 325°C' for zirconium-oxygen alloys with various

oxygen contents versus (time)l/ 3 showing the linear relation during the initial stages of ageing
(Kelly and Smith, 1973).

In figure I11.8, maximum strain ageing occurs after about 40 seconds. Strain ageing
increases rapidly with ageing time. However for ageing periods beyond about 1000 seconds,
it occurs to level off. That is why, the value of 1000 seconds is selected as the standard
ageing time (see also figure IIL.5). Moreover the initial stages of ageing followed a (time)'/?
relationship rather than a (time)2/ 3 relationship suggested by Cottrell and Bilby as shown in
figure II1.9. Likewise (time)'/3 kinetics were reported in the literature for zirconium-oxygen
alloys (Kelly and Smith, 1973), Zircaloy—4 (Rheem and Park, 1976) and iron—carbon alloys
(Imanaka and Fujimoto, 1968), but no theoretical basis was proposed.
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Abstract: The purpose of this chapter is to give the main results related in the literature, regarding
the macroscopic point of view. We call "anomalous” or "unconventional” behavior, any macroscopic
manifestation of strain ageing phenomena that are not observed in pure metals. First, yielding and
tensile properties are discussed. We focus our attention on the following unconventional features of
macroscopic behavior:

e Liiders phenomenon,

e plateau or maximum in the flow stress versus temperature diagram,

e minimum in the strain rate sensitivity versus temperature diagram,

e maximum in the apparent activation volume versus temperature diagram,
e minimum in ductility and elongation for increasing temperature.

Then, the effect of strain ageing phenomena on creep and relaxation behavior is discussed. Note that
ten years ago Prioul (Prioul, 1995) proposed a review of strain ageing phenomena observed in dilute

zirconium alloys and their consequences on mechanical properties.
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Figure IV.1 : Nominal stress versus elongation curves for Zr-1 wt%Nb alloy at a nominal
strain rate of 3.5 10~* s~! for various temperatures (Thorpe and Smith, 1978b).

IV.1 From tensile yielding to fracture

IV.1.1 Liiders phenomenon

Figure IV.1 shows the Liiders phenomenon for annealed Zr—1 wt%Nb by plotting the nominal
stress versus elongation curve at a strain rate of 3.5 107 s~! for various temperatures in the
range 20°C-500°C. Note that this is the only example of the Liiders phenomenon observed
in a dilute zirconium alloy mentioned in the literature. A maximum Liiders elongation of
about 1.5% occurs at 300°C' as compared to about 0.5% at 20°C. The Liiders elongation is
a function of the testing temperatures and ranges from 14% to 28% as shown in figure IV.1.

Outside the Liiders plateau, the behavior can be described by the Hollomon relationship:

o = K(e — piateau)” (IV.1)

It offers an accurate description of the data (Hollomon, 1945). Here K is the strength
coefficient and n is the strain hardening exponent.

A plot of the strain hardening exponent n versus temperature is presented in figure IV.2.
From 20°C to 300°C, n rises continuously with temperature to a maximum value, whereupon
it decreases with increasing temperature. The temperature corresponding to the maximum
value of n decreases with decreasing strain rate while concurrently the maximum value of n
increases. An apparent activation energy of 213 kJ.mol ™! is determined for this process. This
value is in agreement with the activation energy for bulk diffusion of oxygen in « zirconium

found by Ritchie (Ritchie et al., 1976) and Béranger and Lacombe (Béranger and Lacombe,
1965).
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Figure IV.2 : Temperature dependence of the strain hardening exponent for Zr—1 wt%Nb
alloy at various strain rates (Thorpe and Smith, 1978b).
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Figure IV.3 : Temperature dependence of yield stress of Zr-1 wt%Nb alloy for various
strain rates (Thorpe and Smith, 1978b).

IV.1.2 Plateau or maximum in the yield stress versus temperature diagram

In figure IV.3, yield stress is plotted as a function of temperature at various strain rates
for Zr-1 wt%Nb alloy. Yield stress generally decreases with increasing temperature in the
temperatures range of thermally assisted deformation. However, a plateau region can be
observed in the temperatures range between 280°C and 400°C', depending on strain rate.
Especially, the yield stress versus temperature plots exhibit a local maximum in flow stress
with increasing temperature. Such a region is commonly labeled in the literature as the
“athermal region”. Similar behaviors are observed in Zircaloy—4 (Yi et al., 1992; Lee et al.,
2001), zirconium—nitrogen—oxygen alloys (Tyson, 1967; Kelly and Smith, 1973) and zirconium
alloys doped with niobium, tin and iron as shown in figure IV.4 (Kapoor et al., 2002).
Figure IV.4 shows the stress divided by the shear modulus versus temperature plots at various
strains. For each strain level, the stress decreases with increasing temperature up to about
300°C. At high temperatures, a slight increase with increasing temperature is observed.

The effect of oxygen on the yield stress versus temperature plot is given in figure IV.5
for zirconium—oxygen alloys with various oxygen contents. The low temperature strength
of zirconium—oxygen supports the idea that the rate controlling process in the deformation
of a zirconium below 300°C is the interstitial strengthening by oxygen atoms. However
above 300°C), the yield stress versus temperature plots are almost independent of the oxygen
content.

Thorpe et al. (Thorpe and Smith, 1978b) pointed out that strain ageing is associated with
the increase of yield stress with increasing temperature. In strain ageing, the local maximum
in the yield stress versus temperature curve is a function of strain rate. Thus, the activation
energy of strain ageing can be obtained from a shift of this local maximum change with strain
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Figure IV.4 : Normalized stress as a function of temperature at different strains (Kapoor
et al., 2002).
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Figure IV.5 : Variation of yield stress with temperature for zirconium—oxygen alloys with
different oxygen contents (Kelly and Smith, 1973).
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Figure IV.6 : Superimposition of o, the solute strengthening term of strain ageing due
to the Snoek’s ordering peak and the flow stress o, characteristic of a single rate controlling
process in the absence of strain ageing. The total flow stress o; is the addition of these two
separable terms and is plotted as a function of temperature. The region of the low strain rate
sensitivity is shaded with SRS>0 (Hong et al., 1983).

rate. The Arrhenius plot of strain rate versus the inverse of the local maximum temperature
deduced from the yield stress versus temperature curve is obtained by the following equation:

€= Aexp(f%) (IV.2)

where A is a constant and @ is the activation energy of DSA. Yi (Yi et al., 1992) found
that the activation energy Q for Zircaloy—4 (Yi et al., 1992) is equal to 228 k.J.mol~!. This
value corresponds to the activation energy for bulk diffusion of oxygen in « zirconium.

The athermal region can be rationalized in terms of the superposition of two mechanisms:
e the strain ageing due to Snoek’s ordering of the s—i pairs,
e the thermally activated overcoming of the oxygen atom clusters.

The effects of Snoek’s ordering and of the thermally activated cutting of oxygen atom clusters
on the yield stress versus temperature curve is illustrated in figure IV.6. The athermal region
produced by the Snoek’s peak is similar to that observed in «a zirconium alloys.

To conclude this section, table IV.1 gives a comparison between the values of maximum in
the flow stress versus temperature plot, obtained by various authors.
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Table IV.1 : Comparison between maximum in the flow stress versus temperature plot,
obtained by various authors.

Materials Temperature | Strain rate Authors
(°C) (s~
Zircaloy—4 300 1.2 1077 (Yi et al., 1992)
Zircaloy—4 350 2.1076 (Yi et al., 1992)
Zircaloy—4 400 3.2107° (Yi et al., 1992)
’ zirconium 300 1.1073 Ramachandran and Reed-Hill, 1970)

| | K |
’ Zircaloy—4 ‘ 420 ‘ ‘ (Derep et al., 1980) ‘
| Zircaloy—4 | 417 | 13310 | (Hong et al., 1983) |
| | | |
| | | |

377 1.33 1074 (Thorpe and Smith, 1978c)
325 9.81074 (Rheem and Park, 1976)

’ zirconium-—niobium

’ zirconium-niobium
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Figure I'V.7 : Temperature dependence of the strain rate sensitivity parameter, A1z, /Alogs
and A1y p/Alog¥y from x 3 strain rate change experiments at a initial nominal tensile strain
rate of 3.5 107* s~! for Zr-1 wt%Nb alloy. The inset shows a typical transient in the shear
stress versus shear strain curve observed after a change in strain rate (Thorpe and Smith,
1978b).

IV.1.3 Minimum in the strain rate sensitivity versus temperature diagram

Figure IV.7 shows SRS (or often labeled m = SRS/o in the literature) as a function
of temperature for Zr-1 wt%Nb alloy (Thorpe and Smith, 1978b). A typical transient
accompanying a strain rate change is also shown in the inset of figure IV.7. The strain sate
sensitivity parameter is defined as the increase in stress needed to cause a certain increase
in plastic strain rate at a given level of plastic strain and at constant temperature. This

parameter is defined by: A
o
SRS = (Alogép)T’Ep (IV.3)

Generally, SRS tends to increase more or less linearly with temperature in “standard”
materials.

Experimentally, two measurements of SRS, A1 /Alog¥ and Aty p/Alogy are presented
in figure IV.7 as a function of temperature, for tensile tests at an initial strain rate of
3.5 107* s~!. The definitions of 77, and 7y p are given in figure IV.7. Following Tyson
(Tyson, 1967), the shear stress 7 is taken to be half of the tensile stress 0. The SRS of Zr—
1 wt%Nb alloy does not increase monotonically with temperatue as it is the case for a simple
thermally activated process. But SRS (A7 /Alogy) decreases over a broad temperatures
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range 100°C—400°C, reaching a minimum value over this temperatures range. The minimum
SRS (A7, /Alogy) occurs at 380°C. The shape of the SRS (A7, /Alog¥) versus temperature
plot is similar to that obtained by Ramachandran and Reed-Hill (Ramachandran and Reed-
Hill, 1970) in « zirconium and by Lee (Lee et al., 2001) in Zircaloy—4. Note that the SRS is
close to zero around 380°C. This low value of SRS can be explained in terms of DSA. Indeed,
the temperature corresponding to the maximum stress peak after a strain rate increment is
the same as that of the maximum in the yield stress versus temperature plot (see figure IV.3).
This suggests that the stress peak may also be partly due to strain ageing and not only to the
variations of mobile dislocations density. It is likely that the increase in mobile dislocation
density which is thought to accompany an increase in strain rate could be initially inhibited
by strain ageing, resulting in a momentary raising of the flow stress followed by a stress drop.

Note that the inverse SRS in the temperatures range 300°C'-400°C' shown in figure 1V.2
for Zr-1 wt%Nb alloy is not detected by strain rate change experiments although SRS does
approach zero at 370°C'. This is possibly due to a greater change in substructure after strain
rate jumps in the case of the flow stress versus temperature measurements.

IV.1.4 Maximum in the apparent activation volume versus temperature
diagram

From strain rate change tests, the apparent activation volume for plastic flow can be
determined, using the following classical equation (Conrad, 1964):

Alogép) kT
Ao T T SRS

The apparent activation volume and its strain dependence give information about the rate
controlling mechanism of plastic flow. Note that if SRS tends to zero, V, tends to infinity.
Consequently, the physical meaning of undefined apparent activation volume determined
under this condition is questionable. Figure IV.8 shows the evolution of the apparent
activation volume as a function of temperature for Zircaloy—4 at a plastic strain of 0.02.
The values of the apparent activation volume as a function of temperature vary between
about 500% and 2006 in air and vacuum where b is about 107 m. As shown in figure IV.8,
a maximum in air is observed at 350°C and a minimum is observed at 410°C'. Note that Yi
et al. (Yiet al.,, 1992) found that the temperatures range 350°C-410°C' coincided with that
of the maximum of yield stress and the SRS minimum. This suggests that these anomalous
behaviors are closely associated with strain ageing by solid solution strengthening.

Moreover, Sinha (Sinha and Asundi, 1977b) showed also that the values of the apparent
activation volume for Zr-2.5 wt%Nb alloy are independent of strain. They vary from 2053
at 25°C to 1100% at 290°C. These values have a comparable magnitude to those found for
sponge zirconium (Gupta and Arunachalam, 1968) and Zircaloy—4 (Coleman et al., 1972).
These materials have almost the same interstitial content, which suggests that the rate—
controlling mechanism of plastic flow is the same in all these materials. This mechanism is
associated with the thermally activated overcoming of interstitial solutes by dislocations.

Vo= kBT( (IV4)

IV.1.5 Minimum in ductility and elongation for increasing temperatures

For Zircaloy—4, the plot of fracture strain (g;) and necking strain (&,,) with respect to the test
temperature shows that ¢; and ¢, decrease with temperature between 250°C' and 400°C' as
shown in figure IV.9. These behaviors are anomalous since for most metals, the values of ¢,
and e, increase with temperature. Such anomalous effects are also observed in Zr-2.5 wt%Nb
for which the ductility is found to decrease with increasing temperature. However, they are
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Figure IV.8 : Apparent activation volume versus temperature for Zircaloy—4 (Yi et al.,
1992).

almost insensitive to strain rate changes (Sinha and Asundi, 1977a). The total elongation
value is minimum at 290°C'.

Ahn et al. (Ahn and Nam, 1990) showed that the maximum uniform strain (g,,) is obtained
in the same temperatures range where the minimum values of ¢; and ¢, are observed. The
strain rate dependence of the maximum value in &, is also the same as those of the minimum
values in €; and €,,. The strain rate for which ¢, is maximum versus temperature plots lead
to determine the activation energy of this process, equal to 195 kJ.mol~!. This value is very
close to the values reported for the oxygen diffusion energy in « zirconium. All the results
introduced above strongly indicate that the anomalous behavior of the uniform strain and
necking strain is controlled by the strain ageing of oxygen atoms at the moving dislocations.

In figure IV.10, the fracture elongation of Zircaloy—4 is plotted as a function of
temperature. A minimum in ductility is observed at each strain rates. The minimum
is shifted to higher temperature with increasing strain rate. The type of fracture in the
temperatures region of the elongation minimum is typically of a ductile nature (Hong et al.,
1983) in Zircaloy—4. In this material, low SRS concentrates the deformation resulting in a
low ductility.

The minimum elongation can be related to the minimum of strain rate sensitivity. When a
neck forms, the strain rate in the necked region increases. If SRS is high, the increase of strain
rate in the necked region may increase the resistance to flow sufficiently so that deformation
tends to occur above and below the neck. In contrast, low value of SRS promotes strain
localization in the neck, once a neck is formed, resulting in low ductility. Therefore we
can conclude that the activation energy obtained from the shift of the elongation minimum
temperature with the change in strain rate is close to that of strain ageing. The Arrhenius
plot of strain rate versus the inverse of the elongation minimum temperature leads to an
activation energy of 205 kJ.mol~! for Zircaloy—4. This value corresponds to the activation
energy for oxygen diffusion in « zirconium.
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As a conclusion of this section, table IV.2 gives a comparison between some values of

the activation energy for bulk diffusion of oxygen in various zirconium alloys according to
different experimental methods and authors.

Table IV.2 : Values of the activation energy for oxygen bulk diffusion in different zirconium
alloys according to various experimental methods and authors.

Activation energy Materials Experimental methods and authors

for oxygen diffusion

(kJmol™1)

228 Zircaloy—4 expanding copper mandrel test (Yi et al., 1992)
205 Zircaloy—4 | tensile test (Ahn and Nam, 1990) (Lee et al., 2001)
207 « zirconium static strain ageing test (Veevers, 1975)

213 a zirconium | static strain ageing test (Ritchie and Atrens, 1977)
184 o zirconium tensile test (Ahn and Nam, 1990)

220 Zircaloy—2 tensile test (Choubey and Jonas, 1981)
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Figure IV.11 : Creep curves for Zr—1 wt%Nb alloy at 300°C plotted as strain against log
time (Thorpe and Smith, 1978a).

IV.2 Effect of strain ageing on creep behavior

The review of the literature on the creep of « zirconium and Zircaloy—2 shows that it is not
possible to define unambiguously the rate controlling mechanisms. Various conclusions were
drawn by different authors, which is also the case regarding to the tensile properties of these
alloys. Knorr and Notis (Knorr and Notis, 1975) tried to clarify the matter by constructing
deformation mechanism maps (Ashby, 1972) for a zirconium and Zircaloy—2. These maps
were constructed by selecting the appropriate parameters from the literature. However the
drastic changes in creep properties due to strain ageing phenomena (Snowden, 1970) were
not taken into account.

Such an anomalous change in creep properties was observed by Thorpe (Thorpe and
Smith, 1978a) for Zr-1 wt%Nb alloy at 300°C. The strain as a function of the logarithm of
time is shown in figure IV.11 for various applied stresses. A transition from hyperbolic to
parabolic creep is observed where the curves exhibit an inflexion point. For many metals,
creep transient undergoes the transition from hyperbolic form. With increasing temperature,
the creep transient changes to logarithmic to parabolic form (Cottrell, 1953).

The effect of temperature on the strain rate is shown in figure IV.12. The strain rate
decreases very rapidly typically by three orders of magnitude when temperature increases up
to 275°C. However, the decrease of the creep rate is less drastic at longer times and higher
stresses as shown in figure IV.11. Then, a rapid increase in creep rate with temperature
is observed in the vicinity of 350°C. This minimum in the creep rate versus temperature
diagram can be related to strain ageing. Possibly, the strain ageing process in this zirconium
alloy causes an exhaustion of mobile dislocations by locking sources. The minimum of creep
rate can be attributed to strengthening effect due to strain ageing.

The sudden decrease in creep rate with temperature implies a "negative apparent
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Figure IV.12 : Effect of temperature on creep rate of Zr—1 wt%Nb alloy at an applied stress
level of 180 MPa (Thorpe and Smith, 1978a).
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Figure IV.13 : Variation in activation energy for creep of Zircaloy—2 with temperature at
138 MPa. In straight line, the predicted values, by rounds the values of Zircaloy—2 taking
in transverse direction, by triangle the values of Zircaloy—2 loading in longitudinal direction
(Hong, 1984).

activation energy” and the rapid increase in creep rate with temperature implies a high
activation energy. These effects were observed by Hong (Hong, 1984) for Zircaloy—2 as shown
in figure IV.13. Negative activation energies for creep were also reported for Zr-2.5 wt%Nb
alloy. Usually high activation energies for creep were observed for Al — 3%M g alloys (Borch
et al., 1960) in the temperatures range in which strain ageing phenomena are active. So
the physical meaning of activation energy determined under these conditions is questionable.
It is suggested that the high creep apparent activation energy and the negative apparent
activation energy are caused by solute strengthening term due to strain ageing phenomena.

The equations suggested by Hong (Hong, 1984) are useful to simulate the maximum of
yield stress and the negative activation energy but also to simulate the minimum SRS. Note
that according to the direction of material loading (in the transverse or longitudinal rolling
directions), the macroscopic behavior is different linked to crystallographic texture.

More recently, Pujol (Pujol, 1994) studied the creep behavior of a type 702 zirconium,
called Zr702 and showed that there are two domains of stress labeled D1 and D2 for which
the deformation mechanisms are different. According to the applied stress level, D1 is the
domain where a saturation of deformation is reached and D2 is the domain where the creep
behavior is more classical. Figure IV.14 shows these two domains at 150°C'.
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Figure IV.14 : Creep behavior of Zr702, for loading at various stresses (MPa) in the
transverse rolling direction at 150°C'. The logarithm of creep strain is plotted as a function
of time (Pujol, 1994).
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Figure IV.15 : Creep behavior of Zr702 in longitudinal direction of rolling at 200°C' in the
strain—time space (Pujol, 1994).

The limit between the domains D1 and D2 is particularly sharp. That is why the stress
defining the two domains is labeled the critical stress o.. Table IV.3 gives the values of the
critical stress for the two directions, transverse and longitudinal as a function of temperature.
"Creep arrest” is observed for loading both in the transverse and longitudinal directions.

Table IV.3 : Critical stress (o.) between the creep domains D1 and D2 as function of
temperature (Pujol, 1994).

Temperature | o. Longitudinal direction | o, Transversal direction

(°C) (MPa) (MPa)
| 100 | 200-240 | 200-240 |
| 150 | 200220 | 190-220 |
| 200 | 205-209 | 190-195 |

The creep arrest is observed at 150°C' and 200°C', but it is less evident at 100°C' and 20°C
for which one expects to wait for larger creep times than those studied by Pujol. The author
showed a strong stress sensitivity at 200°C. Figure IV.15 shows that when applied stress is
increased by 4 MPa, the experiment test leads to fracture for Zr702 loaded in longitudinal
direction.

Especially, in the domain D1 (for ¢ < o), the stage I is followed by saturation of
deformation. This phenomenon implies a creep rate nearly equal to zero (smaller than
107?s~1). Although the applied stress is near or larger than the yield stress, the creep
times are very important (larger than to 10000 hours). Thus creep is logarithmic at 150°C'
for an applied stress of 200 MPa. The author showed that the time for creep arrest is lower
for higher temperatures. The phenomenon responsible for the saturation of deformation is
thermally activated. The activation energy determined is about 1.76 eV (170 kJ.mol™!).
Figure IV.16 shows the thermal activation of the phenomenon for the transverse direction.
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Figure IV.16 : Creep behavior at 200°C for Zr702, taken in transverse direction of rolling
in the logarithm of creep rate versus strain curve (Pujol, 1994).

The maximum value of the saturation deformation obtained in the domain D1 at 200°C' is
about 15% for Zr702, taken in the longitudinal direction and about 7% for Zr702, taken in
the transverse direction.

In the domain D2 (0 > o.), the curves are classical. During the stage I, the creep rate
decreases. During the stage II, the creep rate is constant. Then during the stage III, the creep
rate increases faster up to the fracture of the sample. In this domain, the stress sensitivity is
defined by these two parameters:

_[3109(153)

Ologo
where tg is the fracture time and €, is the secondary creep rate. The activation energy found
for these two parameters is about 1 eV (96.6 kJ.mol~1).

Graff (Graff and Béchade, 2001) studied the creep behavior under internal pressure of
Zircaloy—4 in stress relieved state in the temperatures range 20°C—-380°C'. They distinguished
two domains of temperatures. Between 20°C and 300°C, the creep is called "intermediate”,
with mainly stage Il for applied stresses between 327 MPa and 825 MPa. For some
temperature, as 150°C, the creep arrest is observed. Within this domain, two sub—domains
of temperatures can be defined:

o Gy, (v.5)

e from 20°C to 150°C, the creep rates are very low, close to 10719-107% s~!. The stress

dlogée
sensitivity parameter defined by m = g8y is high, between 8 and 11.
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The activation energy is also very low, inferior to 40 kJ.mol ™!,

e from 150°C' to 300°C, the creep kinetics are modified. This effect is explained by strain
ageing. The stress sensitivity parameter is equal to 5 and the activation energy is stable
around 40 kJ.mol™!.

Between 300°C' and 380°C, the creep is mainly stage II for stresses between 101 MPa and
434 MPa. The creep rates are high, between 1078-1076 s~!. The stress sensitivity is between
7 and 3. The activation energy increases strongly when decreasing the temperature, to reach
150 kJ.mol~!. Consequently, the mechanisms controlling the creep kinetic are not the same
according to the ranges of temperatures and stresses.

IV.3 Effect of strain ageing on relaxation behavior

Kapoor (Kapoor et al., 2002) studied the relaxation phenomenon of zirconium alloys doped
with niobium, tin and iron. In the strain rates range 107 s7'-1076 s~! and in the
temperatures range 20°C—500°C', the activation parameters are studied as a function of strain
using the stress—plastic strain rate and stress—temperature relationships. The stress versus
strain rate diagram is obtained using the stress relaxation technique. In general during stress
relaxation, stress as well as the absolute value of stress rate both decrease with time. The
yield stress can be separated in two components, on the one hand a thermal stress (also called
viscous stress) depending only on the instantaneous strain rate and temperature and on the
other hand an athermal stress depending only on deformation. During a relaxation test,
plastic strain rate is continuously decreasing with time, thus activation volume varies with
both stress and strain rates. The apparent activation volume versus the thermal stress, c* plot
at 107 571 is shown in figure IV.17, where b is the Burgers vector taken as b = 3.2 10719 m
The activation volume increases with decreasing thermal stress. It is unaffected by strain up
to 0.09 strain level. The activation enthalpy, AH versus o* is also shown in figure IV.17 on the
second y axis. AH increases with decreasing thermal stress. Kapoor (Kapoor et al., 2002),
Lee (Lee, 1972) and Conrad (Conrad, 1964) on the basis of stress relaxation experiments,
concluded that substitutional solutes, niobium and aluminium contribute only to the athermal
component of the flow stress in zirconium-niobium and Ti—Al alloys respectively.

Pujol (Pujol, 1994) studied the relaxation behavior, especially the influence of
temperature, the value of the initial plastic strain and the applied strain rate during loading
for Zr702, along the transverse direction. The author observed that there are differences
between the macroscopic behavior at 20°C and 200°C. Up to about 100 hours, the relaxation
is always effective at 20°C' contrary to 200°C' at which the stress relaxation is significantly
smaller. Consequently, at this temperature, a threshold stress o exists upon which the stress
relaxation is stopped. This effect is called the "relaxation arrest”. At 200°C, o, is about
250 MPa. One can argue that there is an interaction between dislocations and solute atoms
to explain this threshold stress at 200°C'. The diffusion of solute atoms being faster at 200°C'
than at 20°C, the solute atoms can pin the dislocations, thus limiting their moving.
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Figure IV.17 : Experimental activation volume and activation enthalpy versus thermal
stress at a strain rate of 107* s=! (Kapoor et al., 2002).
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Figure IV.18 : Various type of relaxation curves in log(—¢) versus log(o) plot (Hamersky
and Trojanova, 1985).

Hamersky and Trojanova (Hamersky and Trojanova, 1985) showed that whatever the
plastic strain, the activation volumes are larger at 200°C (1000 A.atom_l) than at 20°C
(300 A.atom‘l). Dislocation glide is controlled by the crossing of localized obstacles. The
activation volume is an indication for the extension of considered obstacles. The values
suggest that the crossing of these obstacles requires more energy at 200°C' than at 20°C.
Moreover, these authors showed also three types of relaxation curves in log(—¢) versus log(o)
plot. Figure IV.18 shows these three types:

e type I: the dependence is linear,
e type II: the concavity is turned towards the top,
e type III: the concavity is turned towards the bottom.

For zirconium alloys, they showed that, at room temperature, the dependence is linear.
They linked this type of variation with a thermally dislocation glide process without diffusion.
In the case of variation of type III, they suggested that two mechanisms are superimposed
(but they were not identified) or there existed one mechanism with a threshold stress.
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Conclusion

The bibliography study is a synthesis of the current state of knowledge, regarding especially
strain ageing phenomena in zirconium alloys. This review permits to define more clearly the
context of our study, entitled: ”"Viscosity behavior of zirconium alloys in the temperatures
range 20°C'-400°C" characterization and modeling of strain ageing phenomena”. Complex
strain ageing phenomena were observed in various zirconium alloys according to different
experimental methods and authors. However, these manifestations of strain ageing have
not yet been adequately characterized because of the multiplicity of alloying elements and
chemical impurities. The phenomena of SSA and DSA, associated sometimes with PLC effect
reach a maximum around 200°C—400°C' in zirconium alloys. The points which are interesting
for us are the following:

e the relaxation modes theory of paired point defects in h.c.p. crystals and internal
friction measurements reveal that anelastic effects, attributed to the stress induced
ordering of s—i atom pairs in zirconium alloys are responsible for jumps of oxygen
interstitial atoms, parallel to the basal plane. The three phenomena, SSA, DSA
and PLC effect have the same physical origin: the interaction between oxygen atoms
(interstitial elements) interacting at short range distance with substitutional elements
and moving dislocations,

e the oxygen content and the nature of substitutional atoms may play an important role
on strain ageing behavior. The temperature dependence of the stress peak, associated
with SSA is strongly affected by substitutional alloying elements and the height of this
peak depends on oxygen content,

e the activation energy for bulk diffusion of oxygen established according to different
experimental methods and various zirconium alloys lies between 184 kJ.mol™! to
228 kJ.mol ™!,

e even for oxygen content inferior to 100 wt ppm, this element is responsible for a fast
anchoring of dislocations, which leads to important effects on the macroscopic behavior.
For instance, anomalous behaviors are observed during yielding including: Liiders
phenomenon, plateau or maximum in the flow stress versus temperature diagram,
minimum in the SRS versus temperature plot, minimum in the apparent activation
volume versus temperature diagram and minimum in ductility and elongation for
increasing temperature. However, the effect of strain ageing phenomena on the
toughness of zirconium alloys is not well documented and characterized,
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e strain ageing exerts also a strong effect on creep and relaxation behavior. Drastic
changes in creep properties such as a sudden decrease in creep rate for temperatures
where strain ageing is active are observed. The relaxation can be stopped at some
temperatures, due to the existence of a threshold stress. We have called these effects,
the creep arrest and the relaxation arrest.

This bibliography review was used to direct the experimental and numerical aspects of
this thesis introduced in the next chapters. The main points are the following.
The impact of interstitial and substitutional elements on strain ageing effects is studied by
comparing the strain rate sensitivity of various zirconium alloys, whose chemical compositions
were precisely chosen.
The important role of strain ageing phenomena on tensile yielding and relaxation behavior
is studied in the temperatures range 100°C—400°C. Especially, the influence of plastic strain
(rate) localization phenomena is studied according to both scales, macroscopic and mesoscopic
in the domain of temperatures and strain rates where strain ageing is active.
A modeling of strain ageing effects, observed experimentally in dilute zirconium alloys is
suggested, using a macroscopic strain ageing model. In the literature, various constitutive
models, taking the physical mechanisms of strain ageing into account were suggested. These
models are able to simulate the negative strain rate sensitivity, taking the Liiders phenomenon
and PLC effect into account. The model that we chose for our study is this suggested
by McCormick (McCormick, 1988) and used in finite element simulation by Zhang and
McCormick (Zhang et al., 2000).
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Materials and mechanical testing
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Abstract: The aim of this chapter is to introduce the various zirconium alloys and the experimental
techniques. Our attention is focused on:

e the various chemical compositions of the five zirconium alloys with the main alloying elements
(oxygen, niobium, tin),

e the mechanical test procedures of the three experiments (strain rate controlled tensile tests,
tensile tests with strain rate changes and relaxation tests with unloading).

VI.1 Introduction

Many of macroscopic strain ageing effects, observed in dilute zirconium alloys have been
related to various forms of strain ageing. However, these phenomena have not yet been
adequately characterized because of the multiplicity of alloying elements and chemical
impurities, although a variety of mechanisms have been suggested. In the bibliography
part A, the important role of substitutional atoms on strain ageing is evidenced. That is
why, in order to better understand the elasto—viscoplastic behavior of zirconium alloys in
the temperatures range 20°C-400°C, especially the strain ageing phenomena, new zirconium
alloys were specially processed within the framework of "Contrat de Programme de Recherche



70 CHAPTER VI. MATERIALS AND MECHANICAL TESTING

CEA-CNRS-EDEF?” called "Simulation des Métaux des Installations et Réacteurs Nucléaires”
(CPR SMIRN). The fabrication route was investigated at CEA /Saclay, thanks to "Direction
de la Recherche Technologique” tools at "Laboratoire Technologies des Milieux Extrémes”
(LTMEXx), starting from a bar of zirconium with 2.2 wt% hafnium and low oxygen content
(about 80 wt ppm). Then the influence of the nature of substitutional atoms were
tested, elaborating other compositions with niobium content (1 wt%). Moreover to better
characterize the effect of interstitial atoms (oxygen atoms), various compositions, especially
with different oxygen contents (from 80 wt ppm to 1200 wt ppm) were elaborated (Béchade,
2004). Thus, the various zirconium alloys studied are the following:

e zirconium with 2.2 wt% hafnium, labeled ZrHf,

e ZrHf with 1 wt% nobium added, labeled ZrHf-Nb,

e ZrHf with 1100 wt ppm oxygen added, labeled ZrHf-O,

e ZrHf with 1 wt% nobium and 1100 wt ppm oxygen added, labeled ZrHf-Nb-O.

All of our investigations were performed in the temperatures range 20°C—400°C. More
precisely, the temperatures around 200°C—400°C, which are known to be those where strain
ageing phenomena are active in zirconium alloys were aimed. These four zirconium alloys
were compared to one reference material, the type 702 zirconium, labeled Zr702 (VI.1).
This alloy is mainly used in chemical engineering applications (Miquet, 1982), but also in
nuclear industry for applications involving severe combinations of temperature and reactive
environment, especially for the reprocessing of used fuel. This material was studied by
Pujol (Pujol, 1994). However, this material has not been adequately characterized in the
temperatures range 200°C—-400°C.

For each temperature, the experimental techniques were based on:

e standard tensile tests at various applied strain rates to observe plateau or peak in the
flow stress versus temperature diagram,

e tensile tests with strain rate changes to obtain the values of the SRS parameter,

e repeated relaxation tests, including an unloading sequence before reloading in order to
evaluate internal stresses and to obtain information about deformation mechanisms in
the tested zirconium alloys.

The main objective of these mechanical experiments is to better characterize:

e the effect of strain ageing on tensile properties (application to Zr702),

e the impact of interstitial and substitutional elements on strain ageing effects by studying
the evolution of SRS as a function of temperature (comparisons between Zr702, ZrHf,
ZrHf-Nb, ZrHf-O, ZrHf-Nb-0),

e the effect of strain ageing on relaxation behavior (comparison between Zr702 and ZrHf).

This chapter is divided into two main sections. First, the microstructural characterization of
all these zirconium alloys is presented. Then, we introduce the experimental techniques.
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Table VI.1 : Chemical composition of Zr702 (Zr balance).

’Element‘ C ‘ H ‘ O ‘ N ‘ Cr ‘ Fe ‘ Ni ‘ Sn ‘
| (wt%) | 0.0058 | 0.0004 | 0.1300 | 0.0033 | 0.0240 | 0.0760 | 0.0050 | 0.2230 |

V1.2 Microstructural characterization of the zirconium alloys

VI1.2.1 Chemical composition

The standard composition for Zr702 is given in table VI.1.

The initial product, zirconium crystal bar refined by the Van Arkel-De Boer iodide
decomposition process, consists in several rods (25 mm diameter) with large grains of high
purity alloy containing 2.2 wt% hafnium content (ZrHf) as found in the nature (material
for non nuclear applications). In order to obtain a final product with small grains and an
homogeneous microstructure, the processing of the crystal bar was performed at LTMEx
(CEA at Saclay). Specific fabrication route (hot rolling at 760°C’; e = 25% and cold rolling;
e = 33% and final heat treatment under vacuum; 700°C' 2 hours) was followed to obtain plates,
about 8 mm thickness in recrystallized metallurgical state. Various chemical compositions
were obtained, starting from ZrHf in order to quantify the effect of alloying elements (oxygen
and niobium) on plastic mechanism compared to the initial composition with very low oxygen
content, about 80 wt ppm (interstitial element in octahedral position) and no substitutional
element except hafnium:

e the first one with niobium addition (1 wt%), ZrHf-Nb,

e the second one with oxygen addition (0.11 wt% fixed but heterogenous distribution was
found after processing, in the range 0.02%—-0.2% due to high difficulties during melting
process), ZrHf-O,

e the third one with niobium and oxygen additions (O: 0.12 wt% and Nb:1 wt%), ZrHf-
Nb-O.

The content for the others elements was controlled after manufacturing in order to verify
that no pollution occurred during melting process. The chemical compositions of the various
zirconium alloys, based on ZrHf are given in table VI.2. The main features of the five
zirconium alloys are the following.

For Zr702, the main substitutional atom is tin (Sn: 2230 wt ppm, high content) and the main
interstitial atom is oxygen (O: 1300 wt ppm, high content).

For ZrHf, the main substitutional atom is hafnium (Hf: 2.2 wt%, high content) and the
interstitial atom is oxygen (O: 84 wt ppm, low content).

For ZrHf-Nb, the main substitutional atoms are hafnium and niobium (Hf: 2.2 wt%, high
content; Nb: 1 wt%, high content) and the interstitial atom is oxygen (O: 84 wt ppm, low
content).

For ZrHf-O, the main substitutional atom is hafnium (Hf: 2.2 wt%, high content) and the
main interstitial atom is oxygen (O: 1100 wt ppm, high content).

For ZrHf-Nb—-O, the main substitutional atoms are hafnium and niobium (Hf: 2.2 wt%, high
content; Nb: 1 wt%, high content) and the main interstitial atom is oxygen (O: 1200 wt ppm,
high content).
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Table V1.2 : Chemical composition of ZrHf, ZrHf-Nb, ZrHf-O, ZrHf-Nb-O (Zr balance).

Materials / Elements (wt%) | ¢ | 8 | O | N [ H | F | S |Hf|Nb]
ZrHf 0.008 | 0.001 | 0.0084 | 0.0007 | 0.00033 | 0.05 | < 0.01 | 2.2 -
ZrHf Nb 0.008 | 0.001 | 0.0084 | 0.0007 | 0.00033 | 0.05 | < 0.01 | 2.2 | 1.0
ZrHf-O 0.008 | 0.001 | 0.1100 | 0.0007 | 0.00033 | 0.05 | < 0.01 | 2.2 | -
ZrHf-Nb-O 0.008 | 0.001 | 0.1200 | 0.0007 | 0.00033 | 0.05 | < 0.01 | 2.2 | 1.0

VI1.2.2 Microstructure

The polycrystalline Zr702, taken as reference alloy (8 mm sheet) exhibits equiaxed grains with
average grain size of 15 pm-30 pum. The micrograph of Zr702 is shown in figure VI.1 (a).
Typical recrystallized microstructure was found in this case.

ZrHf has similar microstructure compared to Zr702, with grain size in the range of 5 um-—
30 pwm. ZrHf with oxygen and/or niobium alloying elements present more heterogeneous
microstructure especially in the case of oxygen additions. Through thickness analysis showed
that, in few cases, strong heterogeneities with well recrystallized areas (with grain size in the
range of 10 um—30 um) and non recrystallized ones with deformation bands (with elongated
grains) were observed. In order to eliminate these areas, additional heat treatments were
performed for ZrHf with oxygen and/or niobium alloying elements (two hours at 700°C).
The micrographs for ZrHf, ZrHf-Nb, ZrHf-O and ZrHf-Nb—-O are shown in figure VI.1.

VI.2.3 Crystallographic texture

Global crystallographic textures were determined through the measurements of pole figures
((10.0), (00.2), (10.1), (10.2) and (11.0)) with x-ray diffraction techniques using a SIEMENS
texture goniometer with copper radiation in reflexion up to 75° tilt angle. The pole figures
are shown in figure VI.2 for the five zirconium alloys.

Previously, samples were polished and chemically etched in order to observe the specimen
on a depth of 0.2 mm. Parallelepiped samples were cut from the initial plates, defined by
three initial directions: RD, the rolling direction, TD, the transverse direction and ND, the
normal direction. The three dimensional Orientation Distribution Function (ODF) analysis
was applied for quantitative evaluation, using spherical harmonics algorithm.

Classical texture for cold rolled plates were found for Zr702 even for ZrHf and the other
zirconium alloys with oxygen and/or niobium alloying elements. For Zr702, the <c> axis
are mainly concentrated in the transverse/normal plane at approximatively 30°-40° from the
normal direction and between 0° to 30° from the rolling direction. Consequently, the texture
is not characteristic of a fully recrystallized material (Béchade, 1995). Kearns anisotropic
factors, given in table V1.3, which are proportional to the volume fraction of basal planes
oriented relative to the sample reference axis (fN along DN, fT along DT and fL along RD)
were calculated from (00.2) pole figures, obtained after ODF analysis (Kearns, 1965). The
analysis of these three factors shows the similarity between the different plates obtained from
a texture point of view. The <c¢> axis (normal to the basal plane) are mainly oriented along
the normal direction with a spread toward the transverse direction.
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(a) Zr702 (b) ZrHf

(e) ZrHf-Nb-O

Figure VI.1 : Micrographs of the five zirconium alloys.
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Table VI.3 : Kearns factors.

Materials ‘ fN ‘ fT ‘ fLL ‘
71702 0.578 | 0.273 | 0.150
ZrHf 0.583 | 0.285 | 0.132
ZrHf—Nb 0.610 | 0.244 | 0.146
ZrHf-O 0.601 | 0.282 | 0.117
ZrHf-Nb-O | 0.549 | 0.332 | 0.119

V1.3 Mechanical testing: specimen geometry, experimental
devices and test procedures

For temperatures between 20° to 400°C, the experimental techniques were based on standard
tensile tests controlled at constant strain rates, tensile tests with strain rate changes and
relaxation experiments with unloading.

VI.3.1 Strain rate controlled tensile tests

The material Zr702 is given in the form of a rolled sheet metal. Flat samples of Zr702 with
gauge length of 55 mm, width of 4 mm and thickness of 1.4 mm were loaded in tension at
various nominal strain rates of 1073s71, 107%s~!, 107°s~!. Three directions are defined,
compared to the sheet metal: RD, TD and ND. The taking directions are the following:

e when the direction of the applied stress is parallel to RD, the material is constrained
in the longitudinal direction,

e when the direction of the applied stress is parallel to TD, the material is constrained
in the transverse direction.

Figure V1.3 shows the plan of the tensile specimen. The experiments were carried out in a
computer controlled screw driven Zwick testing machine. A computer was used online both
for controlling the machine functions and for data acquisition. Note that no extensometer
was used. A three zone resistance heating furnace was used. About 1 hour was necessary to
heat the sample from room temperature to the prescribed temperature. The temperatures
tested were 20°C', 100°C, 200°C, 300°C. The experimental data such as load and specimen
cross section and length were used for calculating the values of the nominal stress o and the
nominal strain €. The load cell had a £10000 daN span. The strain accumulated during
tension was determined from the cross head displacement.

The accuracy of the measurements during tensile test on flat specimens is the following:

Ag

. = 43.4 1072
o

o 28 16103
g

o AT ==+10°C
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Figure V1.3 : Plan of the flat specimen of tensile tests.

VI1.3.2 Tensile tests with strain rate changes

Tensile tests with strain rate changes were carried out on cylindrical samples with gauge length
of 22 mm, diameter of 2.5 mm, initially elaborated for relaxation experiments. Figure V1.4
shows the plan of the specimen for tensile tests with strain rate changes.

These tests were realized on the machine used for the relaxation tests in order to not take
the stiffness of the machine into account. Figure VI.5 shows the principle of the relaxation
machine used for strain rate changes and relaxation tests. The tests were conducted on
an ADAMEL T.R. creep machine, modified to be used for relaxation tests. The system of
loading was made with an electric jack, equipped with a motor of low inertness continuous
power, leading to the displacement of a steel wire fixed to one extremity of the control lever
hand and the machine. A spring was placed between the load sensor and the wire in order to
adjust the compliance of the machine and the gain in close loop of the regulation system in
strain and/or stress. A resistance furnace surrounded the specimen with the extensometer.
The temperature of the specimen during testing was controlled to within £0.2°C'. The
temperature gradient along the gauge length was maintained at less than 2°C'. One hour was
usually required to reach thermal equilibrium after an initial heat up period of approximately
15 min. The load cell range was 0-100 kN. The elongation value was measured using an
extensometer, fixed on the ruffs of the specimen. The displacement was recorded by two
L.V.D.T sensors with a stroke of 2 mm.

The loading was conducted at total constant strain rate. The specimens were subjected
to strain rate change tests with a ten fold change. Both the load cell and the L.V.D.T. signals
were first amplified and filtered. Load and elongation data were converted to nominal stress
and nominal strain by the usual method using a computerised routine.

The accuracy of the measurements during tensile test on cylindrical specimen is the following:

o Ao =340.5MPa
o AL =40.5um
o Ae =+1.7107°

o AT = +1°C
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Figure V1.4 : Plan of the specimen of tensile tests with strain rate changes and relaxation
tests.
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Figure V1.5 : Principle of the relaxation machine used for strain rate changes and relaxation
tests.
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VI.3.3 Relaxation tests with repeated loading and unloading

The main advantage of stress relaxation experiments is to describe the viscoplastic behavior
of materials on a large interval of strain rates (1073s71-107%s71), contrary to creep tests
which give only the strain response of materials at a given stress. These experiments are used
for evaluating the constitutive relaxation governing the inelastic behavior of materials.

The general stress relaxation test was performed by isothermally loading a specimen to a fixed
value of constraint. The constraint was maintained constant and the constraining force was
determinate as a function of time. The major problem in the stress relaxation test was that
constant constraint is virtually impossible to maintain. The effects on test results were very
significant and considerable attention must be taken to minimize the constraint variation.
This test can be divided into two steps.

1. The loading, the total strain is the sum of the elastic strain and plastic strain:

Etot = Ee + Ep : Ee = 5 (VL.1)

where F is Young’s modulus. When the sample was deformed at a given strain level,
the loading was stopped and the relaxation phenomenon can begin.

2. The relaxation, the total strain obtained at the end of the loading was imposed
constant £,p; = constant. During the test, the decrease of stress with time was recorded.
Deriving equation (VI.1) gives:

(VI.2)

| Q

étot:ée+ép20 N é:p:—

where € is the total strain rate and €, is the plastic strain rate. Consequently, stress
relaxation is a time dependent decrease of stress in a solid due to the conversion of
elastic strain into inelastic strain.

Some definitions can be given as follows.

The initial stress, labeled o( is the stress applied to the specimen by imposing the given
constraint conditions before that stress relaxation begins.

The zero time, labeled ¢y is the time when the given loading or constraint conditions are
initially obtained in a stress relaxation test.

The remaining stress, labeled o is the stress remaining at a given time.

The relaxed stress, labeled og — o is the initial stress minus the remaining stress at a given
time.

The stress relaxation curve is the plot of the remaining or relaxed stress as a function of time.

. . gp — O] . . . .
The relaxation ratio, labeled M is the relative difference of stresses along the relaxation
00
curve at a given time.
oo —o(t
The plastic strain is ¢, = OE()

Especially, in our relaxation tests, unloadings were performed between 100°C and 400°C
on cylindrical specimens, taken in transverse direction. Thus, we call a "relaxation cycle”, a
stress relaxation test with unloading as shown in figure VI.6. A relaxation cycle is divided
into four sequences as follows.

1. During the loading sequence, the specimens were deformed in tension under constant
strain rate up to a given plastic strain level. In chapter A, we showed the effect of strain
rate on the specimen loading (tensile tests with various strain rate changes, between
1073571, 107%s71, 10725~ 1). For the loading of specimen, we chose a strain rate equal
to 107%s~!, because it was easier to control this strain rate with our testing machine.
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Figure V1.6 : Principle of the relaxation test with unloading, divided into six relaxation
cycles in the true stress versus true strain diagram.

2. After loading the specimen up to the prescribed plastic strain level, the first relaxation
sequence was performed at this plastic strain level. During the stress relaxation test, the
total strain of the specimen was kept constant. The plastic elongation of the specimen
was compensated by a decrease of the elastic part of the total strain. The time interval of
relaxation depending on temperature was chosen in order to avoid the sample corrosion,
susceptible to affect the macroscopic behavior. At 100°C, 200°C and 300°C, the interval
of relaxation time was chosen equal to 20 hours. However at 400°C, the interval of
relaxation time was chosen equal to 4 hours, because of corrosion.

3. After the first relaxation sequence, the unloading of the specimen was carried out down
to 50 MPa. The applied strain rate during unloading was 10~4s~1.

4. Then, the second relaxation sequence was performed. It lasted 4 hours at 100°C, 200°C
and 300°C. At 400°C, the relaxation time was 30 minutes, in order to avoid oxygen
diffusion inside the material during testing.

This sequence of experiments was repeated at various plastic strain levels in order to measure
the response of materials according to different plastic strain levels (which is equivalent to
the values of the initial stress). For each test, the value of the plastic strain level associated
with the value of stress at which the relaxation test begins, og is given in appendix II for
7Zr702 and ZrHf as a function of temperature and the number of relaxation cycle. Note that
only small deformations were studied, lower than 3% in order to first neglect the hardening
effect and second to consider that the hardening rate is constant.
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The accuracy of the measurements during relaxation test with unloading on cylindrical
specimen is the following:

e Ao = £2MPa/24 hours
e AL =40.5um

e Ae=+41.7107°

o AT =+1°C

Note that this type of experimental set up is able to cover ranges of strain rates between
10735~ (because of the the dynamic compliance of the machine) and 107%s~! (because of
the noise due to the thermal instability of the machine and its environment).

Note that WDS microsonde experiments were carried out in order to quantify the oxygen
content which might diffuse during relaxation tests with unloading (4-5 days) between 200°C
and 400°C'. The results are the 