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RESUME

On utilise un modèle polycristallin «autoconsistant» pour simuler la croissance sous
irradiation d'échantillons de Zircaloy-2 irradiés à environ 330 K. On compare les prévisions
du modèle aux mesures expérimentales obtenues à partir d'éprouvettes irradiées dans
l'Advanced Test Reactor (ATR) à Idaho Falls. On étudie ici trois types de matériaux : recuit,
écroui sous tension et écroui par laminage. En général, la vitesse de croissance atteint une
valeur d'état stationnaire après un transitoire qui varie selon l'état initial du matériau. Le
comportement de croissance transitoire est expliqué du point de vue de l'évolution des
contraintes résiduelles intergranulaires présentes dans l'échantillon et au point de vue de la
structure de dislocation. Cette étude permet d'obtenir des renseignements relatifs aux
mécanismes de fluage et de croissance sous irradiation qui se produisent au niveau du
monocristal.
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ABSTRACT

A 'self-consistent' polycrystalline model is used to simulate irradiation growth of Zircaloy-2 samples
irradiated at about 330 K. The predictions of the model are compared with experimental
measurements obtained from specimens irradiated in the Advanced Test Reactor (ATR) at Idaho Falls.
Three types of material are studied here: annealed, .cold worked in tension and cold worked by
rolling. In general, the growth rate attains a steady-state value after it goes through a transient that
depends on the initial state of the material. The transient growth behaviour is explained in terms of
the evolution of intergranular residual stresses that are present in the sample, and hi terms of the
dislocation structure. From this study, information regarding irradiation creep and growth mechanisms
occurring at the single crystal level is obtained.
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1. INTRODUCTION

Zircaloy-2 is used in the form of rolled sheet to fabricate calandria tubes for CANDU (CANada
Deuterium Uranium, registered trademark) power reactors. Forming processes induce the development
of pronounced crystallographic textures in this material and, as a consequence, it exhibits anisotropic
thermal, elastic, plastic and irradiation properties, both at the single crystal and at the polycrystal level.
The combination of texture and the anisotropy of the mechanical properties of the grains in a
polycrystal induces grain interactions when the aggregate is subjected to an external load, and is
responsible for the anisotropic response of the material. In particular, zirconium alloys cannot be
completely stress relieved, because a full accommodation of the anisotropic thermal contraction of
each grain is prevented by the neighbouring grams, which induces intergranular stresses when the
material is cooled after heat treatment. The residual stresses produced by annealing and/or cold work
drive the creep mechanisms in the grain, and are responsible for transients observed in the growth
response of the material under irradiation.

The generation of grain interaction strains due to thermo-mechanical treatments and their effect on the
subsequent irradiation growth behaviour is analyzed here by means of a self-consistent (SC) model. In
the present analysis each grain is regarded as an ellipsoidal inclusion, embedded in a homogeneous
effective medium (HEM) that has the average properties and responds in the same way as the
polycrystal [1-9]. The response of the individual grains depends on their interaction with the HEM,
while the properties of HEM are not known in advance and have to be determined from the collective
response of the grains. SC models are better suited for calculating the grain interaction strains,
because they account for the relaxation of the matrix around the grain and therefore do not permit
stress or strain discontinuities from grain to grain, as is the case for the upper- [10-13] or lower-bound
models [14,15], respectively.

A complication associated with zirconium alloys is that it is impossible to grow single crystals.
Consequently, direct measurements on single crystals cannot be performed. Even if it were possible to
perform experiments on single crystals of zirconium alloys, the mechanical response of an isolated
single crystal is not identical to that of the same crystal embedded in a polycrystalline aggregate and
surrounded by grains with different orientations. .The use of SC models allows for the determination
of single crystal properties that are characteristic of the behaviour of a single grain in the presence of
neighbouring grains that interact with it. By deriving the single crystal creep and growth parameters,
which are consistent with the observed behaviour of the polycrystal, it is possible to draw conclusions
regarding the predominant deformation mechanisms that occur at the single crystal level [6,8,16-18].

2. EXPERIMENTAL MATERIALS

Irradiation growth of three types of Zircaloy-2 materials is analyzed here:

(i) annealed Zircaloy-2 plate,

(ii) specimens from annealed Zircaloy-2 that were cold worked 1.5% in tension, and

(iii) specimens from annealed Zircaloy-2 that were cold worked 1.5% by rolling.

These three types of materials were irradiated at the ATR reactor at Idaho Falls at a fast flux of about
2 x 1018 nm'Y1 and a temperature of about 330 K. The results from these tests were
previouslyreported and analyzed with an upper-bound model [11,19,20].



The texture of these materials is represented by a discrete collection of grams. Each grain is
characterized by a set of Euler angles ((j),9,Cu), giving the orientation of the crystal axes with respect to
the sample axes, and a weight w(<j>,9,œ), which represents its volume fraction. In this work, the
orientation distribution function (ODF) of rolled Zircaloy-2, reported by Holt et al. [20], is employed.
By integrating the ODF in orientation space within intervals of 10°, we obtain a set of 1944 weighted
crystallographic orientations with orthotropic symmetry. (This texture contains more random
background than the 1060 orientations used in Réf. [21], and leads to somewhat different residual
stresses.) The basal pole figure associated with this distribution (Figure la) presents a main texture
component tilted 42° from the normal direction (ND) towards the transverse direction (TD) of the
sheet. The prism (1010) pole figure is plotted in Figure Ib, which shows that the rolling process tends
to orient these poles along the rolling direction (RD).

Grain shape effects are accounted for in the formulation that follows through the dependence of the
Eshelby tensor S on the aspect ratios of the grains, which are regarded as ellipsoidal inclusions.
Evidence from optical microscopy indicates that in these materials the grains are approximately
equiaxed, with an average diameter of 30 um, and, as a consequence, we assume spherical inclusions
in the calculations that follow. The single crystal elastic properties of Zircaloy-2 are not accessible to
direct measurement. It is assumed that the presence of alloying elements does not modify the elastic
properties of Zircaloy-2 with respect to those of zirconium. Consequently, the hexagonal elastic
constants measured by Fischer and Renken [22] in hep zirconium single crystals are used. We account
for the dependence with temperature by fitting a cubic polynomial to each of the measured constants.

3. ANALYSIS

To determine the intergranular stresses present in Zircaloy-2 after a given thermo-mechanical
treatment, an elasto-plastic self-consistent (EPSC) model is employed. The EPSC approach has been
implemented for calculating the residual strains in the annealed and cold worked Zircaloy-2 specimens
described in the previous section. The irradiation growth of these materials, on the other hand, is
simulated by means of a visco-elastic self-consistent (VESC) polycrystal model. The SC models
employed for analyzing the behaviour of these materials during the two stages are presented. The
necessary material properties for describing the first regime are the thermal, elastic and plastic ones,
whereas those describing irradiation creep and growth are the visco-elastic ones.

3.1 Thermo-Mechanical Regime

The thermo-elasto-plastic regime is important because it is related to the single crystal deformation
mechanisms, and therefore to the residual stresses left in the material after the forming operation.
These residual stresses modify the mechanical response and the response under irradiation of the
aggregate. Polycrystalline models are tools for predicting these stresses, and comparison of the
predictions with experimental measurements provides information about microstructural deformation
mechanisms and properties, such as thermal dilatation coefficients, types of operating slip systems of
dislocations, hardening mechanisms, etc.

SC polycrystal models treat each grain as an inclusion embedded in a HEM exhibiting the same
thermal response as the aggregate. For the present work the SC scheme, developed by Hill [1] and
later implemented by Hutchinson [2], is used to simulate the elasto-plastic response of hexagonal
polycrystallme aggregates. Although the temperature is constant during cold working, thermal effects
are responsible for the development of internal stresses during the cooling process. As a consequence,



strains of thermal origin are included in the formulation for purposes of completeness. For more
details refer to [1,2,16].

In the elasto-plastic regime, the stress rate o in the gram is related to the total strain rate £ , and the
plastic strain rate through Hooke's law, namely:

c = c :(£-ar-£;n*Y")
s

where c and a are the elastic stiffness and the thermal dilatation tensors1 of the grain, and T is the
temperature rate (assumed to be uniform hi the polycrystal). The summation of the plastic strain rate
is overall active crystallographic slip systems, s, hi the gram, using ms and 'y5 as the Schmid tensor
and the shear rate hi each system, respectively. A system is considered active when two conditions
are fulfilled; the resolved shear stress equals the critical value 1s ( ms : o = T* ) and the system remains
loaded as the stress evolves ( ms : ô = i? ). Hutchinson [2] shows that, using these conditions, it is
possible to write Eq. (1) in a pseudo-linear form:

...(2)
a =LC : {?. -a T ) v '

where

Le = c:(/-£m*®]T Y"'m*':c) ...(3)

Here, L° is the single-crystal elasto-plastic tensor, I is the fourth-order identity tensor, and ® stands for
an uncontracted tensor product. Note that Lc reduces to the elastic stiffness when the plastic activity is
zero. Y = X"1 is a square matrix of the same order as the number of active systems hi the grain. The
components of X are a function of the linear hardening matrix, h as follows:

X"' = h"' +ms : c : ms' -W

An incremental constitutive law of the form (2), which relates the overall stress rate and strain rate
linearly, is assumed to represent the polycrystal response.

Here, L is the overall (incremental) elasto-plastic tensor, and A is the overall dilatation tensor. L is

1 Tensors are represented in boldface, and twice contracted tensor products are denoted by ' : '. When
convenient, second- and fourth-order tensors will be represented as vectors and matrices, respectively,
using the Voigt notation, and repeated indices indicate summation.



S = L : ( -AT 1 ) '"

not constant, but has to be updated as deformation proceeds and reduces to the aggregate's elastic
tensor C when there is no plastic activity. The solution of the equilibrium equation for the
inhomogeneous elasto-plastic inclusion is the same in principle as that for the elastic inclusion; i.e., the
stress rate and strain rate in the grain are coupled to the equivalent magnitudes in the polycrystal
through the interaction equation [16]:

. . . . . ...(6)
a -Z =-L : (e -E)

Here, the interaction tensor L has the form

L =L : ( / -S ) S '1

and the Eshelby tensor S [23,24] is a function of the anisotropic elasto-plastic stiffness L. The overall
tensors L and A follow from the condition that the weighted average of the strain rate in the grain has
to coincide with the overall strain rate ( É = < è > ). Using such a procedure, the instantaneous
overall tensors have to fulfil the following relationships:

A =((L< +L)'1 :L}"1 : ((L < +L)'1 :L ' : a) -

Eq. (8) is a non-linear implicit equation (as L depends both explicitly and through S on the unknown
L), which has to be solved iteratively to derive the elasto-plastic tensor [16]. Once L has been
obtained, the effective thermal properties of the aggregate are calculated by Eq. (9). Note that the
effective thermal tensor A is affected by plastic relaxation. After having solved the above equations,
the stress rates and strain rates in the grains and the polycrystal are calculated using Eqs. (2), (5) and
(6), and the stress and strain are updated incrementally. This procedure gives the stress-strain
evolution in each grain and in the polycrystal, and completely characterizes the mechanical response of
the aggregate.

A particular case, which is relevant to some applications presented here, is the case where the
aggregate is subjected to a temperature variation in the absence of external load (Z = 0). If no plastic
relaxation takes place in the grains during such a process, the elasto-plastic stiffness of grains and
matrix reduces to the elastic stiffness tensor ( L = C and Lc = c), and Eqs. (8) and (9) give the
effective elastic and thermal moduli associated with the thermo-elastic regime. In addition, Eqs. (1),
(5) and (6) can be combined to give the stress induced in each grain by a temperature increment as:

c = - ( < ? - ' 4-C" 1) (a -A ) T -(10)



The latter equation is relevant to the calculation of the stress-free lattice spacing parameters and the
thermal expansion coefficients of Zircaloy-2 in section 4.1. and is also used to introduce the initial
residual stresses in the visco-elastic calculation of section 4.3.

3.2 Irradiation Creep and Growth Regime

The visco-elastic regime of Zircaloy is relevant to the creep and growth behaviour of irradiated
polycrystals. Growth is the stress-independent deformation, and creep is deformation that takes place
under stress. Both mechanisms are linked to the preferential distribution of irradiation-produced
vacancies and interstitials, towards dislocations and grain boundaries. A previous study [7] has
analyzed the steady-state creep and growth that is achieved once the evolution of internal stresses is
complete and steady state has been achieved. In this report, we present a polycrystal formulation that
permits such evolution to be modelled, and we apply the formulation to the prediction of transient
growth of irradiated specimens obtained from the materials discussed .in section 2.

The physical mechanisms responsible for the dimensional changes taking place in Zircaloy-2 during
irradiation are relatively simple to understand. In the absence of growth, the irradiation-produced
defects are preferentially driven by the internal stresses towards dislocations and grain boundaries,
through dislocation climb and grain boundary migration, in order to relax the very same stresses that
induce the process. This anelastic process produces overall dimensional changes in the material. The
effect of growth is to superimpose another mechanism of defect redistribution independent of the
stress, but dependent on the crystal symmetry, dislocation structure and grain-boundary morphology.
Since the grains are constrained by their neighbors, the latter redistribution of defects induces new
internal stresses in Hie lattice, which tend to be relaxed by creep. The state of dynamic equilibrium
between the competing creep and growth mechanisms is called the steady state, and is characterized
by a constant creep rate and time invariance of the internal stresses.

To describe how the material approaches steady state during irradiation, it is necessary to introduce
time as a parameter. The SC formulation to be presented here combines previous treatments used in
mechanics [25] and polycrystal theory [1], and provides a fully anisotropic visco-elastic polycrystal
model for treating linear creep. Each grain is regarded as a visco-elastic inclusion embedded in the
visco-elastic homogeneous medium that represents the aggregate. Following a standard treatment in
visco-elasticity, where time is a variable, we describe the response of the material in the transformed
Laplace space, and transform it back to direct space to find the time evolution of stress and strain in
the polycrystal and the grains. A comprehensive discussion of the subject is given by Turner and
Tome [9].

3.3 Polycrystal Formulation of Transient Creep and Growth

At the crystal level, it is possible to decompose the strain rate into an elastic and an inelastic
contribution. The latter accounts for the creep and growth contributions, and a thermal dilatation rate
is introduced in the formulation for later use. In the approach of small strain rates, the total strain rate
in each grain is given by the linear superposition of these terms:

...(11)
£ = m : o ( r ) + fc : c (0 + Y ( 0 +cc



This equation explicitly states that the strain rate varies with time inside each grain. The elastic
compliance tensor, m = c"1. relates the strain rate to the stress rate through Hooke's law. The creep
rate is assumed to be linear with the stress acting hi the crystal, through the single crystal creep
compliance tensor k. The latter is mainly determined by the dislocation and grain-boundary structure,
and by the vacancy and interstitial dynamics. For the stress, temperature and irradiation flux that
characterize normal reactor operating conditions, the linear creep law provides a good description of
irradiation-induced creep. Finally, the irradiation growth rate y may be a function of time through its
dependence upon the microstructure. At this moment we do not know enough about such dependence,
and in this work we consider that the irradiation growth rate is constant.

Constitutive Eq. (11), for the single crystal, describes a general linear anisotropic visco-elastic material
(Maxwell Solid), with the addition of an irradiation growth and a thermal dilatation term. For the
particular case of a constant load instantaneously applied to the aggregate at t = 0 (£(t)= I? h(t), where
h(t) is the Heaviside step function), Turner and Tome [9] prove that there is a linear relation between
the stress and the overall strain-rate, namely:

...(12)
E(t) =M ( r ) : Z ° + T ( r ) +A T ( t )

where M v(t) is the visco-elastic or creep compliance of the aggregate, Z° is the overall stress and E is
the overall strain rate. Note that although each single crystal obeys a Maxwell differential law (Eq.
(11)), the constitutive response of the polycrystal is not of the Maxwell type, because the macroscopic
elastic and inelastic strain-rate components cannot be separated. The coupling arises from the grain
interactions, which are responsible for the generation of intercrystalline stresses. Inspection of eq. (11)
shows that the visco-elastic regime differs from the elasto-plastic one of section 3.1, in that the
constitutive equation for the crystal contains the stress and the stress derivative. As a consequence, the
inclusion formalism is not directly applicable, but a standard approach of linear visco-elasticity permits
us to transform Eqs. (11) and (12) into algebraic equations by means of the Carson transform [9]. In
the transformed space, the formulation adopts the same form as the one of the elastic inhomogeneity,
which in mechanics is known as the correspondence principle, and the sarue formal solution applies
[24]. The Carson transform of the strain rate in crystal and aggregate (Eqs. 11 and 12) gives the
following equations:

...(13)

where

ihv(s) =m +ks~l

is the transform of the visco-elastic compliance of the crystal given by



m *(0 =m +kt

The thermal dilatation represents an instantaneous strain taking place in the grains and, consequently,
in the aggregate, at t = 0. If the overall thermal dilatation of the aggregate is used as a reference for
the strain, the previous equations may be rewritten as

a -A )Ar ...(16)

Here (a - A)AT is different for every grain and can be regarded as an arbitrary effective strain taking
place in each grain at t = 0, and does not need to be produced by a real temperature increment. In
our particular case, the aggregate has undergone a previous process, such as cooling or cold working,
and it is left with a known state of internal stress. These stresses can be introduced in the visco-dastic
formulation as if they were instantaneously induced in each grain by a fictitious thermal dilatation
taking place at t = 0. Since these stresses are accommodated elastically, they can be related to the
fictitious transformation strain using the elasto-plastic formulation of the previous section in the limit
of no plasticity. From Eq. (10), the fictitious dilatation that reproduces the residual stress OR hi each
grain is given by :

-(M H-M)"1 : o* =(cc -A) AT -(18)

where M = C -1 is the effective elastic compliance of the aggregate. Note that in a previous work by
Tome et al. [21], the transformation strain was erroneously interpreted as the difference between the
total deformation experienced by each grain and the polycrystal after the plastic-forming operation.
This is incorrect, because only the final configuration of residual stresses matter at the beginning of
creep relaxation, and not the past history. As a result of such interpretation, the initial residual stresses
associated with mechanical cold working, which were used in [21], were overestimated. The initial
residual stresses associated with cooling, though, were correctly reproduced by that interpretation, and
coincide with the ones used in the present work.

Writing the inverse of Eqs. (16) and (17)

ÔO) -[MM*)] '1 : [!(*) -y(O -(a -

E< = [ M V ( ^ ) ] " 1 : [ E ( s ) - ( j ) ] ...(20)

and accounting for the fact that the stress equilibrium equation oy j = 0 also holds in the transformed
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space, this problem is formally identical to the elasto-plastic one, except that the stress rate and the
total strain rate are replaced by the transform of the stress and of the total strain, while the elastic-
plastic stiffness tensor is replaced by the inverse of the transformed visco-elastic tensor. This result
(i.e., correspondence principle) states that the same algebraic relations hold for the transformed
tensors of the visco-elastic problem. In particular, the equivalent of the classical interaction equation
in Carson space becomes:

-..(21)

where c? (s) and e CO are the stress and strain deviations in the inclusion with respect to the

boundary values. The visco-elastic interaction tensor M(s) in Carson space has the same functional
dependence with the stiffness [M'° (s)] ~l and with the Eshelby tensor as in Eq. (7). Similar to the
other mechanical regimes analyzed, the overall properties of the aggregate are not known beforehand,
and have to be derived from the average condition:

...(22)

which leads to a set of SC equations from where the visco-elastic and the growth tensors of the
aggregate can be calculated, namely:

-))~l ( Y ( s ) +( a -A ) Ar ) > ...(24)

The SC Equations (23) and (24) can be solved iteratively for parametric values of the variable s, to
obtain the polycrystal visco-elastic compliance Mv(s) and the overall growth tensor in Carson space.
Afterwards, by transforming to direct space, it is possible to obtain the time evolution of the aggregate
and the constituent grains. Turner and Tome [9] showed that Eq. (23) gives the overall elastic
compliance in the limit t = 0. In addition, they also showed that Eqs. (23) and (24) give the steady-
state irradiation creep and irradiation growth derived by Woo [4], in the limit t — > °°. The latter limit
exhibits the distinctive feature of depending only on the creep compliance k, while being independent
of the elastic compliance tensor m. As a consequence, since creep operates only on the deviatoric
components, it is not possible to determine the Cauchy stress in the grains using the steady-state
formulation. Only the complete time-dependent formulation presented above preserves the information
of the elastic strain component up to steady state.



4. RESULTS AND DISCUSSION

The rolled Zircaloy-2 analyzed in this work is used to fabricate the calandria tubes that separate the
pressure tubes from the moderator in the reactor. The growth strains in calandria tubes, which operate
at about 350 K and have less than 1.5% cold work, are generally small compared to that exhibited by
materials with higher amounts of cold work. However, understanding the growth behaviour of
calandria tube materials at low temperatures is important because, as is shown in Eq. (24), the
observed growth rates are mainly controlled by the single crystal creep behaviour of these materials.
Therefore, by using the observed growth rates and the SC model described earlier, the single crystal
creep parameters, as well as the macroscopic creep behaviour, can be determined. It should be
emphasized here that creep of calandria tubes is important because it controls sag of CANDU pressure
tubes, as discussed elsewhere [11,20]. Moreover, while from a macroscopic perspective it is mainly
growth that matters, creep also plays an important role at the microscopic level. The internal stresses
produced by the previous thermo-mechanical treatment drive the creep rate in the grams at the onset of
irradiation but, gradually, those stresses are relaxed and replacer! by a new configuration of stress
associated with growth-induced gram interaction. As a consequence of this process, the transient
behavior that this material exhibits is usually substantially different from the steady state, and depends
strongly on texture and the previous thermo-mechanical treatment.

For the three materials analyzed here, the final configuration of stress in the grains that compose the
aggregate was calculated after each material was subjected to the corresponding thermo-mechanical
treatment. These stresses were calculated using the EPSC model as described in the following
subsections.

4.1 Residual Stresses after Annealing

An important application of the elasto-plastic formulation is the interpretation of measured
crystallographic plane spacings, from which we derive the residual stresses present in the material.
Lattice spacings are measured by neutron or X-ray diffraction, and the strain normal to specific
crystallographic planes is given by:

= (an*u _ y*n > / ^M (25)

where aj^l} is the stress-free lattice spacing of planes [hkl], and a11*11 is the actual lattice parameter of
a grain in the polycrystalline aggregate, respectively. Deconvoluting the experimental strain, however,
is not straightforward, because the contribution to a given measurement does not come from a single
orientation but from all the grams in which the [hkl] planes fulfil the diffraction condition. As a
consequence, it is not possible to infer the strain tensor for an individual orientation, even if several
crystallographic planes are measured. Since polycrystal models enable the identification of the
diffracting grains and their relative contribution to the diffraction peak (strain across the plane
weighted by the volume fraction represented by the grain), they provide a more accurate tool for
interpreting diffraction measurements in terms of the strain in individual orientations.

Here we present measurements of lattice spacings made by neutron diffraction as a function of
temperature in cold-rolled Zircaloy-2. Basal and prism spacings were analyzed in the experiment
along the diffracting directions indicated in Figure 2. These directions were chosen to measure the
main texture component (c-axis at 42° from the ND), which guarantees that a significant volume
fraction of grains contributes to diffraction. However, as pointed out above, not only the main
component, but all the orientations fulfilling the diffraction condition, contribute to each measurement.
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The simulation of cooling from the annealing temperature to room temperature is done using the
formulation of section 3.1, by imposing small temperature increments, and incrementally updating the
internal stress in the grains using Eq. (10).

As a result of its hep structure, Zircaloy-2 has only two independent lattice parameters: the prism and
basal spacings, a^ and c ,̂ respectively. They vary linearly with temperature when the two
independent thermal expansion coefficients, aa and ac, are constant. As a consequence, if a^ and csf

are known for a reference temperature/T.^ they can be calculated for an arbitrary temperature using:

a* CT) = a* Orf ) [1 + (T-Trf ) aa ] ...(26a)

0^ (T) = Crf CTrf ) [1 + CT-Trf ) ac ] ...(26b)

Processing and interpretation of experimental data from Zircaloy polycrystalline specimens are difficult
because single crystal properties cannot be directly determined. Stress-free lattice parameters cannot
be measured using polycrystallin^ samples, because they are distorted by the intergranular strains
induced by the anisotropic thermal dilatation of the grains. In addition, the thermal expansion
coefficients required by the numerical calculation are not known. Although it is reasonable to assume
that they are similar to the ones of a zirconium single crystal, the experimental thermal coefficients
reported by Goldak et al. [26] for Zr, and by MacEwen et al. [17] for Zircaloy-2, vary greatly (5.0 <
aa < 5.7 x 10'6 K'1 and 7.5 < ac < 12.0 x 10'6 K'1) in the temperature interval considered here.

Measurements of lattice spacings in a single crystal of pure zirconium were made by neutron
diffraction as a function of temperature. The specimen was extensively examined by neutron
photography, prior to the temperature measurements, to ensure that it was a single crystal. The
temperature of the specimen never exceeded 850 K, to ensure that the a -» (3 transition was never
crossed and that the crystal would not be subdivided into Burgers-transformation variants. The crystal
was mounted inside a furnace, which in turn was mounted inside an Eulerian cradle. At each
temperature, the crystal was re-oriented, to ensure that crystal plane-normals were parallel to the
bisector of the incident and diffracted neutron beams, before measurement of lattice parameters were
made by standard 9-29 scans. Lattice parameters were determined by measuring the (0002) and
(0004) reflections for < c>, and by measuring the (1010), (1210) and (2020) reflections for < a >.
The thermal coefficients deduced from the slope of the lattice parameter versus temperature are: aa =
(5.8 ± 0.1) 10'6 K'1 and cxc = (10.3 ± 0.2) 10'6 K"1. These values, which will be verified by the
calculation that follows, are in reasonable agreement with the ones reported by MacEwen et al. [17]
for Zircaloy-2.

In this application, we use the SC polycrystal formulation to find a set of thermal coefficients and
stress-free lattice parameters that give predictions of internal strain which are consistent with
polycrystal measurements. To achieve that, we assume that there is a temperature T^, at which the
aggregate is free of internal stresses, and that the values of the thermal expansion coefficients are
known. Then we use Eqs. (26) to find a^ , c^ and T^ which best fit the experimental data for this set
of thermal coefficients. After such a fit, we can calculate strains from measured lattice spacings using
Eq. (25). The result of such a calculation is represented in Figure 2a for a particular set of thermal
coefficients. Next, we simulate the cooling of the aggregate from T^ to room temperature. We then
identify the orientations that could contribute to the experimental diffraction peak, and consequently
plot the average strain in the corresponding crystallographic planes as a function of temperature. Only
the thermal coefficients, and not the lattice parameters, are required in the calculation, and the result is
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shown hi Figure 2b. Repeating this procedure for different thermal coefficients, it is possible to find a
set of values that minimizes the difference between the predicted strains and the ones calculated from
the measured lattice spacings. The data presented in Figure 2 correspond to the thermal coefficients
and stress-free temperature giving the best fit, namely, a^ (298 K) = 3.23056 A, c^ (298 K) = 5.14960
A, aa = 5.7 and ac = 10.3 x 10'6 K'1, and T^ = 898 K. The previous application reinforces the
reliability of the measured thermal coefficients, and clearly illustrates how SC models can be used to
determine single crystal parameters from polycrystal measurements.

Measured and predicted residual strains at room temperature are reported in Figure 3a, for the basal
and various prismatic crystallographic planes. The direction along which the measurement was taken
is indicated in the inset of Figure 3 by giving the two angles that describe its position with respect to
the sample axes. Measurements corresponding to diffraction planes, which are symmetric with
respect to the texture, were averaged. The predicted values are obtained for a temperature drop of
AT= - 600 K from the stress-free state, and agree well with the experimental measurements. This
indicates that the SC model describes the thermo-elastic response well. The accuracy of the
measurements demands high precision in centering the sample over the centre of rotation of the
diffractometer. This is much more easily done in a room temperature experiment, where the specimen
can be seen through a telescope, than within a furnace. The measured values of residual strain at
room temperature used for the comparison are the ones previously obtained by Holt et al. [20], rather
than those shown in Figure 2. In spite of the limitation associated with the use of a furnace, we were
confident that changes in plane spacing with temperature for a given reflection were accurately
measured. The experimental error bars in Figure 3 give a measure of uncertainty in strain that takes
into account the differences between the two sets of experiments. Another reason for choosing the
results of Holt et al. [20] at T = 298 K is that the latter also measured residual strains after cold work
in samples obtained from exactly the same batch as the annealed material, which guarantees that the
initial stresses and crystallographic conditions were the same for the annealed and the cold-worked
samples. This is important for the comparisons that follow. However, the conversion of the lattice
spacing into residual strain reported by Holt et al. [20] was based on the simplified assumption that the
diffraction originated from a single grain orientation, while in reality the measurements contain the
contribution of all grain orientations that fulfil the diffraction condition. In this work, we take into
account the contribution from all grain orientations, and compare the measured interplanar spacings
with calculated residual strains averaged over the set of grain orientations fulfilling the diffraction
condition.

4.2 Residual Stresses after Cold Work

The formulation required for predicting the residual stresses after tension and rolling was described in
section 3.1. In both cases, deformation is imposed incrementally along the loading direction; namely,
the sample is loaded until a true strain of 2% has been achieved and, subsequently, it is unloaded.
The starling residual stresses before loading are those introduced by the annealing process discussed
above. In the tensile test, all external stress components, except the one along the loading direction,
are set to zero. Rolling is simulated as a channel die experiment, and the boundary condition is that
the average strain has to be zero in the transverse direction across the channel.

In addition to the single crystal elastic constants, information about the plastic mechanisms at the grain
level is needed to calculate the internal stresses induced by cold working. Based on previous work
[16,18], the main active slip systems are assumed to be: the six prismatic {10ÏO}<1210> systems
(designated as pr<a>) and the 24 pyramidal {10Ï1}<1123> systems (designated as pyr<c+a>). The
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critical resolved shear stresses (CRSS) used here, i** = 110 MPa and 1WT = 200 MPa, respectively, give
a good description of the experimental data [16], and are consistent with the values used by MacEwen
et al. [17] and Turner and Tome [18] for simulating the mechanical response of Zircaloy-2 with rod
texture. For a complete characterization, tensile twins (ttw) were also considered of the type
{10Ï2}<10lï>, although the experimental evidence indicates that twinning makes a relatively minor
contribution to plastic deformation in the annealed material. Consequently, we assign to twinning a
critical resolved shear stress t1™ = 210 MPa.

Work hardening of the prismatic and pyramidal systems was assumed to preserve the ratio of critical
resolved shear stresses; i.e., in Eq. (4) h^ = 4 1s. These hardening parameters were chosen to be
consistent with experimentally observed slopes. It was observed that although the overall loading
curve was relatively insensitive to the precise form of the hardening matrix, the average number of
active slip systems and the predicted residual strains exhibited a strong dependence on the hardening
law. Here twinning is treated as a slip mode that can operate in only one direction, and the stress
relaxation associated with twin activity is not accounted for in the calculation. The latter may be
important, even if the twinned fraction is small, but at this stage there is no model available to
incorporate such an effect into the SC formulation.

In the material cold worked in tension, the internal stresses were obtained after simulating loading to
2% followed by unloading. The evolution of stress is followed inside each grain, starting from the
initial residual stresses described above for the annealed material. The final deformation is achieved
mainly by prism activity (77%), a smaller contribution of pyramidal slip (22%) and a negligible
amount of twinning shear (1%). The final residual strains are compared with the experimental ones in
Figure 3b, for the directions and the crystallographic planes indicated in the inset of the figure.
Results can be regarded as good, considering the dispersion of the experimental data.

In the case of the material cold worked 2.0% in rolling and subsequently unloaded, the residual
stresses predicted using the previous CRSS's are not in qualitative agreement with the experimental
ones, as shown in Figure 3c by the open symbols. This is due to a high pyramidal activity hi the
model, which causes excessive plastic accommodation along the c-axis of the grams, and leads to the
low predicted stresses when the aggregate is unloaded. This suggests that the pyramidal activity
should be reduced during this test, in order to reproduce the experimental measurements, and this can
be achieved by increasing the CRSS in the pyramidal systems. We therefore raised the CRSS of the
pyramidal systems to 330 MPa, while leaving the others unchanged. This improved substantially the
comparison with experiments, as shown hi Figure 3c by the solid symbols. However, the predicted
values are systematically lower than the data. In particular, the fact that the basal strain of the main
texture component is only about half of the measured one will affect the transient regime of the
growth predictions, as we shall see later. Since the residual stresses drive the transient creep at the
single crystal level, we feel that it is important to start from a configuration of internal stress as close
as possible to the experimental one, although it is difficult to justify using a different set of CRSS's for
the tensile and the rolling simulations. Predicted activity in this case is 61% prismatic, 36% pyramidal
and 3% twinning shear. Despite the lower CRSS of twinning, the latter is not very active, because of
the particular orientation of the texture with respect to the testing conditions.
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4.3 Growth Behaviour

The information derived from sections 4.1 and 4.2 is introduced in the formulation of section 3.3 to
predict the growth F(t) under zero external stress (£° = 0). The stresses left by the thermomechanical
treatment enter as initial stresses hi the formulation, as explained in section 3.3. Subsequently, the
predictions from the simulation are compared with experimental growth measurements on the
Zircaloy-2 samples, with the same initial conditions as the simulated ones [19,20]. We will show that
the simulation permits us to explain the observed growth in terms of the initial configuration of stress.
In addition, from the comparison of the predicted and the measured growth, we will obtain information
about the microstructure and the creep and growth properties of the single grains. Some background
information, however, is required for a meaningful discussion of the results (see [4,8] and [27] for a
more complete discussion).

According to Woo [27], the creep compliance of the single crystal (i.e., the fourth-order tensor, k) can
be expressed hi terms of six second-order orthonormal symmetric tensors bw as:

6

J k « = J ^ f c W 6 W ® e « w -(27)
x-i

The tensors bw represent the five independent shears required to produce an arbitrary volume-
conserving deformation, plus a hydrostatic dilatation. The coefficients kw are the eigenvalues
associated with each of these eigentensors, and measure the efficiency of the corresponding creep
mode. Only three of the eigenvalues are independent for hexagonal symmetry, and the one associated
with the dilatation mode is zero, because creep is a volume-conserving mechanism. The tensor b(1)

represents the tetrahedral shear, and is the only tensor that provides deformation along the c-axis, and
b(2) and b(5) represent prismatic shears, and b(3) and b(4) the basal shears. If climb and glide of
dislocations by preferential absorption of point defects is regarded as the active creep mechanism, then
only those dislocations with a <o-component (such as pyramidal <c+a>) can contribute to tensor b(1).
Climb and glide of dislocations in the prismatic planes will accommodate the shears represented by b(2>

and b(S), while basal dislocations will accommodate deformation along b(3) and b(4). The eigenvalues of
k measure the relative efficiency of each type of dislocation for accommodating deformation by creep.
Pyramidal dislocations contribute predominantly to the tetrahedral mode and, to a lesser extent, to the
prismatic and basal shears.

The growth tensor associated with preferential diffusion of defects to dislocations is of the form:

1 0 0

Y =Y 0 1 0

0 0 - 2

...(28)

Empirical observations [8] indicate that creep exhibits (approximately) a square root dependence with
dislocation density. On the other hand, although Fidleris [19] showed that growth is not linearly
dependent on dislocation density, in the range of dislocation densities exhibited by lightly cold-worked
materials, the dependence can be taken as linear. In addition, both mechanisms are proportional to the
rate of creation of defects and, consequently, to the fast-neutron fluence <ï> = tyt (E > 1 MeV). As a
consequence:
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k = k"r (p/pref)°-5

Yo = Y<T (P/prf) (W") ..-(29)

For the calculations that follow, the annealed material is used as a reference. Thus, all the samples
have experienced the same irradiation history, and the creep and growth parameters do not have to be
adjusted for flux. To allow for the dislocation density, special provisions have to be taken for two
main reasons. First, measurements of dislocation density done by X-ray line broadening are available,
but their interpretation is ambiguous, because line broadening is significantly affected by the
distribution of residual stresses in the subset of grains that are contributing to the diffraction peak.
Second, the scaling factor in Eq. (29) has to be regarded as an order of magnitude correction, since
specific types of dislocations are bound to give directional contributions to the creep rates, depending
on their crystallographic orientation. The total dislocation density of the cold- worked samples was set
to be four times larger than that of the reference, which is taken to be 0.25 x 10W m"2. In addition, the
densities of the <a> and <c> dislocations reported in Table 1 are the experimentally measured ones
scaled to the dislocation density of the annealed material. This assumption, combined with Eq. (29),
results in factors of two and four, respectively, for the creep and growth parameters of the cold-worked
samples.

The Zircaloy-2 samples analyzed in this study were irradiated in a fast flux of roughly an order of
magnitude higher than the CANDU reactor operating flux. The growth predicted for samples cut
along the RD and the TD of the sheet is plotted in Figure 4, and compared against the experimental
growth data from [19]. It is evident that there is a remarkable difference hi measured response
exhibited by each of the three samples. For the samples cut along the RD, growth is positive for the
annealed material, negative for the sample cold worked in tension, while for the sample cold worked
by rolling the initial growth rate is negative and eventually becomes positive. As for the samples cut
along the TD, there are no measurements for samples cold worked in tension, but the response of the
annealed sample differs qualitatively from the one cold worked by rolling. Since the small amount of
cold work (1.5%) does not modify the texture; such behavior is to be attributed to the different
distribution of internal stresses in each sample and to the particular dislocation structure developed
during cold working.

The set of parameters used to fit the growth response of the three materials is listed in Table 1, along
with the calculated activity of prismatic and pyramidal slip systems during the cold work. The set of
parameters used in [8] are also listed for comparison. For the annealed material, The low value of k(1)

is consistent with an expected low density of pyramidal dislocations relative to the prismatic ones. For
the cold-worked materials, on the other hand, the density of pyramidal dislocations is lower but
comparable to the prismatic dislocations. As a consequence, it seems reasonable that a good
agreement with the experiment is obtained when a higher scaling factor is used for k(1) than for k(2) and
kp). In particular, according to the EPSC calculation, the pyramidal shear for the material cold worked
in tension is 23%, and for the cold-rolled material it is 39%. Therefore, while eigenvalues k(2), k(3) and
the growth parameter are scaled assuming a four-fold overall dislocation increase in Eq. (29), the
eigenvalue k(1) was increased from 0.2 to 1 and 3 for the material cold- orked in tension and rolling,
respectively. The absolute value of this parameter, however, has to be regarded as only approximate,
since for values of k(1) in the range of 0.5 to 4.0 the growth predicted for the materials cold worked in
tension and rolling is not much different than that obtained using k(1) = 1 and 3, respectively. As
Figure 4 shows, using the parameters reported in Table 1, there is a reasonable agreement between the
predictions and the experiment, while being consistent with the dependence of the creep and growth
parameters with the dislocation density.
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Table 1

Dislocation density ( x 10" m"'), eigenvalues of the irradiation creep tensor ( x I0"?

irradiation growth constants ( x 10"8 h'1) and prismatic and pyramidal activity for the materials used
here and in [8].

Ptoal

P<a> P<c>

k(D

k(2)

k(3)

Yo

Piisiiiatic activity

Pyramidal
activity

Zr-2 in [8]

2.70

1.9 0.8

0.62

1.11

0.32

annealed

0.25

0.23 0.02

0.2

12.0

8.0

0.15

1.5% tension

1.0

0.87 0.13

1.0

24.0

16.0

0.60

77 O/n1 1 10

oo or.

1.5% rolling

1.0

0.74 0.26

3.0

24.0

16.0

0.60

61 <&

OO 07n

At low fluences, the response of the aggregate is mostly controlled by the relaxation of the residual
stresses by creep. At high fluences, the initial residual stresses have been erased and the relaxation of
the growth-induced internal stresses controls the overall growth. The predicted growth behaviour of
the annealed material along the RD is particularly good, whereas the growth along the TD is
systematically underpredicted. Similarly, the predicted growth of the cold-worked materials is
reasonably good, both at low and high fluences.

The present work contains several improvements with respect to the previous work of Holt et al. [20].
Both polycrystal models differ in their fundamental assumption of grain deformation; i.e., Holt and
co-workers assumed an upper bound model by imposing the total deformation to be the same for every
grain and equal to that of the polycrystal. In the SC model, the interaction of the grain with the
matrix depends on the; relative properties and, consequently, grains are allowed to deform differently,
depending on their directional properties. For the elasto-plastic simulation, Holt et al. assumed a
CRSS for the pyramidal systems that depended on the orientation of each grain. Such dependence
gave residual stresses compatible with the measured ones, but it is difficult to justify experimentally.
In addition, the deconvolution of the measured lattice spacings by neutron diffraction was done by
assuming that the measured diffraction peaks came from a single orientation, instead of originating
from all the grains in the aggregate favourably oriented for diffraction. This, along with the fact that
different lattice parameters were used to calculate the distortion of crystallographic planes, gave
different residual strains than those predicted here. Holt et al. reproduced the growth of the annealed
and rolled material only, by using a set of creep parameters consistent with a major contribution by
prismatic dislocations. In their calculations they did not allow for variations of those parameters to
account for differences in the dislocation density, as was done here.
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The present work also contains several improvements with respect to a previous publication [21]. The
predictions of the present study are slightly different from that in [21], because more crystallographic
orientations are used to represent the texture, thus increasing the random background. Moreover, the
correction in the way the initial residual stresses are introduced changes the predicted growth of the
cold-worked samples, but not that of the annealed one. Finally, the residual stresses of the rolled
sample changed as a result of using 330 MPa for the CRSS of the pyramidal systems. In [21], on the
other hand, we adopted a reference material to estimate the creep compliance; namely, a heavily cold-
worked Zircaloy-2 irradiated at low temperature. While the material we analyzed here has also been
irradiated at low temperature, it has been annealed and only slightly cold worked afterwards. Since
the eigenvalues of the creep compliance depend on the relative amount of pyramidal to non-pyramidal
dislocations, we prefer to use the annealed material as a reference, because it has a negligible amount
of pyramidal dislocations. We also have information about prismatic and pyramidal dislocation
density in the annealed and the cold-worked samples obtained using line-broadening techniques.
Since such measurements are expected to vary depending on the direction of measurement and the
presence of residual stresses, we only use their relative values and not the absolute ones. As a
consequence, we assumed that the overall dislocation density in the 1.5% cold-worked materials was
four times larger than that in the annealed, and this ratio was used to scale the creep and growth
parameters of the grains. In [21], absolute values of dislocation density were used for the scaling of
the creep compliance and the growth tensor; however, these values were ambiguous and the predicted
creep and growth parameters were not as consistent as the ones derived here.

5. CONCLUSIONS

In this work a comprehensive application of polycrystal SC models was used to analyze the irradiation
growth of Zircaloy-2. Throughout this report we have emphasized the link between the macroscopic
response and the single crystal mechanisms that are ultimately responsible for it. This link is
established through the interaction of each grain with its surroundings. On the one hand,
polycrystalline models are the natural way of linking individual grains with the average response of the
material, because these models account for the distribution of grain orientations (texture). On the other
hand, SC models are better suited to deal with grain interactions. The scheme that we implemented
here, based on treating each grain as an inclusion embedded in a HEM, is a particular case of SC
model (called the 1 site approach by Molinari et al. [28]). It has the advantage that it can be reduced
to the algebraic form of the Eshelby problem for the elastic inclusion, for which closed form solutions
exist. Of particular importance is that the inclusion formalism leads to an interaction equation that
relates deviations in stress and strain in the grain from the average, through a relationship that depends
on the relative anisotropies of grain and medium. This interaction equation has the property of giving
the extremal cases of uniform stress or uniform strain as limits of the expression. It has to be kept in
mind, though, that more general n-sites approaches can yield a more realistic description of the
interactions, but require more elaborate and computation-intensive procedures.

Using the SC formulation, a set of interplanar spacings and thermal expansion coefficients was derived
and used for the calculation of intergranular strains measured by neutron diffraction in the annealed
Zircaloy-2 analyzed here. This set of parameters was also used to predict the residual strains in the
cold-worked materials, and the SC analysis predicted the measurements satisfactorily.

By means of simulating the overall growth of cold-worked samples, and comparing it with available
experiments, we were able to derive a set of creep and growth compliances at the single crystal level,
and to explain the dissimilar response of several samples in terms of the dislocation structure and the
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residual stresses induced by cold work. However, although the set of CRSS for the annealed and
1.5% cold worked in tension sample were the same in predicting the residual stresses after the
thermomechanical treatment, a higher value of pyramidal CRSS was needed to reproduce the
experimentally measured residual strains of the cold-rolled material. The latter may be related to the
activation of twins in the cold-rolled material, which may have a significant effect on the development
of residual stresses during deformation. The relaxation of stresses due to twinning has not been
incorporated in the present SC scheme.
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Figure 1: Basal (0002) and prism (1010) pole figures of rolled Zircaloy-2 (equal area projection; line
intensities in multiples of random orientations).
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Figure 2: Elastic strain versus temperature in basal and prismatic planes oriented along the directions
indicated in the inset, (a) Calculated from experimental measurements of spacings;
(b) Predicted by the self-consistent thermo-elastic formulation. Parameters used in the
calculation: a^ (298 K) = 3.23056 A, crf (298 K) = 5.14960 A, <xa = 5.7 and a.
= 10.3 x ID"6 K-1.
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Figure 3: Comparison of the measured [20] and predicted strain across some crystallographic planes
in rolled Zircaloy-2 : (a) annealed sample; (b) cold worked in tension 1.5% along the RD;
(c) cold worked by rolling 1.5%. The significance of open and solid symbols in (c) is
explained in the text. The direction of measurement of each crystallographic plane is given
hi the figure inset by the polar and azimuthal angles referred to the ND and RD,
respectively, for materials (a) and (c); and referred to the RD and TD, respectively, for
material (b). The error bar is a measure of experimental scatter in the measured lattice
spacings.



22

ROLLING DIR. TRANSVERSE DIR.
1.5

1.0

b 0.5

0.0

o
Di
CD

-0.5

-1.0

-1.5

ANNEALED
CW TENSION
CW ROLLING

0 10

FLUENCE

20 0 10 20

FLUENCE [1025n/m2]

Figure 4: Growth under irradiation of rolled Zircaloy-2, for samples cut along the RD and TD
directions, and with different thermo-mechanical treatments. The solid points correspond
to the measurements and the solid Unes with open points to the predictions of the visco-
elastic formulation, for the parameters listed in Table 1.
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