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RESIDUAL STRESSES IN ANNEALED ZIRCALOY

S. R. MacEWEN, C. TOMEY and J. FABER Jr

Advanced Materials Research Branch, Chalk River Nuclear Laboratones. Chalk River. Ontario.
Canada K0J 1J¢

(Received 7 March 1988}

Abstract—Neutron diffraction has been used to measure the lattice constants of single crvstal and
rod-textured polycrystalline Zircaloy-2 in the temperature range 300-900 K. Whiie the single crystal
remains strain-free during heating or cooling. large residual grain-interaction strains occur in the
polverystalline sample as the result of compatibility being maintained among grains with anisotropic
thermal expansion coefficients. These residual thermal strains have been determined as a function of
temperature from the difference between the single and polycrystal lattice constants. Anaiysis of the data
has been done using a polycrystalline deformation model, QUEST. which accounts for anisotropic
elasticity, plasticity and thermal expansion, and for the crystallographic texture of the sample. It is found
that slow cooling from 900 K introduces residual stresses of the order of 100 MPa in the polycrystalitne
sample. The calculations demonstrate that these residual stresses can explain not oniy the difference in
the proportional limits in tension and compression (strength differential) but also differences in the nitial
work hardening behaviour when Zircaloy-2 is deformed in 1ension or compression.

Résumé—-La diffraction des neutrons a été utilisee, entre 300 et 900 K. pour mesurer les constantes
réticulaires du Zircaloy-2 & I'état monocristallin et a P'état polycristallin avec une texture de barreaux.
Alors que le monocristal ne subit pas de déformation en cours de chauffage cu de refroidissement. de
grandes deformations résiduelles provenant de I'interaction des grains apparaissent dans te polvensial par
suite du maintien de la compatibilité entre des grains dont les coefficients de dilatation thermique sont
anisotropes. Ces déformations thermiques résiduelles onl été déterminées en fonction de la temperature,
4 partir de la différence enire les constantes réticulaires du mono- et du polycrisial. Les résuliats one ete
analysés a I'aide d'un modéle de déformation d'un polycristal. QUEST. qui tient compte de I'élasticiié
anisotrope. de la plasticiié et de la dilalation thermque. ainsi que de la texture cnstallographique de
I'echantillon. Un refroidissement lent 4 partir de 900 K introduit des contratntes résiduelles d'environ
100 MP2 dans I'échantillon polycristailin. Les calculs montrent que ces contraintes résiduelles peuvent
expliquer non sculement la difference entre les limites de proportionnalité en traction et €n compression
(differentic] de résistance mécamique), mais encore des differences d'écrouissage imutial selon que le
Zircaloy-2 est déformé en traclion Ou en compression.

Zusammenfassung—Die Gitterkonstanten von Ein-und Polykristallen (mit Stabtextwr) der Legierung
Zirkaloy-2 wurde im Temperaturbereich zwischen 300 und 900 K mittels Neutronenbeugung gemessen.
Wihrend der Einkristall beim Aufheizen und Abkiihien spannungsfrei bleibl. treten im Polyknstall
zwischen den Koérnern wegen deren anisotropen thermischen Ausdehnungskoeffizienten und aus
Kompatibilititsgrinden groBe Restspannungen auf. Diese thermischen Restspannungen wurden aus den
Unterschieden zwischen Einkristall- und Polzkristallkonstanten in Abhingigkeit von der Temperatur
ermittelt. Die Daten wurden mit einem Modell der Verformung ven Polykristallen, QUEST. ausgewertet.
Dieses Modell beriicksichiigi  anisotrope  Elastizitdt, Plastzitit. thermische Ausdehnung und
kristallografische Textur der Probe. Es ergibt sich, dab langsames Abkihlen von 900 K Restspannungen
in der GréBenordnung von 100 MPa in den Polykristall einfithrt. Die Berechnungen zeigen. dal diese
Restpannungen nicht nur den Unterschied in der Propertionalititsgrenze im Zug und Druck. sondern
auch Unterschiede in der Anfangsverfestigung bei Verformung m Zug oder im Druck der Zirkaloy-2-
Legierung erklirer kdnnen.
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1. INTRODUCTION

In alloys with anisotropic thermal properties, thermal
expansion or contraction will depend on crys-
tzllographic direction and. in general, elastic strains
must be present to maintain compatibility between
adjacent grains. As a consequence, treatments such as
annealing. which supposedly remove residual
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stresses, will instead give rise to a state of internal
stress in each grain. In 1968, Piercy [1] made the first
attempt to calculate the residual thermal stresses that
would result from heating or cooling Zr. His calcu-
lation was based on knowing the difference between
the average thermal expansion coefficients of the
polycrystalline sample and the individual coefficients
for a single grain. Piercy’s result was that for one
degree of cooling, the basal planes would be left
0.21 MPa in tension. while the prism planes would be
under a compressive stress of 0.15 MPa. While the
role played by residual macro-stresses in the per-
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formance of engincering materials is weli recognized.
it is only recently that the influence of residual
grain-interaction stresses on the behaviour of zir-
conium and titanium alloys has been appreciated.
Recent calculations [2.3] suggest that residual
grain-interaction stresses produced by thermo-
mechanical treatment are responsibie for transients
observed [4] in the irradiation growth behaviour of
zirconium alloy pressure tubes.

This work will present direct measurements of
residual thermal strains in Zircalov-2. and will com-
pare the results with an analysis based on the elastic.
plasiic and thermal properties of Zr alloy crystals.
The basis of the experiment is to usc neutron
diffraction to measure the lattice parameters of a
single crystal and a polverystaliine sample of
Zircalov-2 as a function of temperature. Any
difference is a direct measure of the elastic strain
required 10 maintain compatbility among the grains
of the polyerystalline bar. Also, it will be shown
that the yield stress differential between tension and
compression aiong the axis of Zircaloy bar can be
explained entirelv when thermal stresses are taken
into account.

RESIDUAL STRESSES IN ANNEALED ZIRCALOY

2. EXPERIMENTAL

Many attempts were made to grow single crvstals
of Zircaloy using the standard. electron-heam.
floating zone technique that had proved successiul
for growing crystals of Zr. All proved futile. with the
result of the zone pass being a rod with large grains,
The crystal used for the diffraction experimenis grew
by chance to a size approximately 4 x 3 x 4 mm. This
grain was cut from the rod, chemically polished. and
X-raved in rotation steps of about 20 1o ensure that
it was indeed a single crystal.

The polycrystalline sample was cut from swaged
rod and annealed 4h at 925 K 10 produce equiaxed
grains with an average diameter of 20 ym. Figure 1{a}
shows the basal. (0002). pole figure obtained by
neutron diffraction. The texture 15 almost perfectly
axisymmetric. with the majority of grains having their
{r> direction normal to the axis of the rod. The
(1130} pole figure shown in Fig. 1(b) indicates a very
strong preference for these prism poles 10 align with
the axis of the rod.

The neutron diffraction experimenis were done
using the ume-of-fight General Purpose Powder
Diffractometer at the Intense Pulsed Neutron Source

Fig. 1(a) Caprion on facing page
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Fig. 1. Basal (0002)

(IPNS) at the Argonne Nationa} Laberatory in Chi-
cago [5]. A small, Ta-wound furnace with slits to
allow for the incident and +90° diffracted beams was
Jocated at the cemre of the diffractometer. The
sample was suspended on a thin-walled alumina tube
in the centre of the furnace. Temperature was mon-
itored and controlled by two thermocouples in con-
tact with the top and bottom of the polycrystalline
rod, or with the vanadium post on which the single
crystal was mounited.

The single crystal was oriented in the beam so that
the (0002) and higher order basal reflecions went to
the +90- bank of detectors, and the (1010) and
higher order prism reflections to the —9%)° bank. The
rod sample was positioned vertically in the
diffractometer. thus only those grains having their
diffracting plane normals within +3.5° of the hon-
zomtal scattering plane would contribute to the
diffraction pattern. The test procedure for each sam-
ple was as follows. The sample was heated 1o 900 K.
allowed 10 equilibrate and a time-of-flight diffraction
pattern was obtained. The sample was then cooled
approximately 50 K and the equilibration and data

9nl
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(b)

and prism {1 120) pole figures for rod-textured Zircaloy-2; (a) (0002) (b) {1 130). The
axia) direction of the rod is at the center of the pole figure.

collection steps were repeated. The sequence of cool-
ing 50 K. equilibration. and data collection was re-
peated every 50K from 900 to 300 K. The cooling
step took about 20 min at high temperatures. and as
long as 2h at low temperature: data acquisition
required approximately 4h in order to obtain
sufficient counts in the weak (1070) peak.

3. RESULTS

The basal and prism plane d-spacings are shown as
a function of temperature in Fig. 2. It was found that
the single crystal data were best described by a linear
relationship, while a second order fit was marginally
better for the polycrysialline data. The potycrystaliline
(0002) d-spacing is greater than that for the single
crystal, indicating that cooling produces residual
tension normal to the basal planes. The opposite is
found for the prism planes: the larger 4-spacing in the
single crystal indicates residual compression normal
to the prism planes in the polycrystal. The peak
position (as defined by the mean of the function fitted
1o the experimental data) 1s determined by the aver-
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Fig. 2. Single crystal and polycrystal plane spacing of

Zircaloy-2 as a function of the temperature: (a) (0002}
plares: {b) (1070} planes.

age of the d-spacings in the subset of grains oriented
suitably for diffraction. A variation of (0002) 4-
spacing with rotation about the <{c¢) pole is not
expected to be significant, due to the basal-plane
symmetry of the h.c.p. lattice. In general, however,
the (hikl) spacing is expected to depend on the
orientation of the {¢) pole with respect to the axis of
the rod. Thus the mean position of the (1070) peak
is defined by the texture-weighted average of the
(1070) d-spacings of the diffracting grains.

Figure 3 plots the residual strains ¢ 4, and ¢ op0 -
given by

a5, — d5
poty _ ikikit TRk
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Fig. 3. Measured and calculated residua) thermal strains as
a function of the temperature.

RESIDUAL STRESSES IN ANNEALED ZIRCALOY

Curvature is clearly evident. with the rate of increase
of the residual strains increasing with decreasing
temperature. Cooling from 900 K is seen to produce
residual strains of the order of 10 * at room tem-
perature, with the basal planes in tension and the
prism planes in compression.

4. ANALYSIS

When a polverystalline metal is subjected to sur-
face tractions or a change in temperature, the constit-
uen! grains undergo a change in shape and. because
of the constraints imposed by the neighbouring
grains and the requirement of compatibility, develop
a state of internal stress. The grain interactions are
complicated and in modelling the polycrystalline
deformation a number of restrictive assumplions
have 1c be made. In particular. the Tavlor assump-
tion and the concept of the “single cryvstal wield
surface” are the cornerstones of the analvsis em-
ploved in this paper and are described in detail
elsewhere [6].

The polycrystalline sampile 15 modeled as a discrete
collection of grains. Each grain is defined by a set of
Euler angles (@, &, ) describing the orientation of
the crystal axes with respect to the sample axes (see
Fig. 4) and a weight w(@®. @, w) which represents the
volume fraction of material so oriented. A thermo-
mechanical test is simulated by means of successive
strain and, or temperature increments imposed upon
the grains. The Tayvlor assumption requires that the
fotal sirain increment has to be the same for every
grain and equal to the strain increment of the sample.
This hvpothesis automatically ensures compatibility
and represents an upper limit for the real stress—strain

xcaLmo}

Fig. 4. Euler angles convention used in this work 1o describe
the orientation of the crystal axes with respect 1o the sample
axes. The arrows give the direction of rotation: the origin is
defined when the iwo coordinate systems are coincident.
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behaviour of the polycrystal [7]. The elastic. plasuc
and thermal contributions are aHowed to differ from
grain to grain. depending on the orientation. such
that

Al = A+ Acl + Ae? ()

The stress in the grain is linearly related to the elastic
strain tensor through Hooke's law

au = Cl}ki( ZW." (2)

The thermal strain increment is proportional to the
temperature increment AT

Ay =2,AT (3)

where a is the tensor of thermal expansion
coefficients. The stress is kept within the bounds of
the single crystal yield surface defined by the yield
condition {Schmid law)

a b"'n}”= 1'“3. (4)

4=

Here "' is the critical resolved shear stress in the
system (s). n"*' is the normai to the slip plane and 5™
is the slip direction. Whenever the condition (4) is
fulfilled the system shears plastically by an amount
Ay* related 1o the plastic strain increment through

AP ={[b¥n" + bW a]Ay, (5}

In a typical simulation of a thermomechanical test,
strain is imposed incrementally to every grain, start-
ing from a stress-free state. At the beginning of the
sequence every grain accommodates the thermal or
externally imposed strain elastically. so building up
internal stresses. Eventually, the stress reaches the
single crystal vield surface and plastic deformation is
triggered in at least one slip system. As deformation
proceeds the stress vector “slides™ across the yield
surface and other systems are activated until the
stress reaches a five-fold corner (vertex) of the yield
surface. Unless some form of work hardening is
considered, the elasto-plastic transition comes to a
halt in the grain and any further deformation will be

RESIDUAL STRESSES IN ANNEALED ZIRCALOY YE3

accommodated fully plastically. Clearly. the extent of
the elasto-plastic transition will differ from gram to
grain depending on its orientation.

A computer code called QUEST has been devel-
oped to calculate the stress-strain history of each
gran for a given thermomechanical test. The initial
total strain increment tensor 1s eshmaied, based on
the nature of the test, and the elastic. plastic and
thermal components of strain and the stress tensor
are calculated for each grain. The average stress
components in the sample are then compared with
the boundary conditions of the test. If equilibrium is
not fulfilled, the form of the strain increment tensor
is modified and the entire procedure 15 repeated.
Because of the linearity of the equations involved
(equations 1-5), if boundary conditions on N stress
components are specified. the correct strain in-
crement can be interpolated after performing (¥ + 1)
iterations with “trial” strain increments.

Figure 5 summarizes the input and output from the
code. There are five main areas of input. described as
follows in connection with the specific calcuiation
dealt with in this paper:

(1) Elastic properties. Here the required input is the
fourth order tensor of stiffness coefficients C,;, given
as a function of the temperature. The values mea-
sured by Fischer and Renken {8] for zirconium single
crystals are assumed to be valid for Zircaloy crystals
and are used in this paper. The temperature de-
pendence of each coefficient is represented by means
of a cubic polynominal fitted 10 the experimental
values in the range 300K < 7T <900 K.

(2) Thermal properties. In this case. the second
order tensor of single crystal thermal expansion
coefficients i1s required. Because of the hexagonal
symmetry, only two diagonal components are inde-
pendent and the non-diagonal components are zero.
The values used here are derived from the slope of the
single crystal curves of Fig. 2. They are:

x4, =2.=5Tx 107K

SINGLE CRYSTAL SINOLE (RISTAL
TEXTURE IELD SURFACE:
THERMAL EXPANSKON ACTIVE SYSTEMS
COEFFICIENTS AND HARDEMNING
SINGLE CRYSTAL BOUNDARY
ELASTIC CONSTANTS CONDITIONS
QUEST

STRESS AND STRAIN IN THE
SAMPLE CONSISTENT WiTH
BOUNDARY CONDITIONS

STRESS AND STRAIN
IN EACH GRAIN
DEFINED BY
TEXTURE INPUT

Fig. 5. Input and output information related to the computer code QUEST.
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and
Ta=114x 107C K-,

(3) Texture. Here one must define the number of
grain orientations that, together with the correspond-
ing weighis. is sufficient to model the actual texture
and the response of the polverystal. As will be
demonstrated in what follows, the cylindrical sym-
metry of the rod texture shown in Fig. 1 greatly
reduces the number of grains necessary to represent
the sample.

According to our convention (Fig. 4) the orien-
tation of the basal poles with respect to the sample
axes are described by the Euler angles ¢ and &, while
the orientauon of the prism planes is described by the
angle w. The distribution of prism poles is such that
in about two thirds of the grains the <1070> axis is
perpendicular to the axis of the rod. and in the
remaining one third the ¢1130) is normal to the rod
axis. Since the elastic. plastic and thermal propertics
are essentially isotropic in the basal plane. it will be
assumed that for a given orientation of the ¢¢) axis.
only grains with the “¢1010)™ orientation (@ = 0)
are present in the polycrystal. This assumpuion re-
duces by a factor of two the number of grains needed
to model the texture and means that ¢ and @ suffice
to describe the thermomechanical response of the
grain, The average stress in the sampic will be given
by

1
{0, 0% =—
0 Je-0

2

x.[ | 0%(0.6)I(2.0)sin O d6 db  (6)
&=

where o' (. @} is the stress (expressed in sample
axes) in the grains having the c-axis in the direction
defined by @ and ©: /(®. @) is the intensity of basal
poles. as measured by diffraction in that direction and
&, is a normalization constant defined as

¢0=.[' J‘m.c—))sin@d@d«p. )
¢=0 JE=0

The cyclindrical symmetry of both the texture and the
festing constraints ensures that (i) the intensity of
basal poles will be independent of @. such that
I'=1{@) and (i) the stress state will be identical
(when referred to crystal axes) in all the grains that
belong to a fiber at constant @. When expressed in
sample coordinates these siress states will differ in a
rotation @ around the sample axis. As a consequence,
the contribution of a fiber 10 the average stress can
be expressed in terms of the stress state in a single
grain in the fiber (say 6%_, o). The integration over
@ in equation (6) can be carried out explicitly for each
stress component and as a result
2n [7?

{0, 0%={o )% =—
0 JEe=0

% ?“(9);*":2‘9)1(@)9;19 de
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kN

o 27
033> =3
't Je -

oX{@ WG ) sin @ dE

<Ul:>u=<a|.l>“=<0::~>m=0. (8}

When the continuum distribution of orientations 1%
replaced by a discrete distribution defined b @, and
A@,. the integrals adop! the form of a summation

i 0%(0,)+ a32(@,)

-

n=) -

(o, = {0 2% = H,

N
{o30% =} oR(O,)H), &)

LICE|
where
. _ 1@,)sin 0,40,
" Y It@,)sin @ A0,

{10

represents the relative weight (volume fraction} of the
grains in the @, fiber. Observe that the cvlindrical
symmetry has reduced the number of orientations
necessary to represent the sample to only those
characterized by different values of @. In this work
five orientations are considered. all with @ = 0 and
the (1010) poles perpendicular to the rod axis
(& =0°). The basal poles <0002 are arranged as a
“fan” at angles @, =50. 60, 70. 8¢ and 90 . The
weight assigned to each orentation is calculated
using equation (10) with the intensities from the pole
figure depicted in Fig. l{a). The texture data are
summarized in Table 1. Comparison with the
measurements of prism plane spacing obtained by
neutron diffraction has to be done with the weighted
average of the strain component ¢., in each of the five
grains using the normalized intensity. 7(©)A®. and
not the volume fracuon [W(@)] as the weighing
factor.

(4) Plasticity. A complete characterization of the
single crystal yield surface and its dependence on
workhardening is required. Here one has to identify
the potentially active systems and how their critical
resolved shear stresses depend on temperature and on
accumulated strain. For the analysis to follow the
yield surface is defined by the six (1070} <1310>
prism slip systems and the 25 {10T1} (1133} pyr-
amidal slip systems. There is no experimental evi-
dence of twinning being significantly active during the
process that we want to describe and for this reason
deformation by twinning is excluded from the
analysis.

Table | Orientations, basal pole
iniensities  and  corresponding  fibre
volume fracuons used tn this work
to represent the rod texture as depicled

in Fig. 1
n ®, &, w, le) WeE,
i 0 50 0 01 Q.014
2 4] 60 ¢ ¢.3 0.054
k] 0 70 ¢ 09 0174
4 0 80 0 21 0423
5 0 %0 ¢ Al 03w
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Fig. 6. Temperature dependence of the prism and pyramidal
critical resolved sheer stresses assumed for the analysis.

Ideally one would like to have independent mea-
surements of the prism and pyramidal critical stresses
for single crystals of Zircaloy as a function of tem-
perature. Since no such data exist. it is assumed that
the temperature dependence of the critical shear
stresses can be described by an empirical equation of
the form

= To
ST T BT =T,

where the critical stress al room temperature, 7, and
the temperature sensitivity § are adjustable parame-
ters. Equation (I} is meant 1o provide a simple
phenomenological description of the inverse de-
pendence of CRSS on temperature such as observed
by Akhtar [9] in zirconium. The critical resolved
shear stresses used in the analysis are plotted in
Fig. 6 and correspond to values of off=
115MPa, of*=230MPa, B™=0035K-' and
BfY =0.025K~". These have been chosen so as to
provide a reasonable fit to the measured residual
thermal strains of Fig. 3 and to the flow stresses of
the tensile stress-strain curve. At room temperature
the critical resolved shear stress for pyramidal slip is
twice that for prismatic slip.

Slip systems are assumed to harden linearly with
the total accumulated shear according to a law

(an

AT’ = /'™ Z. A}.IS')
s

Different hardening rates, #, are assumed for
prismatic and for pyramidal systems, with numerical
values obtained by comparison with the experimental
workhardening rates from the tensile stress—strain
curve,

(5) Boundary conditions. The boundary conditions
imposed upon the average stress components given
by equation (9) are characteristic of the type of test
being simulated. During cooling the sample is left free
to deform in any direction and as a consequence the
strain  increments have 1o be such that
{0, > =<0 = {a;,> = 0. During a 1ensile or com-
pressive test along the axial direction of the rod, the
component (63, is a consequence of the imposed
strain ¢;,, while ¢, and &, have to comply with

RESIDUAL STRESSES IN ANNEALED ZIRCALOY
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(0,0 = (02> =0 because the sample 1s not con-
strained laterally.

5. COMPARISON WITH EXPERIMENT

5.1, Thermal strains

The measured residual strains are compared with
those calculated assuming no plastic relaxation in
Fig. 3. For this caiculation the critical resolved shear
stresses were set to high values over the whole
temperature interval in order to keep the stress state
in all grains inside (an never touching) the yield
surface. It is evident that when the grains are forced
to accommodate the incompatibilivies arising from
differential thermal expansion elastically, the calcu-
lation significantly overpredicts the residual strains.
At room temperature, values of +1.78 x 10" and
—1.93 x 107" are predicted for the basal and prism
plane strains respectively. while the experiment gives
1.04 x 10~ " and —0.97 x 10" %, respectively. Figure 3
also shows the effect of altowing for plasuc relaxation
during the cooling process. Il a dependence of the
critical stress with temperature as depicted in Fig. 6
is assumed, then the yield surface expands as the
temperature decreases (the distance of the facets 1o
the origin is proportional to the critical stress). In the
interval going from 800 to 500 K the CRSS's are low
and the elastic strains required for compatibility
cannot build up very far before the stress reaches a
facet of the yield surface and triggers plastic flow.
Thus, the rate of increase of residual strains at high
temperatures is low because it is subordinated 1o the
rale of increase of the yield surface. For temperatures
lower than 500 K the critical stresses increase faster
than the build up of internal stress as temperature
drops. The strain incompatibilities are now accom-
modated entirely elastically and as a consequence the
internal stresses increase at a higher rate than when
some plastic accommodation was occurring. That the
process at low temperatures is controlled elastically
can be inferred from Fig. 3 where the final slopes are
the same for the strains calculated with and without
plastic relaxation. Nevertheless. it is evident that onl\
by including plastic relaxation is there reasonable
agreement between theory and experiment over the
whole temperature range. even if at room tem-
perature the calculated residual strains exceed the
experimental values by about 10%.

The diagonal components of the stress tensor in
every grain are plotted in Fig. 7 as a function of the
titling of the c-axis with respect to the rod axis. Data
correspond to room temperature and are expressed in
crystal axes. It can be seen that the basal planes are
in tension (a;, > 0) in all the grains. the prism planes
are in compression (o., < 0) and the levels of the
residual stress are high (~ 100 MPa) As wil} be
shown in what follows. the residual thermal stresses
at room temperature play an important role n re-
tarding or accelerating the onset of plasticity during
mechanical testing.

-3 -~
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Fig. 7. Residual thermal stresses at room temperature as 4 function of the angle between the sample avis
4and the basal plane normal. (¢ ).

3.2 Mechanical behaviour

The elasio-plastic response of the rod sample after
cooling was anahyzed theoretically and measured
experimentally for axial tension and axial com-
pression along the rod axis. The theoretical predic-
tions are shown in Fig. 8. together with the curve that
results when a strain free state at room temperature
is assumed. In the latier case the curve is the same for
tension and compression: the differences among the
curves result entirely from the presence of the residual
thermal strains. The experimental results are plotted
in Fig. 9 and a number of interesting conclusions can
be drawn from the comparison with the predicted
stress—sirain curves.
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L
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-
-
-
-

-
£
g Comprassion with
- thermat stresses
E ——— Tensoh with
5 thermal stresses

— — Termon ane compresson
without therma. stresses

t 2 3 4 5 & 7T £ & ©
Stroir (K7) —e
Calculated stress-strain curves for tension and
compression.

Fig. §.

~ /¢~

The elastic siope. which is the Young's modulus £
of the polyerysial. represents the weighted average of
the elastic response of the constituent orientations,
The fact that E is correctly reproduced implies that
the orientations and weights chosen for the analysis
are a realistic representation of the rod texiure. Even
more important are the predictions of a strength
differential of about 140 MPa between the propor-
tional limits in tension and compression. and
significant differences in the initial workhardening
rales in tension and compression. Since the features
of low vield stress and high inital hardening in
tension. a high yield and low initial hardening n
compression and a strength differential of 120 MPa
are observed experimentally. it is reasonable to atin-
bute their presence to the residual thermal stresses.
Nevertheless, while the agreement in general features
between theory and expenment is remarkable, the
curves differ in the magnitude of the strength
differential and the extent of the elasto—plastic inter-
val. While the calculated elasto-plastic transition is
over at about 1.0% strain, the measurements indicate
that the material is not fully plastic unul at least
2% strain. The reasons for these discrepancies are
discussed in the following section.

The slope of the calculated stress-strain behaviour
bevond the elasto-plastic transition results from as-
suming a hardening rate of K™% =400MPa and
AT = 800 MPa for prismatic and pyramidal systems
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Fig 9. Measured siress-strain curves for tension and compression along the rod axis.

respectively. If no hardening were considered all three
curves would level (and stay) at the same value of
flow stress once the material becomes fully plastic. As
deformation proceeds, the thermal strains are gradu-
ally erased and replaced by a new stale of internal
strain which is charactenstic of the mechanical test.

6. DISCUSSION

Two aspects of our results deserve further dis-
cussion: the mechanisms underlying the strength
differential and the extent of the elasto-plastic range.
According to our convention, the inittation of the
elasto—plastic transition (and with it the yield stress)
is defined by the first grain that starts deforming
plastically and its termination corresponds to the
situation where all the grains are fully plastic and no
new slip systems will be activated thereafter. Neither
extreme can be precisely identified in the experiment.
From the calculations we are able to follow the
evolution of stress and the order in which the slip
systems are activated in each grain. When no residual
thermal stresses are assumed. the calculation predicts
(dashed curve in Fig. 8) that the elasto—plastic
regime starts with the activation of prismatic slip in
grains 3-5 within an interval of 0.1% deformation
(see Table 2). It is not until the deformation reaches
0.6% that pyramidal slip is activated and at about
0.8% the polycrystal becomes fully plastic. The com-
bination of plastic and elastic deformation expiains
why. before that point, the apparent hardening rate,
do /de, of the polycrystal is so high. The same beha-
viour is found during tension when residual strains
are present (see Table 2), except that now yielding
takes place at lower values of stress and the
elasto—plastic transition for the polycrystal extends 1o
about 1.0% deformation. When compression is simu-
lated for a sample with thermal strains, the yield

stress is higher and the onset of plasticity is character-
ized. within an interval of 0.1%, by the simultaneous
activation of prism and pyramidal slip in grains 4 and
5 {see Table 2). After a total deformation of 0.5%
grains 3 to 5 are fully plastic and the slope of the
stress—strain curve is governed by the hardening of
the deformation systems, without any further elastic
contribution. It is worth pointing out here that the
stress—strain behaviour of the polycrystal shown in
Fig. 8 is mostly determined by the more heavily
weighted grains, 4 and 5. The previous results admit
a straightforward and clarifying explanation within
the framework of the single crystal yield surface.
For the sake of argument. a skeichy deviatoric
plane representation of the yield surface has been
drawn in Fig. 10. The vertical facets correspond to
prism slip and the inclined ones to pyramidal slip.
Opposite facets represent slip in the same plane but
in opposite directions {see for example Ref, [10}). The
vector representing the total stress in each grain
remains bounded by the yield surface. To start with,
assumne that the grain is initially free of residual siress,
When the sample is loaded in tension the stress in the
grain wili evolve from the origin towards one of the

Table 2. Status of the grains that represent the sample at the onset
of plasticity for different 1esting conditions. With and without refers
1o the inclusion or not of thermal strains respectively

Tension Compressicn
Grain  With Without  With Without
1 Fiastc Elastic Elastic Elasuc
b Elastic Elastic Elasuc Elastc
3 2 prism 2 pnsm 2 prism 2 prism
systems systems systems Svsiems
4 2 prism 2 prism 2 prism and 2 prism
syslems systems 2 pyramidal systems
syslesms
5 2prism  2pnsm 2 prism and 2 prism
sysiems systems 4 pyramidal svslems

syslems

~(S -
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Fig. 10. Schemalic representation of the evolution of the

main stress components in grain No. 3 dunag tension and
compression with and without thermal strains.

prismatic facets along path | in Fig. 10. Deformation
will be entirely elastic until the stress vector achieves
a value & and prism slip is activated. It is not until
the stress “slides™ all the way down 10 the vertex ¥
(requinng a fairly large elastic contribution) that
pyramidal systems will be activated. When the sample
is loaded in compression the stress path in each grain
is simply reversed {path 2), yield will take place in the
opposite prism sysiem for the same absolute value of
stress and the grain wili become fully plastic when the
stress reached the vertex 17, The effect of thermal
strains is to create a state of internal stress 6 which
adds to the externally imposed stress to give the total
stress in the grain. As a consequence. the symmetry
under reversal of the imposed strain i1s now lost
because of a shift in the apparent stress origin from
the origin of the stress axes 1o a position defined by
the vector &'". For the particular case treated here a
lower value of “external’” stress &'7', [defined by the
distance from &' to the prism facet along a path
paralle] to (1)]. is required to achieve plasuc fiow in
tension, while in compression the yield stress &%,
defined by the distance from &“ 1o the first active
facet along a path parallel to (2). increases. It is clear
from this picture that the asymmetry introduced by
the thermal stresses is responsible for the strength
differential observed in the curves of Fig. 8. It 1s also
clear that the extent of this differential is proportional
to the magnitude of " and its deviation with respect
1o the axis g, The fact that our prediction exceeds
the observed strength differential suggests that our
predicted thermal stresses are not entirely correct.
Another feature that can be easily explained using the

.../é/
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simple picture of Fig. 10 is the different extent of the
elasto—plastic transition in tension and compression.
In the case of tension when thermal stresses are
present the stress (and so the elastic strain) required
to go from &' 1o the vertex I, is larger than to go
from ¢, while for compression the distance from &'
to V', is shorter than from & and pyramidal slip 1
activated immediately after prismatic slip.

The difference between the predicted and measured
strain of the elasto—plastic transition can be atinib-
uted to the use of the Taylor assumption. From a
physical point of view, it is reasonable to assume that
if a grain is "hard” in a given ditection. the buildup
of stress in that direction will trigger plastic flow in
a “soft™ neighbouring grain before reaching a facet
of the yield surface in the “hard” grain. Macroscopic
compalibility must still be satisfied. but now the total
deformation will vary from grain to grain and the
rate of build up of internal stress will be reduced.
Calculations done by Hutchinson {7] using different
polycrystalline  models demonstrated that the
elastic—plastic Taylor model. which essentially allows
no relaxation. is an upper bound for the stress-strain
curve of randomly oriented f.c.c. grains. In the other
models the matrix is allowed to accommodate the
difference between the plastic strain in the grain and
the average plastic strain either elastically (Kroner
[11] and Budianski and Wu ([12] models; or
elasto—plastically (Hill model [13]), The latier. char-
acterized by a large degree of stress relaxation. would
be expected to resemble more closely the real behav-
jour of the polyerystal. but its use is prohibitively
complex. The comparison among the three models
considered by Hutchinson shows that in order 1o
achieve a given flow stress the KBW model requires
about twice. and Hill's model about thrice the plastic
strain predicted by Taylor's model. We expect that a
similar conclusion will be valid for the case of tex-
tured h.c.p. polycrvstals considered here. 1n such a
case the present model will underestimate the plastic
strain required for the elasio—plastic transition by at
least a factor of two. OQther features of the experi-
mental curves of Fig. 10, such as the levelling of stress
in compression is believed to be due 10 the early
activation of twinning. This is the subject of work
now in progress and will be addressed in a future
paper. together with an analysis of the evolution of
residual strains during plastic deformation.

7. CONCLUSIONS

Time of flight neutron diffraction has been used to
determine the residual strains produced during cool-
ing of rod-textured Zircaloy-2 and a code based on
the Taylor assumption and the concepts of the single
crystal yield surface has been developed for modeling
the polycrystal behaviour. The comparison between
predicted and measured results indicate that the
residual stresses due to anisotropic thermal expansion
become high enough to cause plasuc flow duning
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cooling from 900 K 1o room temperature. It is shown
that these residual stresses. which are of the order of
100 MPa, play a decisive role in determining the
stress differential and the elasto—plastic transitien in
zirconium alloys. It is to be expected that they will
also affect irradiation growth and the onentation of
hydrides.
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Abstract

The evolution of texture and residual grain-interaction strains during

the compressive deformation of hep Zircaloy-? rod have been studied using
neutron diffraction. The volume fraction of grains having their basal
poles aligned with the rod axis {ncreases continuously during deformation
until, after 20% compression, the characteristic "rod-texture", with the
basal poles normal toe the axis, is replaced with a new texture having the
basal poles aligned predominancly parallel te the axis of the rod. The

residual strains initially evolve with the opposite sense to that observed

previously for tensile deformation. However, after about 2% compression,
evidence of a strong stress-relief mechanism is observed.

It will be demonstrated that all of the data can be explained by the
effects of (1012)<1011> deformarion twinning. Calculations done using the
code QUEST, which calculates polycrystal properties from single crystal
parameters, show that the stress-relief proeduced by twinning is not
consistent with the shear strain of the twins alone, suggesting that a
relaxation strain, normal to the shear plane, is a significant feature of
twinning in Zircaloy-2.
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Introduction

The deformation of zirconium alloys is characterized by the evolution
of residual grain-interaction stresses and the development of sharp
crystallographic textures. Both are the consequence of the anisotropy of
the single crystal ygelJ surface, (SCYS). Zirconium alloys deform by slip
on the six prism (1010)<1130> systeas and on the twenty-four pyramidal
(10i1)<1133> systems. Akhtar [1] has shown that in crystal bar Zr, the
critical resolved shear stress (CRSS) for pyramidal slip can be as much as
20 times that for prism slip; for Zircaloy-2, an alloy of Zr containing
1.5 wtt Sn and 1200 ppa oxygen in sclid solution, the CRSS for pyramidal
slip appears to be about twice that for prism slip. 1In either case, the
SCYS ie anisotropic, with the pyramidal facets further from the origin than
the prism facets. Deformastion twinning is produced readily in crystal bar
Zr whenever the basal planes are in either temsion or compressiom.
Compression twins do mot occur in Zircaloy-2, but twinning on the six
(10123<1011> tensile systems occurs vhenever the basal planes are deformed
in tension [2,3]. According to the analysis to follow, it appears that the
CRSS for twinning {s slightly larger than that for pyramidal slip.

Figure 1 illustrates the tensile
<io1> twinning system which produces a
rotation of the basal pole of =90°
about a <1120> direction. More
precisely, the orientation of the
twin with respect to that of the
patent grain can be obtained by a
rotation of » about the <iOli>
direction, giving the angle between
the basal planes of the twin and
parent grain as B5.2° [3].

The (0002), (1010), and (1130)
pole figures of annealed Zircaloy-2
rod are shown in Figures Za-2c.

The axial direction of the rod is
at the center of each pole figure.
The texture is almost perfectly
axisymmetric, with the basal poles
lying predominantly in the RT plane
{normal to the rod axis). Defining
a as the angle between the axial
direction of the rod and the
direction of a basal pole, it is
seen that most of the grains are
oriented with a = 90* + 10*; the
basal pole intensity for o > 50° is
negligible, Examination of the
prism pole figures shows that about 2/3 of the grains have a <11o>
direction, and 1/3 a <10i0> direction, parallel to the rod axis.

Figure } - Graphic representation of
twinning in the (1012)<1Cl1l> system
occurring when the crystal is lcaded
in tension along the <c> direction.

Previous experiments [4,5] have shown that residual grain-interaction
stresses are introduced into Zircaloy-2 rod by uniform slow cooling after
annealing and by uniform uniaxial deformation. Within any fiber of the
texture (defined by grains with & constant a) the residual strain state,
when expressed in grystal coordipates <2iio>, <01i0>, and <0001>, is
identical for all grains as a result of the axisymmetry of the texture and
the thermo-mechanical trsatment. It is, therefore, most convenient to
express residual grain-interaction strains or stresses in the crystal
geordinates defined above. Similarly, texture can most easily be
represented by plots of the texture coefficient, T., vs the pelar angle a.
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Figure X(a)

Cooling from an annealing
temperature of 875 K produces residual
strains of the order of 1 x 1077 (for

the @ = 90° fiber), with the basal 4

planes in tension and the prism planes L

in compression [5,6]. These are the ; K

result of the anisotropy of the thermal NoLa e & R

expansion coefficients which are LN \. b L\LQ°ﬂf/:\ :

5.7 x 1078 K°1 for directions in the e \\_f\\;L;KJ:——“” -

basal plane (isotropic) and \\{\ LA\___Hi o -
’ -~

11.4 x 10°% k! normal to the basal < - -
plane. The corresponding stresses are ‘*\\\\‘“‘4‘_"’///
-95 MPa ncrmal to the prism planes and

+110 MPa normal to the basal planes. Figure 2(c)
Residual stresses in the axial direction Figure 2 - The (a) (0002),

of the rod are negligible. These (5 (10I0) and (c) {1120) pole
residual grain-interaction stresses are figures of annealed Zircalow-2
approximately 35% of the tensile yield rod.

and are responsible for the

experimentally-observed strength

differential [6].

The evolution of residual strains in bars, deformed initially in
tension and consequentiy without deformation twinning cccurring, has been
determined previously [7] using neutron diffraction., Figure 3 plots the
residual strains measured normal to the (10¢i¢) ¢1130), (¢10I2) and (0OO2)
planes for grains in the a = 90° fiber. Points numbered 1 to & were
obtained from samples deformed only in tension; points numbered 5 to 7 were
determined from samples deformed 4% in tension and then various amecunts,
ranging from 1 to 3%, in compression. The strain axis of Figure 3
represents the net plastic strain in the sample. All diffractien
neasurements were made with the samples unloaded and values are given
relative to an annealed (but not stress-free) reference sample. During
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tensile deformation of the rod, the
residual strains increase in tension € xiot
normal to the prism planes and in *
compression normal to the basal planes. 201 ¥ roTo
During reverse compressive flow, the 2

residual strain state that evolved
during tension is removed, and a new
state, characteristic of compressive
deformation is produced. The residual 10+ )
strains normal to the (1130) planes are
generally about 10% greater than those
normal to (1010}, presumably as the ,

result of a small plastic anisotropy in \*\\ _alrol2y
the basal plane.

{120}

The objective of the work to be
presented here is to evaluate the effect
of deformation twinning, produced when-
ever rod samples are deformed jpitiasily -10~—
in compression, on the evolution of
texture and residual strain.

Exzperimentsl
-0 10002)
The material, as for previous a
experiments, was Zircaloy-2 red,
annealed for four hours at 925 K to give
an equiaxed grain structure with average Figure 3 ~ Residual st-ains in
diameter of 20 um. Test samples were tension measured to the
either compressfion plugs 1.27 ¢m high (1120), (1070) and (0002}
with a 0.95 cm diameter, or tensile bars planes for grains with a = 90°
with a 1.9 cm gauge length and a 0.%5 cm
diameter. Compression tests up to 20%
strain were performed on tensile bar samples using a MTS Alpha System. For
higher compressive strains, the compression plugs were deformed between
parallel platens, using teflon sheets for lubrication.

Texture measurements were made by neutron diffraction using the L3
triple-axis spectrometer at the NRU reactor at Chalk River. Since the
measurement technique is completely non-destructive, a single compression
plug sample was used to monitor texture evolution in compression. After a
specified amount of deformation, the sample would be mounted on a Kappa
goniometer and the intensity of the (hkil) diffraction peak would be
measured in 5° increments over the complete hemisphere defined by the polar
angie a and the azimuthal angle ¢. The background intensity was also
measured over the complete hemisphere, allowing the raw data to be
corrected for absorption and path-length effects before pole figures were
calculated, The sample was positioned on the goniometer in precisely the
same orientation, with a reference mark aligned with the incident beam,
after each step of deformation. The statistics of the measurements were
excellent, due to the large volume of the sample and thus the large number
of grains contributing to diffraction; reproducibility of the texture
coefficients was found to be +0.1.

Residual grain-interaction strains were determined using time-of-flight
neutron diffraction at the IPNS facility at the Arponne National
Laboratory. Strains were calculated from the shifts in the positions of
the diffraction peaks relative to those in the annealed reference sample.
Details of the experimental procedure are given elsewhere [4]. The
intensity of a given (hkil) pesk, measured at a given (fixed-position)
detector, originates from diffraction in a unique sub-set of grains which
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have their diffracting plane normals in the scattering plane of the
instrument and oriented to bisect the incident and diffracted neutron
beams. The sample was positioned with the axial direction of the rod
vertical in the diffractometer. Consequently, only those grains whose
(hkil) plane mnormals were in the RT plane (& = 90°’ could have contributed
to a diffraction pattern.

The twinned volume fraction in deformed samples was measured optically,
using a quantitative I1BAS-2 image analyzing system.

Resujts

The stress-strain curves, shown in Figure &, are significantly
different in tension and compression. In tension, the preportional limit
is lower and the initial workhardening rate is higher than in compression.
After the initial transient, which lasts for about 3% in compression, the

workhardening rate of the compression sample jncreases monotonically, while
that of the tensile sample decreases with increasing flow stress.
15750 The twinned volume in the
% as-deformed samples increases
~600L linearly with increasing
iﬁ TENSION strain at a rate of about 2%
ur per 1t strain, as shown in
Faso COMPRESSION Figure 5. Hovever, for
strains less that sbout 2%,
g300 Zircaloy-2 twins are rarely observed,
E even with transmission elec-
5:5;[6* {' tron microscopy. Annealing
150 the sample for four hours at
925 K decreases the twinned
o . \ L L volume by about 50%, provided
0 .08 12 16 -20th° strain is less that 10%.
TRUE STRAIN At higher strains the anneal
causes recrystallization and
Figure 4 - Stress-strain curves of a complete removal of the
annealed Zircaloy-2 tested in tension and deformation twins,

compression. Note the merked difference
in the workhardening rate.

Figure 6 shows the prism and basal pole figures after 20% compressive
strain. Comparison with the as-annealed pole figures of Figure 2 reveals a
remarkable rotation of the texture. The maximum basal pole intensity,
which was initially normal to the axis of the rod, is now axial and the
maximum prism pole intensities which were axial have rotated to lie in the
RT plane. The axisymmetry of the pole figures has been maintained,
consequently a plot of the texture coefficient vs a is a convenient way te
11lustrate the evolution of texture with plastic strain., Figures 7a-Jc
summarize the results for the (0002), (1010) and (1120) reflections,
respectively, The maximum in basal pole intensity is approximately T, = 4
after -20% deformation. A recrystallizartion anneal increases this to

T, = 16, as shown in Figure 8. For comparison with the evolution of
texture during compressive deformation, Figures 9a-9¢ show texture rotatien
after 15% tensile strain. The (10i0) prism pole texture coefficient in the
axial direction incresses by a small asount, 0.7, while that of the (1120
poles decreases by the same amount; the basal pole intensities are
essentially unchanged.

Figure 10 shows the evolution of residual grain-interaction strains
during compression deformation of the rod. Comparison with Figure 3
reveals several features that differ from the evolution during temsile
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deformation. Overall. the

S0 residual strains are much
o DEFORMATION lower. Initially, for
W0 the first 2% in compression,
® DEFORMATION. ANNEALING - the evolution is more or Jless
the opposite of that observed
0 in tension: the strains

nermal to the (0002) planes
increase in tension, while
those normal to the prism
planes, in the <1010> ana
<1120> directions, increase
together in compression,

TWINNED VOLUME FRACTION (%)

‘~.~_ Thereafter, the (0002)
~—B | strains decrease while the
004 0.8 012 0.1 Prism strains increase. Most
TRUE STRAIN (LOMPRESSION) significant is the observa-
tion that the (1120)
Figure 5 - Evelution of the twinning behaviour no lenger parallels
volume fraction as a function of that of the (10i0) pianes.
compressive strain. To the contrary, while the

_(1010) strains level off at a
compressive value of about -5 x 10‘“, the (11202 strains increase rapidly,
becoming zero after 6% compression and +3 x 10°% after 8% deformation.

Discussion

The basic premise of the discussion to follow is that all of the
observed features of compressive deformation, texture evolution, residual
strains and the shape of the $tress-strain curve, can be interpreted in
terms of the effects of deformation twinning. Our understanding of texture
evolution and the vorkhardening behaviour are largely qualitative, based on
a simple model of the initial rod texture. Interpretation of the evelution
of residusl strains is based on calculations made using the computer code
QUEST [5,6), which calculates the thermo-mechanical behaviour of textured
polycrystals from single crystal properties and which for this work has
been modified to include deformation twinning

!
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Figure 6 - The (a) (0002}, (b) (1010}, Figure 7 - Dependence of the
“end (c) (1120) pole figures after 20% texture coefficient To on the
compressive deformarion. polar angle a and compressive

deformation for the (a) (0002},
(b) (lole) and (c} (1120) poles.
The simplified model of the texture considers two sets of grains. The

basal plane normals of each set are distributed randomly in the RT (a=90°)
plane of the rod. Set #1 has a <2110> direction aligned with the rod axis
while set #2 has <01i0> aligned axially, as fllustrated in Figure 11, In
keeping with the relative intensities seen in the pole figures of Figure 2,
set #1 is assigned a welght of 2/3, while that of set #2 is 1/3. Grains of
set #] have their (10I0) poles oriented at @ = 30* and 90° and their (1130)
poles at o = 0° and 60°- The grains of set #2 are rotated by 30° about the
<0002> direction relative to set #1 giving (10i0) poles at 0* and 60" and
(1120) poles at 30" and %0°- The neutron diffraction experiments were done
with the sample vertical and the scattering plane horizontal in the
diffractometer. Consequently, each (hkil) diffraction line, in each
(fixed-position) detector, arises from that unique subset of grains having
the diffracting plane normal in the scattering plane, a = 90*, and
bisecting the angle between the incident and diffracted beams of neutrons.
Thus, only subsets from set #1 could give (1010) intensity and only subsets
from set #2 could contribute to (1120} peaks (see Figure 11). The (0002)
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intensity, on the other hand, would arise from the texture-weighted average
of the (0002) interplanar spacings in both the #1 and #7 sets, since each
have their <0002> directions in the scattering plane at a = 90°. However,
as discussed earlier, the axisymmetry of the texture, the deformation and
the diffractometer dictate that the residual strains in the grains in each
set will be identical (when expressed in crystal coordinates), although
they need not be equal to each other. The most highly stressed twinning
systems are the (0112)<0i115 and (0i12)<01i}> in set #2; tvinning_on these
systems produces an 85° rotation of the <0110> pole about the <21i0>
direction as shown in Figure 11. Thus the twinned volume contributes to
the same (1120) diffraction peak as the parent crystal, although with a
much lower weighting factor at low strains.

[} Ad t

The net effect of twinning is to reorient the twinned volume by about
90" with respect to the parent grain, with the <0002> directionm of the
former replacing a <1010> directien of the latter. Thus the changes in
(0002) and (1010) texture coefficients, at a given &, should be inversely
related; a decrease in one necessitates
ar increase in the other. Comparison of
Figure 7a and 7b confirms the expected
inverse relationship between the texture
coefficients for (0002) and (10i0). One
can examine the effect of twinning in
more detail by considering the rotations
produced by twinning in each set of
grains. Feor strains up to 2.5% the
changes in the (0002) and (1010} texture
coefficients are negligible, since
twinning has not yet been initriated.
The slight increase in the (1120)
texture coefficient at a = 0° after -
2.5% strain is consistent with the
rotation expected from slip. In
compression, the orientation of set sl ~
is stable and that of set #2 would e .
rotate to align a (1120) pole along the S
compression axis. The opposite rotation

is observed during tensile deformation, Figure 8 - The basal pole
as seen in Figure 9. Twinning on the figure of Zircaley-2 rod
most highly stressed system in set #2 after 20% compression and a
would cause the following: (0002} four-hour anneal at 925 K.

intensity would increase at a = 0° and

decrease at a - 90°; (1010) intemsity

would decrease ar a = 0® and increase &t a = 20°, and the (1120 intensity
would increase, but only slightly, at a = 90°. All of these features are
observed in Figure 7. Twinning on the secondary systems in set %2 would
cause (1010} to decrease, and (0002} to increase, at a = 60" and (1120) to
decrease at a = 30°. The effect is observed, however only after -20%
strain, in keeping with the necessity of building up sufficient stress in
the grains to activate the secondary systems. Similarly, activation of
twinning in set #1, which would decrease (1010) and increase (0002) at

a = 30°, is not observed until -20% strain.

Residual Stresses
The programme GQUEST has been used previously [5-7} to model grain-
interaction stresses in Zr alloys. It adopts the Taylor assumption, that

the total strain given by the sum of the elastic, plastic and thermal
components, is the same in every grain. Polycrystalline properties are
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caleulated frox input defining texture, anisotropic elasticity and thermal
expansion, and the single crystal yield surface, including the change in
shape of the SCYS produced by workhardening by slip. Here we include the
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Figure 9(c) Figure 10 - Evolution of residual
Figure 9 - Dependence of T, om o and strains in compression measured
tensile _deformation for the (a) (0002), normal to the (0002), (1012) and
(b} (1010), and (c) (1120) pol_es. (1010) planes for grainswith a=90°

effects of deformation twinnimg. It is assumed, based on experimental
evidence, that only tensile twins of the type (1012)<i011> are active.
These twins have a characteristic shear s = 0.167 {3]. We assume that
twinning has an associated CRSS such that when the stress resolved in the
(0112) plane in the <1011> di-ection reaches & critical value, a fixed
volume fraction of the grain, V., (taken to be 0.002) reorients by
twinning. There is a unique velationship among the characteristic shear,
the twinned volume and total shear strain preduced by twin activity:
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awTW-Vts The strain components in crystal coordinates are defined
analogously to strains from slip by ei-miavT", vhere the m matrix is
calculated from the coordinates of the twinning plane normal and shear
direction. It 1s assumed that the activation of twinning is simultanecusly
accompanied by a relaxation of elastic strain by an amount equal in
magnitude but opposite in sign to the plastic strain of the twin.
Consequently, twins are considered only as a mechanism for stress
relaxation and not for reorientation. The change in texture due to twinning
has not yet been incorporated into the code. This assumption is valid for
low strains where the total twinned volume is small.

Figure 12 plots the residual strains calculated by QUEST using a 10-
grain model of the texture, with and without twinning, as a function of the
compressive plastic strain in the sample. In accord with the condition
used experimentally and discussed previously, the (0002} residual strain
was calculated from the weighted
average of the basal plane AXIAL
spacings in sets #1 and #2.

The (10i0) and (1120) residual
strains originate from grains of
set #1 and #2, respectively (see
Figure 11). The elastic-plastic
transition is completed, and the
sample is fully plastic, after RADIAL
about 0.1% plastic strain. The
evolution of residual strains
during this interval results
from the stress "vector” moving
on the SCYS to the final vertex;
the change in shape of the SCYS
is negligible. The evolution of
residusl strains with further
deformation is determined by the
change in shape of the SCYS
produced by workhardening. In SUBSET NO. 1 SUBSET NO. 2

the absence of twinning
(enforced by setting the CRSS CRYSTAL COORDINATES

TANGENTIAL

for twinning to an unrealistic- T o= <2

ally high value) the basal and T = <otfe> '
prism residual strains increase I = <000

monotonically, but in the oppo-

site sense to that observed (and Figure 11 - Model describing the
calculated) for tensile deforma- crystallographic texture of annealed
tion. With the twinning CRSS Zircaloy-2 rod.

set to a realistic value [8],

twinning begins on the

(01i2)<0i11> and (0112)<01i1> systems in the grains of set #2 after about
0.15% plastic deformation; the grains of set #1 do mot twin until much
higher strains. The relaxation of the (0002) and (1120} residual strains
is a consequence of the twinning in set #2; the grains of set #1 do not
twin and the (1010) residual strains are essentially unaltered. The twin
shears of the systems activated in set #2 produce no component of strain
normal to the twin shear plane and thus the (2110) interplanar spacing is
unaltered by the formation of a twin. The change in slope of the curve of
(1120) residual strain in Figure 12 is a consequence of the change in
workhardening, and thus the rate of change of the shape of the SCYS.
Without twinning, deformation occurs by prism and pyramidal slip; with
twinning the imposed strain is accommodated by the twinning shear and prism
slip. While the general relaxation of residual strains is in agreement
with the data of Figure 10, several impertant features are not. The
calculation of the evolution of residual strains with plastic deformation
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of the rod is much too rapid. Thnis general featutre of the QUEST code has
beern discussed previously [5,6] and is a consequence of the Taylor
assumption. The relaxation of the

{0002) and (10i0) residual 1

strains is less than observed === WITHOUT TWINNINDG Qugst
experimentally and, most BF = WITH TWINNING

importantly, the calculated e
behaviour of the (1120) residual sb PR
strain is not as observed L
experimentally. The stress L e
relaxation calculated assuming P (6002)
that the twin shear is accommo- 1 "
dated uniformly, elastically, by —

simple shear in the parent grain T W 1 1 1 I L L
is insufficlent to predict the = Ve 04 08 0 12 16
observed behaviour, namely that =2k T € x

tensile state once twinning

the (1130) strains rapidly '!:“\\\\‘
evolve from a compressive to a L -ﬁhﬁﬁﬁii“‘
o T

T 'll-.,._.
begins. The indisputable conclu- e Coe e 11201
sion from the experimental ““~h\\
results is that twinning must S g w 10In
produce & strain relaxation in Tl
the direction normal to the -10 R

shear plane. Such a strain
could result if either the

plastic strain of the twin Figure 12 - Evoluticn of residual
itself is not as calculated from strains in compression_normal to the
its shear alone, or if the (0002}, ¢1010) and (1120) planes
accommodation of the twin strain calculated by QUEST. Open svmbols
is not unifom elastic shear describe the evolution of £f without
within the parent grain. twinning, closed symbels that with
Accommodation modes for twins twinning. The CRSS for prism glide
have been discussed by Reed-Hill was 115 MPa, for pyramidal glide,
[9], and will be considered in a 230 MPa and for twinning, 290 MPa.

future paper.
ess- urve

The strength differential and the difference in the workhardening rate
in tension and compression over the first few per cent deformation are a
consequence of the residual stresses produced by differential thermal
contraction during cooling from the annealing temperature [6]. The
decrease in workhardening rate with increasing flow stress in tension is in
accord with behaviour in other metals, so it is only the increase in
workhardening rate during the first 20% compression that requires
interpretation. The asymmetry of the SCYS is a consequence of the CRSS for
pyramidal slip being much higher thanm that for prism slip. The twinned
volume in a compressed rod is oriented with its <c> direction axially.
Conseguently, the resolved shear stress for prism slip is low and plastic
deformation will occur primarily on the pyramidal systems, Thus, the
¢ffect of the reoriented volume will be to increase the flow stress and the
apparent workhardening rate do/de would increase with increasing twinned
volume, as observed experimentally. This suggestion is supported by recent
experiments [10] which show that the tensile proportiona] limit in a
compressed-and-recrystallized rod with the texture of Figure & is 350 MPa,
an increase of 140 MPa over that {n as-received rod.
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Conclusions

1. The evolution of texture during the compressive deformation of
Zircaloy-?2 rod is the result of deformation twinning on the (10i2)<iolls>
systems.

2. The increase in the apparent workhardening rate is the result of the
increased flow stress of the twinned volume.

3. The observed relaxation of residual grain-interaction strains, and in
particular the strain in the <1120> direction, cannot be explained by the

shear strain of the twin alone, suggesting that a relaxarion strain, normal
to the shear plane of the twin is significant in Zircaloy-2.
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