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Abstract

A study of the mechanical response of Mg AZ31 when deformed under twinning dominated conditions is presented. In addition to the
well-known rapid texture variation, neutron diffraction measurements reveal a ‘sense-reversal’ of the internal stress in the twinned grains.
The latter is characterized experimentally and an elasto-plastic polycrystal model is extended in order to account for twin domain reori-
entation and associated stress relaxation. It is concluded that the texture variation due to twinning is sufficient to explain the observed
macroscopic stress–strain response. However, the evolution of internal stresses in diffracting subsets of grains is complex and more chal-
lenging to explain. It seems to be strongly controlled by the order in which slip and twinning are activated, the stress relaxation associated
with twin propagation, and neighbor constraint effects.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Mg alloys are unique systems because tensile twinning
and de-twinning can be easily activated, which leads to
rapid texture and hardening evolution [1]. While the role
of twinning on such processes is qualitatively understood,
quantitatively predictive capabilities have lagged behind.
Visco-plastic self-consistent (VPSC) polycrystal deforma-
tion models [2,3] have recently been extended to describe
simultaneously twin and hardening evolution in Zr and
Mg, including de-twinning effects [1,4,5]. VPSC models,
however, do not account for hydrostatic stresses or for
the elastic deformation component, and cannot be used
to study internal stress evolution. Elasto-plastic self-consis-
tent (EPSC) polycrystal models [6–8], in contrast, account
for elastic effects but usually not for (i) twin activation, (ii)
twin reorientation (and the associated texture evolution),
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and (iii) the specific stress relaxation associated with twin-
ning (as opposed to that of slip). Both models use the
Eshelby inclusion approach [9] to represent the interaction
of each grain (treated as an ellipsoidal inclusion) with a
homogenous equivalent medium (HEM) which has the
average properties of the polycrystal. In fact, no direct
grain-to-grain interaction is addressed but, rather, the
average response of each orientation with an averaged
neighborhood.

The models described above are based upon grain-level
deformation mechanisms of dislocation slip and mechani-
cal twinning and, hence, provide information about the
deformation behavior on the scale of the grains. This level
of detail matches well the information provided by bulk
experimental diffraction techniques, such as neutron or
synchrotron X-ray. Within these techniques, the measured
data represent an average of many grains with similar
orientation but with different surroundings, resulting in
the same level of detail as the effective field models pro-
vide. Hence, the one-site self-consistent models and bulk
rights reserved.
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diffraction techniques have successfully been used in com-
bination to develop and validate constitutive models using
diffraction measurements for simple deformation histories
[10,11], and then to interpret the diffraction data for more
complex cases [12,13].

Here, an extension of the EPSC model is presented
which aims to address the three limitations (activation,
reorientation and relaxation) described above in what con-
cerns the treatment of twinning. What motivates this exten-
sion is the need to interpret the measured response of
extruded Mg deforming in compression along the extrusion
axis. The extrusion process results in the so-called ‘rod tex-
ture’, where the basal poles of most grains are oriented at
an angle of nearly 90� to the extrusion direction. In a pre-
vious study, the EPSC approach was applied to analyzing
the tensile response of this material [14], as little twinning
takes place during axial tension. However, in the case of
axial compression, almost all the grains are favorably ori-
ented for activating tensile twinning, which leads to signif-
icant texture changes as the twinned part of a grain is
reoriented by �86.6�.

As a consequence, the extended model must include tex-
ture development and stress relaxation due to twinning. In
situ neutron diffraction measurements of elastic lattice
strain and bulk texture evolution will be used, as well as
macroscopic measurements of stress–strain response to
test/validate the model predictions. In turn, the combined
use of both neutron diffraction and polycrystal deforma-
tion models provides basic understanding of crystallo-
graphic mechanisms, as will be shown in this work for
the specific case of twinning.
2. New twinning scheme for the EPSC model

In the following, a twinning scheme and its implementa-
tion into the EPSC deformation model is described. Within
the EPSC model (see Ref. [7] for a detailed description), the
polycrystal is represented as a collection of crystal orienta-
tions with volume fractions chosen to reproduce the known
initial texture. Each grain is treated as an ellipsoidal elasto-
plastic inclusion embedded in the HEM representing the
aggregate. The properties and macroscopic response of
the HEM are calculated via weighted averages over all
the grains. The incremental constitutive response of the
grain is

drg ¼ Cg : deg;total �
X

s

mg;sdcs

 !
ð1Þ

where drg is the stress increment,Cg is the fourth rank elas-
tic stiffness tensor, deg,total is the total (elastic + plastic)
strain increment, and mg,s is the Schmid tensor, which re-
solves the shear strain increment dcs contributed by the slip
or twinning system s. This is, in fact, an implicit non-linear
constitutive law, where the slip/twin shears also depend
upon the stress increment. The current EPSC approach
uses the same condition for twin activation as for slip acti-
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vation, namely a Schmid law which requires the resolved
shear stress on the twin or slip plane in the slip or twin
direction to exceed a critical value, ss:

ss ¼ mg;s : rg ð2Þ

Further, the resolved shear stress must remain at the criti-
cal value throughout a straining step as the material strain
hardens:

dss ¼ mg;s : drg ð3Þ

Here, twin nucleation is not accounted for, which is as-
sumed to take place through stress concentration mecha-
nisms at such a local level as to be unresolvable by this
mesoscopic/grain-level model. The EPSC model incorpo-
rates an extended Voce hardening rule for the evolution
of ss with total accumulated plastic strain within the grain
C:

ss ¼ ss
0 þ ðss

1 þ hs
1CÞ 1� exp � hs

0C
ss

1

� �� �
ð4Þ

These single crystal (grain-level) constitutive laws can be
linearized as follows [15]:

drg ¼ Lg : deg;total ð5Þ
where Lg is the elasto-plastic stiffness of the grain, which is
a function of the elastic moduli and the active slip and twin
systems. Similarly, the incremental response of the effective
medium is

d�r ¼ L : d�etotal ð6Þ
where the tensors have the same meaning as in Eq. (5) but
the overbars refer to the polycrystalline effective medium
rather than the individual grain, g. The response of each
grain follows from solving the stress equilibrium and com-
patibility relations for an inclusion embedded in a homoge-
neous medium whose constitutive responses are described
by Eqs. (5) and (6), respectively. The condition that the
average of the grain increments has to be equal to the mac-
roscopic increments

d�r ¼ hdrgi and d�e ¼ hdegi ð7Þ
leads to a ‘self-consistent’ equation for the macroscopic
elasto-plastic stiffness L. Once the elasto-plastic stiffness L
is found for a given step, the macroscopic stress increment
associated with an imposed strain increment d�etotal is given
by Eq. (6) and the new stress state is found as

�r ¼ �rþ d�r ð8Þ
To this point, everything about the current model follows
the original implementation [7]. In the extended EPSC
scheme, activation and relaxation are considered in detail,
and there is the additional major issue involving the fact
that a new ‘child’ grain must be ‘created’ when a twin sys-
tem becomes active in the initial ‘parent’ grain. The orien-
tation of these new grains is easily determined from the
crystallographic relation between the parent and twin.
Each parent grain can have multiple twin ‘children’, one
and stress relaxation due to twinning: ..., Acta Mater (2008),
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for each active twin system. The children are allowed to
grow as further twin activity takes place and, in the pro-
cess, some volume fraction is transferred from the parent
to the child, while keeping the total volume fraction
constant and equal to the initial volume fraction of the par-
ent grain. (This section refers to volume fractions relative
to the initial parent. In the simulations, each parent and
child has associated an absolute volume fraction which is
the one used for performing polycrystal averages.) The
increment in the twin volume dwt fraction for each twin t

is given by

dwt ¼ dct

St ð9Þ

where dct is the shear increment contributed by the twin
system t of the parent grain, and St is the characteristic
twin shear (for tensile twins in Mg St = 0.130 [16]). Hence,
the change in the parent volume fraction dwparent is given
by the sum over all active twin systems:

dwparent ¼ �
X

t

dwt ð10Þ

In the EPSC simulation, the changes in the volume frac-
tions are imposed at the end of each strain increment. It
is important to note that, after it has been created, the twin
is treated as a new independent grain, and the only cou-
pling between child and parent is through the volume
transfer. Such assumption is reasonable once the twin has
grown to be comparable in size with the parent grain. In
the case of axial compression of extruded Mg considered
here, �70% of the aggregate twins after 10% compression.
Contrary to the predominant twin reorientation scheme [1]
or the Composite Grain model scheme [4,5] used in the
VPSC model, there is no threshold for reorientation;
rather, the parents are allowed to split into more than
one twin orientation, and there is no limit on the maximum
fraction of twinning. As a matter of fact, a parent can be
fully consumed by twinning and disappear, i.e., its weight
goes to zero.

Even at this point in the discussion, the underlying the-
ory of the EPSC model remains the same [7], and the only
addition is the bookkeeping required to keep track of the
evolving relative fractions of parents and twins, and the
numerical burden of considering up to six possible twin
variants for each initial orientation. However, two compli-
cations arise, which require specific attention. As men-
tioned earlier, the macroscopic stresses are updated
according to self-consistency and strain hardening condi-
tion given by Eqs. (7) and (8). However, as the weights
of the grains are varied and new grains are introduced at
the end of each step, the overall stress and strain incre-
ments given by Eq. (7) are modified. The relative difference
is small (typically <0.5% at the macroscopic level) but, to
avoid accumulation of errors, the macroscopic values are
updated using the recalculated averages over the grains
after the volume fractions are updated according to
Eqs. (9) and (10).
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Thus, as the newly created twins enter the calculations
with non-zero weight, an initial stress and strain state must
be assigned to them. Local simulations of twin formation
would help elucidate this issue but are beyond the aim of
the present work. However, assumptions made here are
consistent with recent finite element (FE) method predic-
tions of the local stress and strain development during
twinning [17]. One way of estimating the initial stress and
elastic strain state in the new twin is to apply continuity
assumptions for tractions and displacements across the
twin boundary, respectively. It is worth noting that, while
the grain stress and strain are assumed uniform in the
EPSC model, in reality there will be gradients inside the
grains. However, at inception, the twin is a thin lamella,
and it is to be expected that stresses are continuous and
uniform within the twin. If a local coordinate system is
defined with axis 1 along the shear direction of the twin sys-
tem and the 3 direction along the twin plane normal, i.e.,
with the 1 and 2 axes within the twin plane (see Fig. 1a),
the following continuity conditions may be enforced across
the twin plane for the elastic strain components:

eel;parent
11 ¼ eel;twin

11 ; eel;parent
22 ¼ eel;twin

22 and eel;parent
12 ¼ eel;twin

12

ð11aÞ

and for the stress components:

rparent
33 ¼ rtwin

33 ; rparent
23 ¼ rtwin

23 and rparent
13 ¼ rtwin

13 ð11bÞ

Thus, one is assuming that the elastic strains within the
plane of the newly formed twin are compatible (in fact
equal) to the matrix on the other side of the twin boundary.
Further, one is assuming that stresses acting on the twining
plane are also equal across the boundary.

As the elastic stiffness tensor of the twin is known, it is
then possible to calculate the remaining six stress and elas-
tic strain components in the twin grain. Since the elastic
constants of Mg are nearly isotropic, the conditions (11)
practically amount to enforcing the same stress in parent
and twin. The initial plastic strain in the twin is assumed
to be equal to the current plastic strain in the parent grain,
as dislocations present in the parent grain, if any, might
also be present within the twin, although in some way
transformed by the twinning event itself. It is important
to account for the accumulated plastic strain in the newly
created twin in order to incorporate effectively the effects
of prior strain hardening on subsequent plastic deforma-
tion within the twin. As suggested in the discussion of
Eq. (1), the activation of a twin system in the parent grain
has a similar effect to a slip system: it results in a plastic
shear strain dctwin in the parent which induces some stress
relaxation in the parent due to the twin activity. The
approach described above has been implemented in the
EPSC code and is referenced in what follows as the ‘Con-
tinuity’ approach. The only distinctions between this
approach and the one previously implemented [7] are (i)
rigorously accounting for the effect of twin reorientation
on the texture evolution and (ii) determining the initial
and stress relaxation due to twinning: ..., Acta Mater (2008),



Fig. 1. (a) Schematic of a typical grain in extruded Mg showing the crystallographic elements and the compression direction (shaded arrows); (b)
schematic of the tensile twin domain and the medium-induced reaction stresses (arrows) associated with activating a ‘FIF’. A ‘tensile’ reaction component
perpendicular to the page (not drawn) is also present.
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stress and strain state within the twin (i.e., through
Eq. (11)), which are then averaged to calculate the aggre-
gate stress state after the self-consistency relations are sat-
isfied. This latter point becomes important when the initial
twin shear is large, as explained below.

In reality, while the conditions for twin nucleation are
not well understood, and the condition for initial twin
propagation is similar to that of a crack [18]: while a rather
large local shear stress is required to destabilize it, the stress
for propagation is smaller. As a consequence, once acti-
vated, it tends to lower the elastic energy by growing to a
more energetically favorable size. This process involves
‘overshoot’, that is, a larger shear than the one actually
required to accommodate the applied deformation. In what
follows, an a priori assumption is made of the initial twin
size ‘at birth’ and hence the approach is termed the ‘finite
initial fraction’ (FIF) approach. By assuming that the twin
nucleates and grows to a fixed volume fraction f 0 of its par-
ent grain, one is effectively prescribing a fix initial plastic
shear for the twin system. This plastic shear is related to
the fixed volume through Eq. (9):

c0 ¼ f 0St ð12Þ
This ‘excess’ plastic shear will generate a back-stress be-
tween the parent and twin because of the constraint of
the surrounding polycrystal. This situation is sketched in
Fig. 1a and b, showing schematically the ‘before’ and
‘after’ geometry of the twinned grain, and the reaction
stress from the surrounding medium opposing the shear.
One can estimate this back-stress by assuming that the im-
posed plastic shear strain results in an equal and opposite
elastic shear strain:

e0;t
ij ¼ �mt

klc
0 ð13Þ

where e0;t
ij is the elastic back-strain in global coordinates,

and mt
kl is the Schmid tensor for the twin system. Eq. (13)
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is equivalent to saying that the parent grain is infinitely
stiff compared with the twin and thus not accommodating
any of the plastic shear, forcing the twin to develop an
equal and opposite elastic strain. Of course, the grain in
which the twin appears could accommodate the strain elas-
tically or even elasto-plastically, so the stress relaxation
computed by this relation clearly represents an upper-
bound approximation. Accepting this limitation for the
time being, the back-stress (stress in the inclusion) is found
simply as

r0;t
ij ¼ Ctwin

ijkl e0;t
kl ð14Þ

where Ctwin
ijkl is the elastic stiffness tensor of the twin. For the

parent grain, the stress relaxation is introduced by correct-
ing the current stress with the calculated back-stress
weighted by the initial relative size of the twin f 0:

rparent ¼ rparent þ
P

tr
0;tf 0

1�
P

tf
0

ð15Þ

where the sum is made over the twin systems t, which be-
come active in the current step (in symmetrically oriented
grains, multiple twin systems may become active in the
same step). From a physical point of view, one would ex-
pect that the stress in the parent (and specifically the shear
component parallel to the twin plane) to relax upon twin
activation, and to a larger extent than initially determined
through Eqs. (1)–(7) owing to the ‘overshoot’ argument ex-
pressed above (and quantified by Eqs. (12) and (13). When
the twin grows beyond the shear required by Eqs. (1)–(7), it
induces a reaction stress from the medium, which is oppo-
site to the sense of the twin shear (Fig. 1). By weighting of
this reaction by f 0, the stress is ‘spread’ over the volume of
the parent grain. In a simplified way, one is trying to cap-
ture simultaneously a twin–parent interaction (for which
the authors have referred to a recent FE study [17]) and
and stress relaxation due to twinning: ..., Acta Mater (2008),
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a parent–medium interaction. For the latter interaction, it
is considered that the localized twin shear is distributed
over the whole parent grain. That some plastic relaxation
occurs in the vicinity of the twin is undeniable. However,
the degree of overshoot f 0 is not firmly established and
so the simplicity of the upper-bound model represented
by Eq. (13) is attractive at present from the perspective
of gaining first-level insight.

Inside the twin, the initial stress state is set equal to the
back-stress, and the elastic strain component for the twin is
equal to the back-strain. The plastic strain ‘inherited’ by
the twin is set equal to the plastic strain in the parent. In
summary, the FIF approach differs from the continuity
approach in the assumption used to define the initial stress
in the newly formed twin, and by the condition that the
twin nucleate with a finite volume fraction. Again, the
stress–strain state within the twin nuclei and the update
to the parent stress state are incorporated after the self-con-
sistency conditions have been satisfied. The rationale for
this approach is the realization that twinning is a sudden
event, to which the polycrystal does not immediately
respond, and this is what gives rise to the dramatic discon-
tinuities in the grain-level stresses that have been measured
using neutron diffraction.

3. Experimental technique

Commercial magnesium alloy AZ31 has a nominal com-
position of 3 wt.% Al and 1 wt.% Zn, with restrictions on
the transition metal impurities Fe, Ni and Cu in order to
improve the corrosion resistance of the alloy. A 1.25"
(31.75 mm) diameter rod of AZ31 was received from a ven-
dor in the as-extruded condition [14]. The extrusion process
results in the so-called rod texture in magnesium alloys,
where all the basal poles are oriented nearly perpendicular
to the extrusion direction (see Fig. 2). The texture was mea-
sured on HIPPO [19], the designated texture instrument at
LANSCE (Los Alamos Neutron Science Center), without
assuming any symmetry for the produced texture. Cylindri-
cal samples, 10 mm diameter and 24 mm long, were
machined from the rod with the compression axis aligned
with the extrusion axis. The combination of the initial
rod texture, the orientation of the samples with respect to
the extrusion axis and the compressive loading results in
a scenario where almost all grains are favorably oriented
for tensile twinning, as their c-axis is subjected to tension
by the Poisson strains during compression.

In situ neutron diffraction measurements during the
compressive loading were made using the engineering
instrument SMARTS [20] located at LANSCE. A schematic
of the set-up at SMARTS is shown in Fig. 3. The combina-
tion of the two detector banks at ±90� to the incident beam
and the sample oriented with the loading direction at 45� to
the incident beam allows for the measurement of the longi-
tudinal and transverse lattice strains simultaneously. The
elastic lattice strains, calculated from the changes in the
peak positions during deformation, are given by
Please cite this article in press as: Clausen B et al., Reorientation
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ehkil ¼ dhkil

dhkil
0

� 1 ð16Þ

The lattice strains are a measure of the average elastic
normal strain in the direction of the scattering vector in
grains whose hkil lattice plane normal is parallel to the
scattering vector. Hence, it does not represent the state
within a single grain or the bulk, but an average over a sub-
set of grains which fulfill the Bragg scattering condition for
a given reflection. Obviously, the accuracy of all ehkil mea-
surements depends strongly on the accuracy of the dhkil

0 val-
ues. However, owing to the texture, some of the diffraction
peaks are not initially present in both banks (e.g., the 0002
peak in bank 2) (see Fig. 4), and an alternative method of
determining the initial lattice spacing, d0, is needed for
those planes. In this case, the ratio between a given hkil

peak positions in bank 1 and bank 2 was determined sepa-
rately for all the peaks present. For an unstressed material
that is thermo-elastically isotropic and has not been sub-
jected to prior plastic deformation, this ratio should be
the same for all hkil peaks. Fortunately, the thermo-elastic
anisotropy of magnesium alloys is low [21]. In this case, the
standard deviation of the ratio was 2.5 � 10�4, meaning
that the possible error introduced would be on the order
of 250 micro-strain (le). This ratio was applied to obtain
the lattice parameters for the peaks initially missing in
one of the banks. This method was previously used success-
fully on time-of-flight neutron data by Brown et al. [22].
The macroscopic strain was measured using an extensome-
ter attached to the samples.

Lattice strains were measured as a function of applied
stress on two samples; one loaded to a total of �10% strain
and one loaded to a total of �5% strain. The first sample
was held in load control all the time, which led to a large
jump in strain between the applied stresses of 120 and
125 MPa (see Fig. 5), once twinning commenced. Hence,
the second sample was held in stroke control through the
plateau in the stress–strain curve to obtain more detailed
data in this region. The time it took to make each neutron
measurement was on the order of 20 min. Fig. 5 shows that
the samples did experience some creep while held at con-
stant load higher than �250 MPa. The first sample failed
at an engineering stress of 320 MPa. The second sample
was loaded in stroke control <2% strain, and this con-
firmed that the large strain increment at the plateau on
the first sample did not change the stress–strain behavior
later in the loading cycle.

The initial and final textures were measured on HIPPO
[19], and both showed almost perfect axisymmetry (see
Fig. 2 for the initial texture, the final one is presented later).
This was expected, as both the extrusion process and uniax-
ial compression are inherently axisymmetric. Such symme-
try allows one to use the two diffraction patterns measured
from SMARTS to reconstruct the full texture, assuming it
is a true axisymmetric texture. Fig. 2 shows the comparison
of the initial texture measured on HIPPO without any
assumptions, and the initial texture measured on SMARTS
and stress relaxation due to twinning: ..., Acta Mater (2008),



Fig. 3. Schematic of the in situ compression set-up of the SMARTS
instrument.

Fig. 2. Initial texture of the extruded magnesium alloy (the extrusion axis is at the center of the pole figures), measured with HIPPO without any symmetry
assumptions, and measured with SMARTS assuming fiber symmetry.
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using the fiber texture assumption. The differences between
the HIPPO and SMARTS textures are limited to changes
in the position of the minima and maxima and a slight
decrease in the maxima. This is important, as one can then
use the texture determined from SMARTS to determine
the twin volume fraction in situ as follows. Axisymmetric
textures can be visualized using the axial distribution func-
tion (ADF), which is a cut through the pole figure at a line
from the center to the perimeter. The evolution of the basal
Please cite this article in press as: Clausen B et al., Reorientation
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pole ADF (0002) with applied strain is shown in Fig. 6a.
Initially there is no basal pole density at the center and
then, at strains >2%, the density grows at the center and
decreases at the rim. From the ADF, one can calculate
the evolution of the 0002 peak density in the longitudinal
and transverse directions with applied strain (see Fig. 6b)
from the end-points of the curves in Fig. 6a), and one
can also calculate the twin volume fraction (see Fig. 6c)
by integrating the area under the ADF. In the present case,
the ADF is essentially zero at 45� for all strain levels, and
thus one can use the ratio of the area under the curve
between 0� and 45� and the area under the curve between
45� and 90� as a direct measure of the twin volume fraction.
Note that the selection of 45� to be the dividing point for
the determination of the twin volume fraction is specific
for the present case, and that it is not necessarily appropri-
ate for other textures.

Fig. 6b shows that the 0002 pole densities determined
from the texture refinement are in good agreement with
the intensities from single peak fits of the same data: ini-
tially, there are no grains with their 00 02 pole along the
loading axis, and there is a high concentration of grains
with their 0002 pole perpendicular to the loading axis
(�3.5 times random). Notice that the intensities deter-
mined from the texture refinement have a meaningful
unit, i.e., multiples of random distribution, whereas the
and stress relaxation due to twinning: ..., Acta Mater (2008),



Fig. 4. Diffraction patterns measured on SMARTS: (a) parallel to the loading axis (extrusion axis); (b) transverse to the loading axis. The red crosses are
the measured data, the green line is the Rietveld refinement, the magenta line is the difference curve and the black tick marks indicates the hcp reflections,
with a few hkil given.

Fig. 5. Measured macroscopic stress–strain curve (load cell and exten-
someter) for the in situ loading measurements on SMARTS. Sample 1 was
loaded entirely in stress control, whereas sample 2 was loaded in stroke
control during the initial stage of the plateau. The curves labeled EPSC are
calculated using the present model.
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single peak fits are in arbitrary units. The concentration
of grains with their pole along the loading axis increases
rapidly and almost linearly with strain, to a maximum
of �10 times random at 7.4% strain. Subsequently, it
decreases slightly to a final value of �8.5 times random
at 10% strain. The twin volume fraction determined from
the measured textures is shown in Fig. 6c. Notice that
70% of the polycrystal has undergone twinning after only
10% strain.

4. Experimental results

The measured lattice strains for the 10�10, 00 02, 10�11
and 11�20 reflections are shown in Fig. 7. Data were refined
for more reflections, but only these four are shown here for
Please cite this article in press as: Clausen B et al., Reorientation
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clarity. Also, lattice strain data were collected from both
the load and stroke control samples but, for clarity, only
the four aforementioned reflections for the first sample
and the 000 2 reflection for the second sample are shown.

For the longitudinal direction (Fig. 7a), it is clear that,
when the 0002 peak becomes large enough to fit, at about
�120 MPa, the lattice strain of the twins is far into tension.
As discussed earlier, the uncertainty in determining the d0 is
on the order of 250 le, so the observed positive 2000 le is
truly indicative of a significant tensile stress state in the
newly formed twins. This effect is also reflected in the trans-
verse data (Fig. 7b), where it is seen that the 0 002 reflec-
tion jumps to almost zero elastic lattice strain at
�120 MPa where twinning starts, and in this direction
there is no ambiguity regarding d0 or low peak intensity,
as the 00 02 reflection is initially strong in the transverse
direction. To emphasize further that the large jumps are
not due to the fact that sample 1 was loaded in load con-
trol, the 0002 data from sample 2 is overlaid in Fig. 7 with
open symbols. The lattice strain data from sample 1 and 2
(load and stroke control, respectively) are consistent within
the uncertainty in the measurement of d0.

In general, all the peaks with a c-component (only 0002
and 10�11 are shown here) exhibit strong non-linear behav-
ior initiating at an applied stress of �120 MPa, indicating
that significant stress redistribution takes place as twinning
begins. It is also worth noting that the 1 0�11 reflection in
the longitudinal direction shows non-linearity very early,
which can be linked to early basal slip activity. This was
previously discussed in Ref. [14].

5. Modeling results

Previous studies of Mg AZ31 using EPSC modeling and
neutron diffraction show good agreement between mea-
sured and calculated internal strains when the contribution
of twinning to plastic deformation is minimal [11,14].
However, in the present case of compressive loading of
and stress relaxation due to twinning: ..., Acta Mater (2008),



Fig. 6. (a) Measured ADFs determined from the SMARTS diffraction
data assuming fiber symmetry as a function of engineering strain. Notice
the large jump in strain between �0.35% and �2.35%. (b) 0002 peak
intensity as a function of engineering strain; extracted from the 0002 poles
shown in (a) and from single peak fits. (c) Twin volume fraction obtained
by integrating the area under the curves in (a).
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extruded magnesium alloy, the original twinning scheme in
the EPSC model is not capable of predicting either the
Please cite this article in press as: Clausen B et al., Reorientation
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macroscopic stress–strain curve or the internal lattice
strains. Using the present twinning scheme that explicitly
takes into account the texture development due to twin-
ning, it is possible to obtain good agreement between the
calculated and measured macroscopic stress–strain curves
applying either of the two assumptions described above
(‘Continuity’ or ‘FIF’) (see Fig. 5). This result underlines
the importance of accounting for geometric texture harden-
ing when twinning is a major contributor to deformation,
which has also been noted by Barnett et al. [23]. It will
be shown in what follows, however, that comparison of
the internal strain, measured and calculated, does discrim-
inate between the two model assumptions, in favor of the
FIF.

The present calculations have included the slip and twin-
ning modes used in Ref. [14] to analyze the tensile data of
extruded magnesium alloy; basal slip {000 1} h2�1�10i,
prism slip f1 0�10g h�12�10i, second-order pyramidal slip
and tensile twinning f10�12g h�1011i. It was concluded in
Ref. [14] that prismatic and pyramidal hai slip induce sim-
ilar effects. As a consequence, the latter is not included in
what follows. The activity of each deformation mode is
governed by critical resolved shear stress (CRSS) values,
and the evolution of the CRSS with accumulated shear is
determined using a Voce-type hardening law as described
earlier (see Eq. (4)). The initial CRSS values and the
parameters of the Voce hardening law were used to fit
the predicted macroscopic stress–strain curve to the mea-
sured one. The different plots in two calculated curves,
labeled ‘Continuity’ and ‘FIF’, correspond to the two dif-
ferent assumptions used for determining the initial stress
and strain state in the twins. For the second assumption,
the initial twin fraction f 0 was used as a fitting parameter,
and chosen to reproduce the initial tensile elastic strain in
the newly formed twins. Note that relaxing the assumption
of Eq. (13) to include plastic accommodation of the twin
shear by the matrix would result in higher values of f 0.
The values of the CRSS, hardening parameters and initial
twin fraction are given in Table 1.

Comparing the results of the ‘Continuity’ calculations
with the measured elastic lattice strains, it is evident that
the model qualitatively predicts the strong non-linear
behavior of the measured internal strain data (see Fig. 8a
and b). The changes in the slopes seen at the onset of twin-
ning are predicted well, especially the reversal of the slope
for the 10�11 and 0002 reflections in the transverse direc-
tion. However, the continuity assumption does not predict
the large jump in lattice strain observed for several of the
reflections, and particularly for the 0 002, at the onset of
twinning. Also, it is worth noting that the prism reflections,
10�11 and 11�20, are not well predicted in the transverse
direction. These grains appear either to have a too large
Poisson’s ratio or to be subjected to large transverse ten-
sion in the calculations. The early non-linearity of the
10�11 reflection in the longitudinal direction is well pre-
dicted by the model. This feature is only achievable if the
CRSS for basal slip is very low.
and stress relaxation due to twinning: ..., Acta Mater (2008),



Fig. 7. Measured elastic lattice strains versus applied stress: (a) parallel to
the loading axis; (b) perpendicular to the loading axis. Solid symbols are
for sample 1 (loaded in stress control) and the open symbols are for sample
2 (loaded in stroke control through the plateau). Only the 0002 reflection
from sample 2 is shown for clarity.

Table 1
CRSS and hardening parameters used for the two assumptions
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Fig. 8c and d presents the striking results obtained when
using the FIF assumption. The large jumps 0002 observed
for the reflection in both directions are reproduced, and
Please cite this article in press as: Clausen B et al., Reorientation
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also the jump and slope-reversal for the 10�11 in the trans-
verse direction is reproduced. Most of the reflections are in
excellent qualitative agreement with the measurements:
almost quantitative agreement. The behavior of the 10�10
and 11�20 reflections in the transverse direction, however,
is still puzzling. It is clear from the pole figures in Fig. 10
that the prism planes that contribute to diffraction in the
transverse direction belong, initially, to the parent grains
and, as deformation proceeds, that diffracting line is
increasingly associated with the twinned domains. The
schematic representation in Fig. 1b indicates that the excess
twin shear will induce a tensile component normal to 10�11
and a compressive component normal to 11�20. In addi-
tion, it is likely that the reaction stresses will continue to
play a role in twin and parent throughout twinning activ-
ity. As a consequence, the assumption of treating the twin
as a separate grain once formed may be disregarding the
fact that the stress relaxation that takes place in the parent
grain due to the twin shear affects the stress state in the
twin. To pursue this effect could involve development of
a multiple-site EPSC code [24] and is not within the scope
of the present work.

A comparison of the measured ex situ and predicted tex-
tures based on the FIF assumption at 0%, 5% and 10%
deformation is shown in Fig. 9 for the 0002 and 10�10 pole
figures. The measured initial texture shows a high concen-
tration along the rim of the 0002 pole figure and a match-
ing high concentration at the center of the 10�10 pole
figures, characteristic of the rod texture of the extruded
magnesium alloy. The discretized initial texture contains
15,548 orientations and reproduces in detail the measured
initial texture. This shows that the discretization of the
measured texture is sound. After 5% deformation, the den-
sity increases at the center of the 0 002 pole figure and
decreases at the rim. The reverse is observed for the
10�10 pole figure where density increases at the rim and
decreases at the center. This is a clear signature of tensile
twinning, where the orientation of the basal pole changes
by 86.6�.

At 10% deformation, the trend has continued, and now
the maximum 0002 density is at the center of the 10�10
pole figure, and the density in the pole figures is concen-
trated at the rim. The predicted textures at 5% and 10%
deformation are also in very good agreement with the
measured textures. Only the predicted density at the center
of the 00 02 pole figure is too high compared with the
measured density. In fact, looking at the texture deter-
mined by in situ neutron diffraction measurements on
SMARTS assuming cylindrical symmetry (see Fig. 2a and
b), it is clear that the measured density at the center of
the 00 02 pole figure is actually decreasing after �8%
deformation. The model predictions indicate that this is
just about the point where pyramidal hc + ai slip becomes
the dominant deformation mode in the twinned grains.
Hence, the decrease in 0002 density at the center is most
likely due to pyramidal slip activity that is known to
reorient basal planes away from the compression axis
and stress relaxation due to twinning: ..., Acta Mater (2008),



Fig. 8. Measured (line and symbol) and predicted (thick line) elastic lattice strains for the ‘Continuity’ assumption: (a) parallel to the loading axis; (b)
perpendicular to the loading axis; and for the ‘FIF’ assumption: (c) parallel to the loading axis; and (d) perpendicular to the loading axis.
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[25]. In the present implementation, the EPSC model does
not take into account the texture development due to
crystallographic slip, and this is likely the cause of the
too high 00 02 density along the compression axis at higher
strains.

The measured and predicted twin volume fractions are
compared in Fig. 10. It is clear that the model predicts a
slightly lower final twin volume fraction than was mea-
sured. For the ‘FIF’ assumption, the twin volume fraction
increases rapidly at the onset of twinning owing to the
prescribed 3% minimum twin fraction, but it approaches
the prediction of the ‘Continuity’ assumption at higher
strains.

The CRSS and hardening parameters used in the calcu-
lations are given in Table 1. The parameters that were
changed to accommodate the two assumptions are high-
lighted by a gray background. The increase in the initial
hardening slope h0 for the basal and prism systems for
the ‘FIF’ assumption is needed owing to the stress relaxa-
tion that would otherwise result in an actual stress drop
right after twinning starts. However, as the transition range
Please cite this article in press as: Clausen B et al., Reorientation
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between initial and final hardening, given by s1, is very lim-
ited, it only affects the very early stages of activity on these
systems.

The system activities as a function of strain are shown in
Fig. 11 for both assumptions. Note the bi-linear strain axis
created to highlight the changes within the first 1% strain.
It is clear that there are only a few differences between
the activities in the parent grains (the thick dashed lines),
depending upon the assumption used for the determination
of the initial state in the twins, the main difference being the
slightly lower initial fraction of twin activity for the FIF
assumption. Similarly, there is only one major difference
for the twin grains, but it is a very important difference:
for the Continuity assumption (Fig. 11a), the basal system
is active in the twin grains as soon as they appear, whereas
there is a gap of >0.3% strain between the onset of twin-
ning and the onset of any slip activity in the twin grains
for the FIF assumption (Fig. 11b). This is due to the stress
relaxation included in the FIF assumption. At higher
strains, the behavior is almost the same for the two
assumptions: almost steady state in the parent grains with
and stress relaxation due to twinning: ..., Acta Mater (2008),



Fig. 9. Measured (HIPPO) and predicted (‘FIF’ assumption) basal and prismatic pole figures.

B. Clausen et al. / Acta Materialia xxx (2008) xxx–xxx 11

ARTICLE IN PRESS
very little pyramidal activity, and a switch between basal
dominating to pyramidal dominating in the twins with very
little prism activity. The fully elastic behavior of the twins
immediately after they are created, i.e., lack of system
Please cite this article in press as: Clausen B et al., Reorientation
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activity, seen for the FIF assumption is consistent with
the very shallow initial slope measured for the longitudinal
0002 reflection which indicate that the twins are initially
loading elastically.
and stress relaxation due to twinning: ..., Acta Mater (2008),



Fig. 10. Measured and predicted twin volume fractions.

Fig. 11. Predicted relative system activity: (a) ‘Continuity’ assumption and (b)
thin solid lines are for the twin grains. Note the bi-linear strain axis; the first ha
half of the plots show the range from 1% to 10% strain.
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6. Conclusions

Several features are very distinctive in materials where
twinning makes a substantial contribution to plastic defor-
mation. They are: a very rapid texture development associ-
ated with twin reorientation; an unusual hardening
response; and abrupt stress relaxation inside those grains
undergoing twinning. In the extruded Mg AZ31 studied
here, the characteristic rod texture combines with the sym-
metry of compression along the rod axis, to demand c-axis
extension in a majority of grains. The in situ measurements
of internal stress evolution reveal a highly non-linear and
non-monotonic response, with signs of stress inversion in
some orientations, which is obviously correlated with twin-
ning. What is less obvious is the precise role that slip and
twinning mechanisms, plus the grain to grain interactions,
play in such behavior. All of the above motivated the
authors to extend the EPSC model, an elasto-plastic self-
‘FIF’ assumption. The thick dashed lines are for the parent grains and the
lf of the plots highlights the initial range from 0% to 1% strain, and the last

and stress relaxation due to twinning: ..., Acta Mater (2008),
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consistent polycrystal approach used successfully in the
past to interpret neutron diffraction, to account for the rel-
evant features of this problem.

The authors allowed for creation and growth of new
twin grains with strain, while the parent grain’s volume
fraction concomitantly decreases. This feature alone
allowed the evolution of yield stress, texture and twin
volume fraction with strain to be predicted correctly, which
could not be accomplished with previous models. The
qualitative agreement between experiments and model pre-
dictions is excellent for all of the above. However, account-
ing for the texture evolution associated with twinning alone
is not sufficient for a satisfactory prediction of the internal
stress evolution. For this reason, it was hypothesized that
twin creation is associated with an instability of the system
caused by a rapid decrease in stored elastic energy. This
process is accompanied by a redundant twin shear upon
twin nucleation and a sharp local stress reversal in the par-
ent and twin. Incorporating the FIF assumption into the
model caused the agreement with the measured data to
improve significantly, giving evidence that this is the pro-
cess taking place in the real material. In this work, the
FIF was taken to be 3% of the parent grain volume, as this
resulted in good agreement with the measured diffraction
data. It is also consistent with detailed FE method calcula-
tions of the local stresses and strains during twinning in zir-
conium presented by Zhang et al. [17], which are based
upon energy minimization. However, it should be noted
that the current value of 3% should be regarded as a min-
imum value, owing to the upper-bound assumptions made
in determining the back-stress in the twin. Neither of the
assumptions presented here for the updated EPSC model
was able to predict accurately the lattice strains for the
prism poles 1 0�10 and 11�20 in the transverse direction.
The authors believe that this is due to the lack of direct
interaction between the parent and twin grains subsequent
to twin formation. Planned future development of a two-
site EPSC model or a composite grain formulation may
shed further light on this issue.

One of the other outstanding questions from previous
work [14] was the inability of the previous EPSC model
to reproduce the tension–compression asymmetry of the
yield point. The present implementation of the EPSC
model still does not enable a single set of CRSS and hard-
ening parameters to fit both tension and compression
behavior simultaneously and precisely, although the pres-
ent model does fit the data better than the previous model
and does enable all the salient features of twinning-domi-
nated compression behavior to be captured, as discussed.
The major outstanding issue, in this regard, is the fact that
Please cite this article in press as: Clausen B et al., Reorientation
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the CRSS for the prism slip system has to be increased 50%
(from 60 to 90 MPa) to reproduce the higher yield point in
the experimental tensile data. Notably, this is very similar
to the CRSS values obtained using the previous model
[14]. This requirement to change the CRSS of prismatic slip
may indicate a non-Schmid effect on the hai dislocation
core as has been suggested for titanium alloys [26].
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Varma R. Met Trans A 2003:1439–49.
[14] Agnew SR, Brown DW, Tomé CN. Acta Mater 2006:4841–52.
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