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a  b  s  t  r  a  c  t

Samples  of  the  magnesium  alloy  AZ31  have  been  deformed  by compression  to  strains  of  5%  and  10%
and  microstructural  observations  made  to investigate  the  activation  of  specific  {1  0 1̄ 2} extension  twin
variants.  The  twinning  has  been  analyzed  on  a grain-by-grain  basis  for more  than  260  grains  to  deter-
mine  both  the  number  of  extension  twin  variants  in  each  grain,  and  the  volume  fraction  of  each.  At
5%  strain  approx.  30%  of  the  grains  contain  twins  corresponding  to  variants  with  the third  or lower
eywords:
agnesium alloys

winning
ariant selection
BSD
rystal plasticity

ranked  Schmid  factor,  with  the  fraction  increasing  to  40%  after  10%  compression.  A grain  size  effect  is
also  observed  in  that  smaller  grains  are  less  likely  to  contain  lower  ranked  twin  variants.  For  both  5%
and  10%  compression  no  clear  relationship  exists  between  the volume  fraction  of each  twin  variant  in a
given grain  population  and  the  Schmid  factor  for the  twin  variant.  A  positive  linear  relationship  can  be
defined,  however,  between  the  maximum  twinning  fraction  that  a  twin  variant  can  reach  and  its  Schmid
factor.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Twinning in magnesium alloys plays an important role in plas-
ic deformation during low and medium temperature mechanical
orming operations [1–6] by providing additional independent
eformation modes. The operation of twinning during deformation
lso has a strong effect on the flow stress and on texture evolution,
s a result of the lattice re-orientation that accompanies twinning
7]. Among all the possible twinning modes in Mg  alloys {1 0 1̄ 2}
extension” twinning (so-called as it results in an elongation of the
nit cell along the c-axis direction) is the most commonly observed,
n account of the low critical resolved shear stresses (CRSS) [8] for
his twinning mode.

The grain orientation dependence of twinning within individual
rains has been discussed by several authors in terms of a Schmid
actor (SF) [1,9–16] analogous to that used in the analysis of dis-

ocation glide. Although in many cases primary twinning has been
ound to show an general correspondence with the Schmid fac-
or, significant deviations from this have been reported, both for

∗ Corresponding author at: Laboratory for Advanced Materials, Dept. Materials
cience and Engineering, Tsinghua University, Yifu Building, Beijing 100084, China.
el.:  +86 10 62788317; fax: +86 10 62771160.

E-mail address: awgodfrey@mail.tsinghua.edu.cn (A. Godfrey).

921-5093/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.msea.2012.04.046
{1 0 1̄ 2} primary twinning in high-purity magnesium and zirco-
nium [15,16], and more recently for {1 0 1̄ 1} compression twinning
in a magnesium alloy [13]. Additionally a number of studies have
shown that “non-Schmid” behavior is a characteristic feature of
{1 0 1̄ 2}  secondary twinning, where the twinning variant selection
has been explained in terms of a requirement for local accommoda-
tion between the primary {1 0 1̄ 1}  twin and the secondary {1 0 1̄ 2}
twin [1,14].

One interesting aspect of {1 0 1̄ 2}  extension twinning that has
received less attention is the observation that in many grains mul-
tiple twin variants are observed. This is important as such multiple
twinning influences both the texture evolution during deforma-
tion, and microstructural subdivision due to the intersection of
different twin variants. In particular questions still remain open
regarding the ability of a SF criterion to predict the type, combina-
tion, and fraction of twinning variants in individual grains where
multiple variants are seen. In this paper we present therefore an
analysis of primary {1 0 1̄  2} extension twinning based on a grain-
by-grain investigation of the twinning in a large number of grains,
using data from electron backscatter diffraction (EBSD) investiga-
tions of a AZ31 Mg-alloy deformed by uniaxial compression. Other

grain-by-grain studies have looked at the number and thickness of
twins, independent of variant type, with a focus on the twin nucle-
ation and growth mechanisms [15,16].  Here the main parameter
we focus on is the twin volume fraction, as this represents the

dx.doi.org/10.1016/j.msea.2012.04.046
http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:awgodfrey@mail.tsinghua.edu.cn
dx.doi.org/10.1016/j.msea.2012.04.046
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Fig. 1. {0 0 0 1} and {1 0 1̄ 0}  pole figures show

icrostructural contribution to the applied strain for each twin
ariant and can be directly used therefore in guiding the devel-
pment of improved crystal plasticity models.

. Experimental methods

The material employed was a commercially available AZ31
Mg–3Al–1Zn–0.3Mn in wt.%) sheet containing nearly equiaxed
rains of an average linear intercept size ∼14 �m and a strong
0 0 0 1} basal plane texture (Fig. 1). Cylinders of size 8 mm diam-
ter and 12 mm height were cut from the sheet for the uniaxial
ompression testing with the compressive axis parallel to trans-
erse direction (TD) of the rolled sheet, so that the 〈0 0 0 1〉
irections of most grains were oriented nearly perpendicular to
he compressive axis, and accordingly {1 0 1̄ 2}  twinning could be
ctivated easily during compression.

Compression testing was carried out at 150 ◦C at a constant
train rate of 0.01 s−1 using a Gleeble 1500D in a vacuum of

 × 10−3 Pa. This temperature was chosen in preference to room
emperature tests as it represents a realistic target temperature for
ndustrial forming of sheet material. After deformation, the sam-
les were cut in the mid-plane, and then the exposed sections
ere ground to 4000 grit SiC paper before final electro-polishing

Struers ACII electrolyte; 20 V and 20 ◦C for 1 min). Microstruc-
ural data were collected using EBSD, which was performed in
eam-control mode using a TESCAN 5136XM scanning electron
icroscope equipped with an Oxford Instruments-HKL Channel 5

BSD system. Representative regions were mapped using a step
ize of 1 �m over areas of 400 �m × 400 �m.

. Twin variant analysis

.1. Twin variant identification

The twinning mode can be directly determined from the EBSD
ata as a result of the unique crystal misorientation associated with
ach twinning mode (for example, a misorientation of 86◦ about〈

1 1 2̄  0
〉

axis results from {1 0 1̄ 2} extension twinning). In this
nvestigation a key objective is to determine the particular twin-
ing variant among the six equivalent {1 0 1̄ 2} twinning systems. It

s worth adding here that labeling a twin as a particular variant is

y itself an arbitrary operation (due to the action of crystal symme-
ry). However, once the parent orientation description is fixed, then
ifferent variants can be labeled in a meaningful way, and more

mportantly these variants can be compared with other properties
he initial texture of the sample investigated.

(e.g. in this study the Schmid factor for twinning) based also on the
fixed parent orientation.

The identification of twinning {1 0 1̄ 2} variants was  carried out
based on the methods described in [17]. For convenience these are
summarized briefly here. For cases where the twin boundary plane
was  clearly identifiable a trace analysis was  used to identify the
twin variant. For grains where the extent of twinning was such that
the trace method could not be used, the twin variant was identified
by comparing the experimental twin variant orientation with the
six possible twin orientations calculated based on the parent grain
orientation and then finding the closet match. Previous work [17]
has shown that this method is sufficiently accurate to determine the
exact twin variant in samples deformed up to 10% in compression
if the deviation between the observed twin orientation and the cal-
culated twin orientation is less than 3◦. For a few cases where the
smallest deviation was  greater than this value these twins were
not included in the subsequent data analysis. For grains where
more than one twin variant was  seen and where no parent mate-
rial remained a parent–daughter grain orientation reconstruction
method was used to determine the initial grain orientation and
hence the twin variants [17].

3.2. Schmid factor

The SFs corresponding to the twinning variants were calculated
on the assumption that the stress state of each grain coincided with
the macroscopic applied stress. Based on these calculations the SF
rank (1 highest; 6 lowest) of each observed twinning variant was
identified. The sign of the SF was defined here such that a positive
value corresponds to twinning giving an elongation along the c-
axis.

3.3. Twin variant pairs

Although the methods described above can be used to identify
the specific twin variant we also refer in the present paper to twin
variant pairs, corresponding to twinning on “opposite” twinning
planes, as shown in Fig. 2a. The six possible extension twin variants
from any parent orientation can be grouped into three such pairs.
The relationship between the parent orientation and the six possi-
ble twinning variants are shown in Fig. 2b, which illustrates that the

two  twin variants in the same pair have a characteristic misorien-
tation of 7.4◦ (correspondingly with similar SF values), while two
variants from any different pairs have a misorientation of either
60.0◦ or 60.4◦.
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Fig. 2. (a) Schematic of the magnesium unit cell showing two  “opposite” {1 0 1̄ 2} twinning planes (C1 and C2 in red) forming a twinning pair. Only the traces in the {0 0 0 1}
plane  for the other four twinning planes are shown for clarity; (b) The orientation of one parent matrix (black triangle) and corresponding six {1 0 1̄ 2}  twinning variants
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From the EBSD data 136 grains, containing 248 {1 0 1̄ 2}  twinning
variants, were selected at random from the 5% deformed sample,
and 132 grains, containing 216 {1 0 1̄ 2}  twinning variants, were
selected from the 10% deformed sample for a detailed Schmid
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squares) in a {0 0 0 1} pole figure. Twin variants with the same colors (but differen
hile  the two variants from any different pairs have also misorientations of either 6

s  referred to the web version of the article.)

.4. Twin volume fraction

In this work the main parameter used to quantify twinning
uring compression is the twin volume fraction. In other recent
tudies [15,16] the twin number and thickness have been used as
uantitative parameters for the characterization of twin nucleation
nd growth. One complication, however, with these parameters
ith regard to the present study is that even after strains of a

ew % the number of twins per grain is observed to decrease, as
 result of lateral growth and abutment of twins of the same vari-
nt. The twin volume fraction is therefore a more direct measure
f the microstructural response to loading as this parameter can be
elated directly, via the Schmid factor, to the contribution to the
xternal strain from the activated twin variants.

Although it is possible to determine the true twin shape within
ach grain using either serial sectioning [18] or a 3D-XRD approach
19], both of these methods are time consuming and require com-
licated apparatus. In order therefore to estimate the twin extent
variant volume fraction) within each grain some assumptions
ere made concerning the three-dimensional geometry of the twin

o allow the use of standard stereological methods [20]. For twins
ith a well defined twin plane the volume fraction was  determined

y considering the twin as a sheet of material inclined to the view-
ng surface ({1 0 1̄ 2}  twins in Mg  are only slightly lens shaped and so
his is a good approximation). The twin volume fraction was there-
ore calculated as AT sin � where AT is the twin area fraction in the
iewing plane and � is the angle between the twin plane and the
iewing plane. For grains where the twinning was more extensive
typically more than 80% twinned area fraction) so that twin plane
as no longer well defined it was assumed that the volume fraction
as equal to the observed area fraction.

. Results

.1. Microstructure and texture

A sigmoidal hardening was observed in the flow stress curve

uring compression (Fig. 3). The shape of the flow curve sug-
ests twinning as the dominant deformation mode in the early
tages of plastic deformation. For this investigation, where the focus
s on {1 0 1̄ 2}  twinning, samples were taken for microstructural
tness) show twins from the same pair with a characteristic misorientation of 7.4◦ ,
r 60.4◦ . (For interpretation of the references to color in this figure legend, the reader

examination at strains of 5% and 10%. Typical microstructures at
both strains, together with the associated pole figures, are shown
in Fig. 4.

In the ε = 5% sample it is seen that {1 0 1̄ 2} twinning occurs in
most grains, and that in some grains several {1 0 1̄ 2}  twin variants
can be found (in the EBSD maps {1 0 1̄ 2} twin boundaries are shown
in red). The peak near the compression axis (CA) in the {0 0 0 1}
pole figure corresponds to the orientations resulting from these
twins. In the 10% reduction sample fewer {1 0 1̄  2} twin boundaries
are seen (Fig. 4b). This is because twin widening takes place with
increasing compression and results in an increase in the twinned
area fraction but a reduction in the total number (and boundary
length per unit area) of the twins. In accordance with this in the
{0 0 0 1} pole figure the peak near CA is considerably enhanced. In
both EBSD maps many boundaries indicating the abutment of two
{1 0 1̄ 2} variants from different pairs (shown in blue in Fig. 4) are
seen, while the abutment of two twin variants from the same pair
(shown in purple) is less common.

4.2. SF rank
0.00 0.05 0.10 0.15 0.20 0.25

true strain

Fig. 3. Flow curves during uniaxial compression testing of the samples at 150 ◦C.
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Fig. 4. Microstructure and {0 0 0 1} pole figure (compression axis at the center) for samples after uniaxial compression at 150 ◦C to strains of: (a) 5%; (b) 10%. Red lines indicate
{1  0 1̄ 2}  twins with characteristic misorientation 86.4◦; blue lines indicate boundaries between two twin variants from different pairs; purple lines indicate boundaries
b aries with misorientations from 2◦ to 10◦; thick black lines indicate above misorientations
> etation of the references to color in this figure legend, the reader is referred to the web
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Fig. 6. (a) Example EBSD boundary map of a grain at strain of 5% containing two
twin variants from the same pair; (b) example EBSD boundary map  of almost fully

twinned grain at a strain of 10%. In a few places 7.4◦
〈

1 2̄ 1 0
〉

boundaries are seen

indicating abutment of two twins from the same pair. For both maps “M”  indicates
the untwinned matrix; (c) EBSD band contrast map  for same grain as (b) showing
“ghost traces” corresponding to the two twin variants. Color code for misorientation

F
v

etween two variants from the same twin pair; thin black lines indicate other bound
10◦ . Solid black areas indicate non-indexed regions in the EBSD map. (For interpr
ersion  of the article.)

actor analysis of the twinning behavior. In the present work,
nstead of focusing on the distribution of SF values [15,16],  we
oncentrate instead on an analysis of the number and types of
ariants in individual grains, with the objective of developing a
ore thorough description of strain accommodation via twinning

n order to improve crystal plasticity models for deformation of
g-alloys.
The SF rankings of the observed twinning variants in these

ndividual grains are summarized in Fig. 5. After 5% deformation
Fig. 5a) approx. one-third of the grains only contained one twin-
ing variant, and in most cases this corresponded to the variant
ith the first or second highest SF. In many grains, however, more

han one variant was seen and these additional variants did not
how a clear relationship with the SF ranking.

The results of the 10% strained sample in Fig. 5(b) were similar,
lthough with one striking difference, namely that the fraction of
rains containing only two twins, with the first and second highest
F, was observed to decrease (from approx. 33% at 5% reduction
o 11% after 10% reduction). One factor for this decrease could be
he operation of additional twin variants (so that the grains are
ounted in a different bin in Fig. 5). However, this cannot account

or the large observed difference. In fact the decrease is related
o the difficulty in identifying both twin types of a twin pair at a
train of 10%, particularly when a large fraction of the grain has
winned.
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(a)

ig. 5. Ranking of Schmid factors for twin variants in samples deformed to strain of (a) 5
ariant  with the highest SF; Rank “14” denotes a grain with two  twin variants correspond
same as Fig. 4. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)

This problem is illustrated in Fig. 6. At 5% reduction two  twin
variants, corresponding to twins from the same pair can be clearly
identified by the misorientation between the twins (7.4◦ 〈

1 2̄ 1 0
〉

)
and by the twin trace angles (Fig. 6a). At 10% strain, however, a more

common observation is that grains are almost fully twinned and
only in some cases can small segments of boundary corresponding
to 7.4◦ 〈

1 2̄ 1 0
〉

misorientation be identified, as shown in Fig. 6b

(b)
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% and (b) 10%. Example of labeling: Rank “1” represents a grain with a single twin
ing to the first and fourth highest Schmid factors.
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ig. 7. Relationship between twinning volume fraction and Schmid factor at strains
ariants; orange lines connect twins in grains containing three variants. An envelop
n  blue. (For interpretation of the references to color in this figure legend, the reade

defined here with a tolerance of 3◦ on the angle and 15◦ on the
otation axis). Closer inspection, however, of a band contrast image
or such grains can show “ghost” traces of the two different twin
ypes, where these traces match the expected values for the two
wins with highest Schmid factors for this grain.

This observation suggests that in addition to continued twin
evelopment after impingement of the twins [21] the twinned
aterial rotates in such a way to reduce the misorientation angle

etween the two twins. Further work to explore this process is
nderway. The observed decrease in the number of two-twin same-
air grains is therefore artificial and highlights the need to consider
he twins in pairs at a reduction of 10% even when a specific vari-
nt can be identified from the observed misorientation or twin trace
ngle.

.3. Twinned volume fraction versus Schmid factor

A total of 49 grains containing 76 twinning variants in the 5%
trained sample and 38 grains containing 54 variants in the 10%
trained sample were picked out randomly and the twinning vol-
me  fraction versus SF for each twinning variant plotted. The results
re shown in Fig. 7. In Fig. 7 black lines are drawn to connect the
ariants in grains containing two twinning variants, and orange
ines are drawn to connect values for grains containing three vari-
nts.

Instead of a simple positive linear relationship between the
winning volume fraction and SF, a complex distribution in seen
n the 5% strained sample. Although the average thickness of twins
t this strain level has been reported to increase with increasing SF
n high-purity Mg  [15], the data in Fig. 7 show that a large spread

n volume fraction exists for twins with similar SF values. In partic-
lar for grains containing only a single twin variant a wide range
f SFs is seen, and for grains with large SFs in the range 0.4–0.5 the
winned volume fractions range from almost 0% to 80%. A similar,
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Fig. 8. The maximum Schmid factor for untwined grains afte
) 5% and (b) 10%. Black lines connect the variants in grains containing two  twinning
g the maximum twinning volume fraction as a function of Schmid factor is plotted

ferred to the web version of the article.)

though still more complex pattern is seen for the data collected at
10% strain (Fig. 7b). However, at this strain most single twin variant
grains with SF values of between 0.3 and 0.5 were observed to be
nearly fully twinned.

For grains containing more than one variant it can be expected
that the black and orange lines should have positive slope (corre-
sponding to a higher volume fraction for the twin variant with a
higher SF value). This is seen, but there are some exceptions to this
pattern. At 5% strain for differences between the two SFs corre-
sponding to two twin variants in one grain of larger than 0.04 (18
grains in total), the slopes of 16 lines were positive, indicating that
twinning variants with higher SF progressed to a larger extent. For
cases where the difference was smaller than 0.04, the slope was
either negative (6 lines) or positive (8 lines). The situation in the
10% strained sample was similar. One possible explanation is that
when SFs of more than one variant are similar the local stress state
plays a controlling role in determining which of the two  variants
grows preferentially.

Nevertheless, despite the lack of a direct relationship between
twinned volume fraction and Schmid factor, an approximate upper
limit representing the maximum twinned fraction as a function of
SF at each strain can be drawn (shown in the figures by the line
drawn in blue), i.e. the volume fraction of twins with a given SF
value can vary between 0 and a fixed maximum value. The upper
limit line is shifted to the left with increasing strain, reflecting an
increase in the number of twin variants with low SFs at larger
strains.

4.4. Untwinned grains
At 5% strain some grains were observed in which no twin
boundaries were seen. Some of these grains were in fact fully
twinned—however, such grains were readily identified from their
orientation and were excluded from the following analysis. The
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r compresion at 150 ◦C to strains of: (a) 5% and (b) 10%.
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ig. 9. Distribution of grain orientations after 10% deformation for: (a) grains cont
nly  containing twinning variants with first and/or second highest SF. Contours of t

ntwinned grains were analyzed in terms of the maximum SF value
or twinning. The results are plotted in Fig. 8 as histograms show-
ng the distribution of the maximum SF values for the untwinned
rains. It can be seen that even for grains with a maximum SF of
.3–0.5, a total of 10 untwinned grains out of ∼300 grains were
een in the 5% strained sample. All the untwinned grains have areas
maller than 300 �m2 with most grains having an area of less than
00 �m2. After a compression of 10% only a very small number of
rains with SF 0.3–0.5 were left without evidence of twinning. Yang
t al. [22] also reported a similar result by the tracking of a single
rain with increasing strain, whereas the present work confirms
his pattern based on observation of a large number of individual
rains.

. Discussion

.1. Variant selection mechanisms

The results presented in Fig. 5 for a large number of grains show
hat the number and combination of twin variants in each indi-
idual grain can be quite complicated. Twin variants with the first
nd/or second highest SF can operate in nearly all grains, and vari-
nts with third and/or fourth ranked SF appear in almost 1/3 of
he grains (Fig. 5). A few grains also contain variants with the fifth
nd/or sixth ranked SF (4 out of 132 grains in the 10% strained sam-
le). This is in contrast to the observation of Hong et al. [9],  where
hey reported that during compression perpendicular to the c-axis

ostly only one twin variant or twin variant pair was active in each
rain.

To examine further the factors controlling twin variant selec-
ion, and in particular the operation of twin variants with the third
nd/or fourth ranked SF, grains in the 10% strained samples were
ivided into two groups (excluding here the 4 grains containing
win variants with fifth and/or sixth ranked SF) according to (a)
rains containing variants with third and/or fourth rank SF, and (b)
rains containing only variants with first and/or second rank SF.
he untwinned orientations of grains in each group are plotted in
ig. 9. The figure shows that grains containing twin variants with
hird and/or fourth rank SF trend to locate near the [1̄ 2 1̄ 0] corner
f the inverse pole figure. A less well defined distribution is seen
or grains with only the first and/or second ranked SF twin variants,
hough some clustering toward the

〈
1 0 1̄ 0

〉
axis still can be dis-

erned. It is notable, however, there is no clear boundary separating
he compression axis directions for these two groups of grains.

.1.1. Grain orientation
In order to examine in more detail the effect of grain orienta-

ion on twin variant operation, contour plots showing the variation

n SF value as a function of compression axis direction have been
alculated. Considering each grain has three pairs of possible vari-
nts, and that the two variants in each pair have similar SFs, plots
re only shown for the first, fourth and sixth highest SF variants
 twinning variants with third and/or fourth highest Schmid factor (SF); (b) grains
io of fourth ranked SF to first ranked SF are also shown.

(Fig. 10a–c). An inverse pole figure showing the compression axis
directions of the material investigated is shown in Fig. 10d. It can
be seen that the highest SFs of most grains range from 0.3 to 0.5,
whereas the sixth ranked SFs are all near zero, and therefore not
expected to operate. However, the fourth ranked SFs are spread
over a wide range of 0.1–0.4.

To further analyze cases where twinning occurs on variants with
the third and/or fourth highest SF, we  define the parameter  ̨ as
the ratio of the fourth highest SF to the highest SF for each grain
orientation. When  ̨ is large, four of the six SFs are similar (for com-
pression along the exact [1̄ 2 1̄  0] direction,  ̨ = 1 and the Schmid
factors are equal on four twin variants), whereas a small value of �
means twinning is only expected on one, or both, of the pair with
the highest SFs. Contours showing the variation of � with com-
pression axis direction are marked in Fig. 9, which also shows the
compression direction of grains observed experimentally to con-
tain (Fig. 9a) or not contain (Fig. 9b) twin variants with the third
and/or fourth ranked SF. It is seen that the parameter � provides
a guide to operation of lower ranked twin variants: grains where
third and/or fourth ranked variants are observed have large values
of ˛, with almost all such grains having the  ̨ value above 0.4 and
many grains above 0.6. However, this relationship is only approx-
imate, and as shown in Fig. 7 the extent of twinning varies greatly
as a function of Schmid factor on a grain by grain basis. Other fac-
tors that may  influence the twinning are therefore considered in
the following sections.

5.1.2. Grain size effect on multiple variant twinning
It has already been reported in many studies of AZ31 that there

is a grain size effect on twinning, with a threshold grain size below
which twinning does not take place (typically reported to be in the
range from 4 to 8 �m at 150 ◦C [23]). In Section 4.4 it has already
been noted that twin nucleation is delayed in grains with areas in
the viewing section of up to 100 �m2 (corresponding to an equiv-
alent circle diameter of approx. 10 �m).

The results of the present study also show that the occurrence of
multiple variant twinning is also partly dependent on the grain size.
As described above, for a compression of 10% grains where the third
and/or fourth ranked SF variants are seen as a second twin variant
predominantly have  ̨ values larger than 0.6. However, the con-
verse is not true—a significant number of grains with  ̨ above 0.6 do
not contain such third and/or fourth ranked variants (Fig. 9b). Fig. 11
shows the distribution of grain areas for all grains with compres-
sion axis directions giving values of  ̨ above 0.6, showing separately
grains where lower ranked SF variants are either seen, or not seen.
It is immediately clear that almost all of the grains with  ̨ above
0.6 that do not show lower ranked twin variants have the smallest
grain sizes. Data have also been analyzed for the 5% deformed sam-

ple, where a similar result is obtained. It can be concluded that in
smaller grains fewer variants are observed compared to grains of
similar orientation but larger size, and thus the grain size depen-
dence on twinning also extends to the operation of lower ranked
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ariants. This conclusion is in line with the observations of Barnett
24], Capolungo et al. [16] and Beyerlein et al. [15], who suggested
hat the number of twins per grain noticeably increases with grain
rea, although in these publications the specific twin variant types
ere not reported.

.2. Dependence on the local stress conditions

The analysis of {1 0 1̄ 2}  twin variants shows that the SF value
rovides an approximate guide for which particular twin variants
ill operate. However, the results also show that a significant vari-

tion exists between grains of similar orientation and size, and that
he extent of twinning is not related in a simple matter to the SF
alue for a given twin variant. One possible reason for this is a vari-
tion of the local stress state, due both to a variation in the plastic
train supported by each grain, and to internal stresses resulting
rom nearby twins, or from slip processes within the untwinned

arts of a grain [13]. Related arguments, based on self-strain accom-
odation have been proposed to account for the variant selection

uring double twinning in Mg-alloys [1,14,25]. Based on in situ
D-XRD observations Aydiner et al. have reported that the stress
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riation in Schmid factor (SF) value for the: (a) highest SF; (b) fourth highest SF; (c)
this study.

state within a twin can be significantly different from that in the
untwinned matrix [19]. For the grain tracked by Aydiner et al. the
stresses within each twin variant were observed to increase with
increasing strain, though the stress values within each variant were
different and differed to the applied macroscopic stress. The stress
of one variant was especially low in the low strain stage. Their
results are therefore accordant with the complex pattern of seen
in Fig. 7a.

It is perhaps worth noting that some in situ neutron diffraction
results show that twinning proceeds at a rate that can be correlated
with the SF value (see Figs. 5 and 6 in Ref. [26]). This observation
does not conflict, however, with the present work, as the neutron
diffraction data represent the summed behavior for a large popu-
lation of twins with the same SF, and not, as in the current study,
the behavior of individual grains.

The results presented in this study, and particularly those shown
in Fig. 7, suggest that the detailed twinning behavior can only be
described in a statistical manner and that it is difficult to predict
the extent of any particular twin variant only based on the SF
value for that variant based on the macroscopically applied stress
state. Nevertheless the results provide support for an upper limit on
the correlation between the twinning population (number or vari-
ants and extent of each variant) and the SF value. Twinning rules
based on these are expected to be useful for the development of
improved polycrystal plasticity models aimed at the prediction of
both the microstructure and macroscopic texture evolution dur-
ing plastic deformation of magnesium alloys. In the present study
a test temperature of 150 ◦C has been used as this represents a
realistic target for industrial forming of sheet material. Although
slip on non-basal systems becomes easier with increasing temper-
ature, at 150 ◦C twinning is still the dominant deformation mode
for accommodation of deformation along the 〈c〉 axis direction [27].
The methodology used in the present investigation to study the
relationship between twin variant activation and grain orientation
can also be therefore applied to deformation at lower temperatures
(e.g. room temperature, as used in many studies). Some differences

in the activation of twins of different variant types can be expected,
however, as a result of differences both in relative CRSS values for
the various slip systems (which may  affect strain accommodation
within each grain), and any temperature dependence of twinning.
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. Conclusions

The operation of extension twinning during uniaxial compres-
ion of AZ31 has been investigated in samples aligned such that
winning is the preferred deformation mode. The main observa-
ions and conclusions are summarized below:

1) After uniaxial compression to a strain of 5% approx. 30% of the
grains contain extension twins corresponding to systems with
the 3rd or lower Schmid factor ranking. This figure increases to
40% for samples deformed to 10% compression.

2) Grain size can influence the twinning in a number of ways.
At low strains twinning is delayed in the smallest grains. At
higher strains twinning is seen in most grains, but for a given
grain compression direction fewer variants are seen in grains
of smaller size but similar orientation.

3) For the strain levels examined in this study (5% and 10%
compression) no fixed relationship exists between the vol-
ume  fraction of each twin variant in a given grain population
and the Schmid factor for the twin variant. A positive linear
relationship can be defined, however, between the maximum
twinning fraction that a twin variant can reach and its Schmid
factor.
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