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Abstract

This paper examines the effect of compressive pre-deformation on subsequent tensile deformation behavior in a hot-extruded AZ31
Mg alloy bar with a ring fiber texture, and with the basal planes parallel to the extrusion direction. Such an orientation favors extensive
f10�12g twinning under compressive loading, resulting in a comparably low compressive yield stress. In contrast, the basal slip and
f10�12g twinning are difficult to operate under tensile testing, resulting in a high tensile yield strength. Compressive pre-deformation
causes a significant drop in tensile yield strength, from �265 to �160 MPa, irrespective of the amount of pre-deformation strain. The
latter value of �160 MPa nearly coincides with the compressive yield strength. The lattice reorientation of 86.3� caused by twinning dur-
ing compressive loading favors untwinning in the twinned areas during subsequent tensile reloading, leading to a significant drop in ten-
sile yield strength.
� 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The application of magnesium alloys for lightweight
structural components has significantly increased during
the last decade, mainly due to the rapid expansion of
high-pressure die casting components in the electronic
and automotive industries. However, casting defects, such
as porosity and inclusions, as well as the rather low ductil-
ity of many cast alloys, restrict the wide use of common
cast magnesium alloy components. Although wrought
alloys are known to offer generally better mechanical prop-
erties than cast alloys, structural applications of magne-
sium alloys processed by extrusion, forging or rolling are
still very scarce. The major problems encountered in
wrought components are the poor workability and the
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strong directionality of properties, which are caused by
the particular deformation characteristics of the hexagonal
crystal structure.

It has long been understood that the limited formabil-
ity of magnesium and its alloys at room temperature is
attributed to the highly anisotropic dislocation slip behav-
ior. Critical resolved shear stresses (CRSS) have already
been reported for three different slip systems in single
crystal magnesium [1,2]. According to the reported data,
the CRSS for a basal slip system of 1=3h11�20i or Æaæ type
dislocations at room temperature is much lower than
those of the non-basal slip systems on prismatic and pyra-
midal planes, as well as the twinning modes. Therefore,
plastic deformation in polycrystalline alloys appears to
occur almost entirely by basal slip. Because the basal slip
systems provide only two independent slip systems, far
fewer than the necessary five independent systems for
homogeneous deformation, the limited slip systems will
result in poor formability. Simultaneously, the limited
rights reserved.
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Fig. 1. The f10�12gh�1011i tensile twinning system for the hcp-Mg metal.

43°

43°

43°

43°

Twinning 
plane K1 (101 2)

(0002)
in twin 

K2 (1 012)
in matrix 

(0002)
in matrix

K2 after 
twinning

S

Fig. 2. Shear sense for f10�12g twinning in the hcp-Mg metal (c/a =
1.624). Symmetry conditions require that the second undistorted plane,
K2, be rotated counterclockwise in magnesium. This has the effect of
shortening the crystal inside the twinned volume in a direction parallel to
the basal plane.
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number of active deformation systems in hexagonal close-
packed (hcp) metals results in the formation of a strong
crystallographic texture upon mechanical processing.
The anisotropy of mechanical properties is due mainly
to a pronounced texture. As a result, when the wrought
magnesium alloys have a strong crystallographic texture
that develops during plastic deformation, their mechanical
properties are significantly influenced by the crystallo-
graphic textures in addition to other effects, such as grain
size or precipitations [3–9]. The grain size dependence of
the mechanical properties in magnesium and its alloys
was specifically addressed in detail by Armstrong and
Zerilli [10].

Previous reports indicate that some cast alloys also exhi-
bit reasonable ductility, with a tensile elongation of more
than 10% at room temperature. More recently, Yamashita
et al. [11] reported that elongation-to-failure of the AZ31
Mg alloy was improved by up to �15% when the grain size
was reduced from �100 to �20 lm. Furthermore, this
alloy, when subjected to equal channel angular pressing,
exhibited a tensile elongation of more than 40% at room
temperature when grain size was further reduced to
�1 lm [12]. Such large elongation values cannot be con-
tributed solely by the basal slip system mechanism of plas-
tic deformation.

It is also recognized that the incorporation of non-basal
slip of Æaæ dislocations on the prismatic f10�10g or even the
fist-order pyramidal f10�11g planes offers only two more
independent slip modes. Additionally, the presence of
mechanical twinning modes further improves the situation
by essentially offering another independent mode of
deformation.

It is well known that twinning deformation modes play
an important role during the deformation of hexagonal
magnesium. Despite the limited contribution of twinning
itself to the total plasticity (the twinning shear is only about
0.13; cf. Section 2), the abrupt change of orientation due to
twinning may give rise to the reactivation of other slip sys-
tems. For metals with a c/a ratio (where a and c are the lat-
tice constants in hexagonal lattices) of less than

ffiffiffi
3
p

(e.g.
titanium, zirconium, and magnesium), normally only the
f10�12gh10�1 1i twin is activated by c-axis tension. During
compression, grains are favorably oriented if their c-axis
is perpendicular to the compression axis; and the twinning
reorients the c-axis of the twin nearly parallel to the com-
pression axis.

Much work has been carried out to establish the rela-
tionship between initial orientation and deformation mech-
anisms [13–17]. However, detailed information about the
influence of twinning on the tensile plastic deformation
and texture formation is relatively limited. The study
reported in the present paper was carried out to investigate
the influence of compressive pre-deformation on subse-
quent tensile plastic deformation in a hot-extruded AZ31
alloy bar with a near-ring {0002} fiber texture. The change
of orientation due to twinning on the reactivation of slip
during tensile deformation is analyzed.
2. Deformation twinning in magnesium lattice

Materials with hcp lattices exhibit many types of twin-
ning. However, for all hexagonal metals at low homolo-
gous temperatures, deformation twinning on f01�12g
planes is the dominant mechanism, which allows for inelas-
tic shape changes in the c-axis. The full description of the
f10�12g deformation twinning mode is [18,19]:

K1 ¼ f10�12g; K2 ¼ f�1012g; g1 ¼ h�1011i; g2 ¼ h�101�1i ð1Þ

c0 ¼
ffiffiffi
3
p

ðc=aÞ �
ðc=aÞffiffiffi

3
p ð2Þ

where K1, K2, g1, and g2 have their usual meanings in twin-
ning designation. The amount of shear c0 associated with
twinning depends on the c/a ratio. Such a twinning system
is shown schematically in Fig. 1. For the materials with
c=a <

ffiffiffi
3
p

, the direction of shear is ½�1011�, and the twin-
ning occurs under tension parallel to the c-axis or under
compression perpendicular to the c-axis. In magnesium
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Fig. 3. The formation of a f10�12g twin in the hcp-Mg metal decreases the
length of the crystal in a direction parallel to the basal plane, indicating
that twinning is favored by a compressive stress applied parallel to the
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Deformation sense for f10�12g twinning; (b) geometry relationship
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Fig. 4. The microstructure seen from the cross-sectional plane of the as-
extruded AZ31 bar.
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and its alloys, the c/a ratio is �1.624, the twinning shear is
0.1289 according to Eq. (2), and there is a 43.15� angle be-
tween the basal {0002} plane and the twinning f10�12g
planes. Because symmetry conditions require that the sec-
ond undistorted plane, K2, be rotated counterclockwise in
magnesium lattice, this has the effect of shortening the crys-
tal inside the twinned volume in a direction parallel to the
basal plane, as shown in Fig. 2. This is why the twinning
occurs under tension parallel to the c-axis or under com-
pression perpendicular to the c-axis. The formation of
f10�12g twin in magnesium lattices decreases the length
of the crystal in a direction parallel to the basal plane. A
compressive stress applied parallel to the basal plane or a
tensile stress applied perpendicular to the basal plane will
twin in a magnesium crystal, as shown in Fig. 3. Also, an
early and updated description for twinning and untwinning
in magnesium crystals can be referred elsewhere [20,21].

3. Experimental methods

The as-received AZ31B billet used in this study were
obtained from the CDA Company, Delta, BC, Canada.
The chemical composition is Mg–3.02% Al–1.01%
Zn–0.30% Mn (in mass%). This alloy is a solution-hard-
ened alloy with minimum precipitation. The as-received
billet possessed nearly equiaxed grains around 75 lm.
Extrusion was conducted at a container temperature of
400 �C with an extrusion ratio of 42:1, resulting in a rod
measuring 10 mm in diameter.

The round compressive specimens (12 mm in height and
7 mm in diameter) and tensile specimens (10 mm gage
length and 3 mm gage diameter) were prepared using elec-
trical-discharge machining from the extruded rod. Both the
compressive and tensile directions were aligned parallel to
the extrusion direction. Compressive and tensile tests were
conducted using an Instron-5582 universal testing machine
with an initial strain rate of 1 · 10�3 s�1 at room
temperature.

In order to evaluate the textures generated by hot extru-
sion, the {000 2}, f10�10g, and f10�11g pole figures were
measured by the Schulz reflection method using a Dede-
D1 X-ray diffractometer to observe the transverse cross-
sectional plane, using Cu Ka radiation (wave length
k = 0.15406 nm) at 40 kV and 200 mA with a sample tilt
angle ranging from 0 to 85�. The grain structures of all
samples were examined by optical microscopy (OM). The
grain size was analyzed by the Optimas image software
on OM photographs at different magnifications.

4. Results

4.1. Initial state

The microstructure of the as-extruded AZ31 alloy is
shown in Fig. 4. It consists of fine and equiaxed grains with
a mean grain size of about 5 lm. Fig. 5 shows the experi-
mental pole figures of the extruded AZ31 rod with its
reflecting surface normal to the extrusion direction.



Fig. 5. Experimental pole figures of the as-extruded AZ31 bar, showing a nearly ring fiber texture with the basal planes parallel to the extrusion direction.
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Fig. 6. Typical engineering compressive and tensile stress–strain curves of
the as-extruded AZ31 samples loaded parallel to the extrusion direction.
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According to the prismatic f10�10g pole figure, the f10�10g
plane is strictly parallel to the extrusion direction. And
according to pyramidal f10�11g pole figure, the f10�11g
planes are nearly homogeneously distributed, with tilting
of �27 and �63� round the extrusion direction, which cor-
responds to the nearly homogeneous distribution of the
{00 02} basal plane parallel to the extrusion direction.
Thus, the texture can be roughly considered as having a
ring fiber texture with the basal planes parallel to the extru-
sion direction with a spread of around 10�.

4.2. Compressive plastic deformation

A typical compressive stress–strain curve of the extruded
AZ31 sample loaded parallel to extrusion direction is shown
in Fig. 6. The compressive yield stress (YS) and the ultimate
compressive strength (UCS) are �160 and �370 MPa, as
listed in Table 1. Remarkably, the present compressive
curve exhibited a low yield stress and a clear yielding
plateau, namely, low work hardening at low strains and a
subsequent gradual increase of the hardening until close
to the peak stress and fracture. The curve did not reveal a
peak-type flow curve, obviously due to homogeneous
deformation. This is confirmed by the microstructure of
the samples deformed to �3% strain and to failure (�15%
thickness reduction), as shown in Fig. 7a and b. No evident
crack but a large number of deformation twins were found
in both of the compressively deformed samples.



Table 1
Compressive and tensile properties of the extruded AZ31 bar

Loading mode Pre-
compression

YS
(MPa)

US
(MPa)

d
(%)

Compression – �160 �370 �15
Tension – �265 �320 �28
Compression then

tension
�1% �160 �345 �28

Compression then
tension

�3% �160 �350 �27

YS, 0.2% yield stress; US, ultimate compressive or tensile strength; d,
strain to failure.
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X-ray diffraction (XRD) scans of the extruded AZ31
samples after compressive deformation are shown in
Fig. 8a. It can be clearly seen that the XRD intensity of
the (0002) peak (denoted as I(0 0 0 2)/I(10�10) ratio) increased
significantly from �0.25 before compressive deformation
up to �6 after �3% strain compressive deformation. This
suggests that the abrupt change of orientation due to twin-
ning can occur at a low degree of compressive deformation.
Also, the new orientation is quite stable until fracture. It is
reasonable to suggest that an increase in the intensity of the
(0002) peak is directly related to the twinning and basal
slip deformation mechanisms.
Fig. 7. Microstructures seen from the cross-sectional plane of the extruded sam
thickness reduction), showing intense twinning, and seen from the samples defo
evidence of twinning.
4.3. Tensile plastic deformation

A typical tensile stress–strain curve of the extruded
AZ31 sample loaded parallel to extrusion direction is
included in Fig. 6. The tensile yield stress and the ultimate
tensile strength (UTS) are �265 and �320 MPa, as listed in
Table 1. The present tensile curve exhibited a higher yield-
ing stress, and subsequently low work hardening until close
to the peak stress and necking fracture. Compared with the
compressive curve, it can be deduced that different defor-
mation behaviors have taken place during compressive
and tensile deformation. The microstructures of the tensile
samples deformed to �3% strain and to failure (�30%),
shown in Fig. 7c and d, indicate that no evident twinning
was found in the tensile deformed samples. It is also con-
firmed by XRD that the intensity of the (0002) peak shows
little change before and after tensile deformation, with no
evident change of orientations, as illustrated in Fig. 8b.

4.4. Effect of compressive pre-deformation on tensile plastic

deformation

The effect of compressive pre-deformation on the stress–
strain curve of the extruded AZ31 alloy during subsequent
reloading of tension is illustrated in Fig. 9. It can be seen
that the compressive pre-deformation causes a significant
ples deformed under compression to (a) �3% strain and (b) failure (�15%
rmed under tension to (c) �3% strain and (d) failure (�30%), showing no
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drop in tensile yield stress, from �265 to �160 MPa, irre-
spective of the amount of compression pre-strain. The lat-
ter value, �160 MPa, nearly coincides with the compressive
yield stress. This suggests that the tensile yielding behavior
for the compressively pre-deformed samples is similar to
the compressive yielding behavior for the sample without
pre-deformation. The tensile properties of the samples with
and without pre-deformation are included in Table 1. In
comparison with the strain value of the pre-deformed sam-
ples at the stress level of �265 MPa, it can be seen that the
strain intervals from YS to r = 265 MPa for the 1% and
3% pre-deformed specimens correlate well with the pre-
strained amount (cf. Fig. 9), suggesting that the strain
caused by twinning during compressive pre-deformation
might be recovered by untwinning during subsequent ten-
sile deformation. This is also confirmed by the XRD scans
from the cross-sectional planes of the pre-compressed sam-
ples and subjected to subsequent tension to �3% strain and
to failure, as shown in Fig. 10. It can be seen that the obvi-
ous changes of orientations in term of the (0002) peaks
occurred during subsequent tensile deformation owing to
the untwinning process.
4.5. Schmid factor for twinning

The Schmid facor for twinning is defined as:

M tw ¼ cos vtw � cos ktw ð3Þ
where vtw is the angle between the normal to f10�12g twin-
ning plane and the stress axis, and ktw is the angle between
the direction of shear and the stress axis [22]. The hcp crys-
tal lattice of magnesium features the six equivalent twin-
ning planes and the Schmid factors for these twinning
systems can be calculated numerically for any possible ori-
entation of the grain in the textured polycrystalline alloy.
In the present paper, the system with the highest Schmid
factor is supposed to become activated in any grain and
multiple twinning is not considered here.

For the present ring fiber texture, the v angle changes
from 53 to 46�, and the k angle changes from 50 to 44� over
all possible grain orientations, as shown in Fig. 11. Thus,
the average Schmid factor is written as



(0002)

(000 2 )

Twinning plane 

Twinning direction 
Extrusion direction 

[ 1 101]

(10 1 2)
A

B

A’ 
B’

Fig. 11. Schematic drawing showing the changes of the twinning plane
and twinning direction over all possible grain orientations of the ring fiber
texture in the hcp-Mg metal when the loading axis is aligned parallel to the
extrusion direction. The range of the twinning plane changes from
position A to B, and the range of the corresponding twinning direction
changes from position A 0 to B 0.

Y.N. Wang, J.C. Huang / Acta Materialia 55 (2007) 897–905 903
M tw ¼
1

n

Xn

i¼1

cos vi cos ki ð4Þ

For the sake of simplicity, two cases are taken into ac-
count. When the stress axis is parallel to the ½1 1�20� direc-
tion, v is �53� and k is �50�, then the Schmid factor for
twinning is Mtw = cosvcosk = 0.602 · 0.643 = 0.387.
When stress axis is parallel to ½10�10� direction, the optimal
v is �46� and the optimal k is �44�, then the Schmid factor
for twinning is Mtw = cosvcosk = 0.695 · 0.719 = 0.499.
Thus, the average Schmid factor for twinning can be calcu-
lated roughly to be M tw ¼ ð0:387þ 0:499Þ=2 ¼ 0:443 for
the present ring fiber texture.

5. Discussion

5.1. Compressive deformation behavior

In principle, hexagonal materials can deform by crystal-
lographic slip and deformation twinning. Crystallographic
slip is liable to occur in basal slip system f000 2gh1 1�20i,
prismatic slip system f10�1 0gh1 1�20i, and pyramidal slip
systems f10�1 1gh11�20i, f1 0�12gh11�20i or f11�12gh1 1�23i.
It is noted that the latter slip system has a slip direction
not parallel to the basal plane, known as the Æc+aæ-Burgers
vector. While there are several potential twinning systems,
only the f10�12gh10�11i system is often observed in most
hcp metals, particularly in magnesium. As mentioned in
Section 2, this twinning system is the so-called ‘‘tension
twin’’ in magnesium, since it can only be activated by a ten-
sile stress parallel to the c-axis (perpendicular to the basal
plane) when the c/a is less than

ffiffiffi
3
p

.
The present hot-extruded sample provided an initial

texture where the sample orientation does not allow any
twinning under tensile loading but maximum twinning
under compressive loading. Therefore, this starting texture
could activate the f10�1 2gh10�11i twinning at a low degree
of deformation, and could result in a comparably low yield
stress. Due to the activity of twinning, the c-axis of twin in
the compressively deformed samples would orient nearly
parallel to the compression axis. At a low degree of com-
pressive deformation, the microstructure would be domi-
nated by intense twinning, as shown in Fig. 7a and b.
The abrupt change of orientation due to twinning was also
confirmed by XDR scans, which showed that the intensity
of the (0002) peak extremely increased from �0.25 before
compressive deformation up to �6 after 3% compressive
deformation, as shown in Fig. 8a.

For the present sample orientation, the basal slip is lim-
ited for both compressive and tensile loading conditions
due to the small orientation factor, which denotes a very
low shear stress on the basal slip system. However, the
CRSS for basal slip is very low, �0.5 MPa in pure magne-
sium and �2 MPa in AZ31 alloy. A slight misalignment
(±10�) of the basal plane can thus lead to the operation
of this slip mode, so the activation of basal slip in the pres-
ent sample is still likely.

On the other hand it has recently been shown that a
CRSS criterion is also reasonable for f10�12g twinning
and the CRSS for an Mg–7.7 at.% Al (or Mg–8.5 wt.%
Al) alloy free of precipitates was determined to be 65–
75 MPa [23]. The current softer AZ31 alloy contains only
3 wt.% Al, and the CRSS for f10�12g twinning might be
around 40–50 MPa. Since most grains are very favorably
oriented for f10�12g twinning in compression, the com-
pressive yield stress, rys, can be roughly estimated to be
�100 MPa according to the following equation, if neglect-
ing the influence of grain size:

rys ¼ sCRSSðtwÞ=M tw ð5Þ

where sCRSS of 40–50 MPa is the CRSS for twinning; Mtw

of �0.443 (see Section 4.5) is the orientation or Schmid fac-
tor for twinning. The measured compressive yield stress of
�160 MPa seems to include the major contribution from
twinning, plus minor grain size strengthening.

The present compressive stress–strain curve exhibits a
clear yielding plateau and the subsequent gradual increase
of the hardening until close to the fracture, as shown in
Fig. 6. From the analysis of the deformation mechanisms
and the observed microstructures, this compressive defor-
mation behavior has to be contributed by extensive twin-
ning at low strains. Obviously, twinning can be activated
at a relatively low stress, and massive twinning will lead
to a low strain hardening rate. Only when the twinning
capacity is exhausted due to the formation of basal texture
will a strong strain hardening due to the slip and slip–twin-
ning interaction be achieved. This complicated deforma-
tion experience leads to massive shear band formation
and cracking once slip and twinning cannot accommodate
the shape change any more, whereupon fracture will take
place. The complicated interaction between extensive twin-
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ning and slip at the later compressive straining stage, caus-
ing a fast increment of work hardening, will restrict further
plastic deformation and induce premature local cracking. It
follows that the compressive failure strain (�15%) is appre-
ciably lower than the tensile failure strain (�28%) of the
current fine grained AZ31 Mg alloy.

5.2. Tensile deformation behavior

As mentioned above, the present initial texture does not
favor any basal slip and twinning for tensile loading. How-
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ever, because the CRSS for basal slip is very low (�2 MPa)
in the AZ31 alloy, some grains with a random texture and a
slight misalignment (±10�) of the basal plane can lead to
the operation of the basal slip mode. Thus, the tensile plas-
tic deformation in the early stage will be dominated by
basal slip. It is expected that the tensile yield stress is rea-
sonable higher (�265 MPa), owing to the low Schmid fac-
tor for slip compared with the compressive yield stress
(�160 MPa) when loading is applied along the extrusion
direction.

However, as is obvious from the tensile deformation
characteristic and texture development, the deformation
mode was strongly affected by compressive pre-deforma-
tion. Since f10�12g twinning leads to a reorientation of
86.3� of the crystal lattice, all the basal planes in twinned
lattices lie nearly perpendicular to the extrusion direction
after compressive plastic deformation, as shown in
Fig. 12. These twinned regions are capable of untwinning
during reloading in subsequent tension. This is indeed what
can be observed in Fig. 9. After the onset of twinning at a
yield stress of about �160 MPa, the curvature becomes
convex, which is typical for deformation by twinning.
From the differences in strain between the curves in
Fig. 9, it can be concluded that all the strains caused by
twinning during compressive pre-deformation can be
recovered by untwinning during subsequent early tensile
deformation, which results in the convex nature of the cur-
vature. Similar to the compressive stress–strain curve, the
tensile stress–strain curves for the compressively pre-
deformed samples also exhibit low yield stress at low
strains, and a subsequent pronounced increase of the hard-
ening rate until close to the peak strain. The yield stress is
(0002)

Fig. 13. Schematic diagram showing the relationship between the orien-
tation of favorable f10�12g twinning and the applied loading directions
with respect to the c-axis of hcp-Mg cell (c/a � 1.624). The black arrows
indicate the applied loading directions for favorable twinning; the white
arrows indicate the applied loading directions for unfavorable twinning.
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nearly the same, at �160 MPa, irrespective of the amount
of pre-deformation strain. This suggests that the tensile
yielding is mainly dominated by untwinning. The relation-
ship between the favorable f10�12g twinning and applied
loading directions with respect to the c-axis of an hcp cell
is illustrated in Fig. 13.

It is well known that there is a grain size strengthen-
ing effect, which has not been treated in this paper. From
the Hall–Petch equation, the k-slope of the current AZ31
alloy under tension has been extracted to be 300 MPa
lm�1/2 [24], or similar to the �9 MPa mm�1/2 previously
reported [25]. For the current grain size of 5 lm, the
grain size strengthening is around 130 MPa when the
operative deformation is basically dislocation slip, as is
applicable for the current alloy under tensile testing.
The grain size strengthening effect for fine-grain Mg
alloys under compression with a dominant twinning
operation will be studied more in detail and presented
elsewhere.

6. Conclusions

The influence of compressive pre-deformation on the
tensile deformation behavior of an extruded AZ31 Mg
rod featuring an intense ring fiber texture with the majority
of the basal planes laying parallel to the extrusion direction
has been investigated. The present hot-extruded rod pro-
vided an initial texture, which best favored f10�12g
h10�11i twinning under compressive loading. Therefore,
this starting texture could activate the twinning at a low
degree of deformation, and could result in a comparably
low yield stress. Due to the activity of twinning, the c-axis
of the twin in the compressively deformed samples oriented
nearly parallel to the compression axis. These twinned
regions are capable of untwinning during reloading of sub-
sequent tension, which results in a significant drop in ten-
sile yield stress, from �265 to �160 MPa, irrespective of
the amount of pre-strain. All the strains caused by twinning
during compressive pre-deformation can be recovered by
untwinning during subsequent early tensile deformation,
indicating that the tensile yielding is mainly dominated
by untwinning.
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