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Abstract Due to their excellent strength-to-weight ratio,
Mg alloys are attractive for applications where weight sav-
ings are critical. However, the limited cold formability of
wrought Mg alloys severely restricts their widespread us-
age. In order to study the role that deformation twin-
ning might play in limiting the elongation-to-failure (εf),
in-situ tensile tests along the extrusion axis of Mg-1Mn
(wt.%) were performed at 323 K, 423 K, and 523 K. The al-
loy exhibited a strong basal texture such that most of the
grains experienced compression along their 〈c〉-axis dur-
ing deformation. At 323 K, fracture occurred at about 10 %
strain. Although basal, prismatic, and pyramidal 〈c +a〉
slip activity was observed along with extension twinning,
contraction twinning significantly influenced the defor-
mation, and such twins evolved into {1011}–{1012} dou-
ble twins. Crystal plasticity simulation showed localized
shear deformation within the contraction twins and dou-
ble twins due to the enhanced activity of basal slip in the
reoriented twin volume. Due to this, the twin–matrix in-
terface was identified to be a potential crack initiation site.
Thus, contraction twins were considered to have led to the
failure of the material at a relatively low strain, suggest-
ing that this deformation mode is detrimental to the cold
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formability of Mg and its alloys. With increasing temper-
ature, there was a significant decrease in the activity of
contraction twinning as well as extension twinning, along
with a decrease in the tensile strength and an increase in
the εf value. A combination of basal, prismatic, and pyra-
midal 〈c +a〉 slip accounted for a large percentage of the
observed deformation activity at 423 K and 523 K. The lack
of contraction twinning was explained by the expected de-
crease in the critical resolved shear stress values for pyra-
midal 〈c +a〉 slip, and the improved εf values at elevated
temperatures were attributed to the vanishing activity of
contraction twinning.

Keywords double twinning · ductility

1 Introduction

When it comes to light-weight material choices, magne-
sium (Mg) alloys provide an attractive solution due to their
excellent specific strength compared to other commonly-
used alloys [1,2]. However, the widespread acceptance of
Mg and its alloys are restricted in high-volume man-
ufacturing environments partially due to their limited
cold formability. Due to this limitation, the processing of
wrought Mg alloys is often performed at elevated tem-
peratures for better formability, but this requirement re-
sults in an increased manufacturing cost. Thus, if Mg al-
loys are to be used more widely, it is critical to understand
the mechanisms responsible for the ambient temperature
deformation. One of the major factors that contribute to
the limited cold formability of Mg alloys is their hexago-
nal crystallography, and the associated lack of sufficient
independent slip systems that assist in uniform deforma-
tion [3]. In addition, several twinning deformation mech-
anisms also play a critical role in the limited εf at ambi-
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ent temperatures. For example, fracture during compres-
sion along the 〈c〉-axis has been attributed to the exces-
sive amount of shear caused by the activation of contrac-
tion/double twinning and the subsequent activation of
slip within the twin volume [4–12].

Due to the lack of sufficient independent deformation
mechanisms available for uniform deformation, wrought
processing of Mg alloys often results in the formation of
a crystallographic texture in which the 〈c〉-axis gets pref-
erentially aligned perpendicular to the processing direc-
tion [13]. Further attempts to mechanically process mate-
rial with this type of texture can place significant amount
of compressive stress along the 〈c〉-axis. Neither of the
two most easily-activated deformation systems in Mg
(basal slip and extension twinning) can accommodate the
strain originated during this type of loading condition.
A slip system which can accommodate strain along the
〈c〉-axis (the pyramidal 〈c +a〉 slip system) is rarely acti-
vated at ambient temperatures due to its high critical re-
solved shear stress (CRSS) [14,15]. Thus, various contraction
twinning-related mechanisms, which can accommodate
strain along the 〈c〉-axis, are expected to activate when
polycrystalline Mg alloys with a strong basal texture are
deformed at ambient temperatures.

Various twinning modes, such as {1011}, {3034},
{1013}, {1015}, {1014}, {1124}, are activated when the
〈c〉-axis is placed under compression in Mg single crystals,
and these twinning modes are often associated with crack
initiation sites and fracture planes [4–10,16]. In addition, un-
der similar loading conditions, double-twinned volumes,
in which the primary twinning mode was reported to be
either on {1011} or {1013} planes, and secondary twin-
ning, which occur on {1012} planes inside the primary
twinned volume, have also been observed in Mg single
crystals [10–12]. In such cases, void formation was reported
along the twin–matrix interface, which has been identi-
fied as a fracture initiation site [11]. One possible explana-
tion for this phenomenon is that this type of double twin-
ning mechanism could result in the reorientation of the
twinned volume assisting in the easy activation of basal
slip, which in turn could result in the formation of local-
ized shear bands, ultimately leading to shear failure [12].

Recent studies have reported the observation of a
double twinning phenomenon in wrought polycrys-
talline pure Mg [17–19] and alloys such as Mg-3Al-1Zn
(wt.%)1 [16,17,20–23], Mg-6Al-1Zn [24], Mg-3Al-0.3Mn [25],
Mg-3Al-0.4Mn [26,27], Mg-2Zn-0.5Mn [20], Mg-6Zn-
0.5Zr [20], and Mg-0.2Ce [17]. Barnett [20] suggested
that {1011}–{1012} double twinning might cause shear
failure at low strains due to the combined effect of strain
softening and localized void formation. The formation
of large surface steps, accompanied by narrow-banded

1 henceforth all alloy compositions are provided in weight percent

{1011}–{1012} twins, were reported in rolled Mg-3Al-1Zn
after tensile deformation [22,28,29]. This suggests localized
deformation within the double-twinned volume, which
might assist in crack nucleation. Thus, the relatively
low εf of Mg-3Al-1Zn at ambient temperature could be
attributed to the formation of {1011}–{1012} twins [20,22].
Niknejad et al. [24] observed the formation of trans-
granular cracks aligned with the {1011}–{1012} double
twin habit planes for Mg-6Al-1Zn, and they attributed
this phenomenon to the shear localization within the
double-twin volume, due to massive basal slip activity,
leading to early transgranular crack/void initiation and
subsequent fracture.

It was observed that the {1011}–{1012} double twin-
ning frequency decreased with an increase in tempera-
ture in extruded Mg-3Al-0.3Mn [25]. However, no detailed
investigation of other slip activity was performed in that
study. In Mg single crystals, it was observed that pyrami-
dal 〈c +a〉 slip was prevalent at temperatures greater than
573 K, where the general twinning activity decreased with
an increase in temperature, and this was attributed to the
decrease in the CRSS values for non-basal slip at elevated
temperatures [7,30]. Thus, non-basal slip systems, espe-
cially pyramidal 〈c +a〉 slip, are expected to be more active
than contraction twinning at elevated temperatures [20].

It can be inferred from the previous studies that
{1011}–{1012} double twinning is partly responsible for
the onset of failure of Mg alloys at ambient temperatures.
It can be expected that at elevated temperatures, the CRSS
of pyramidal 〈c +a〉 slip would become lower than that of
contraction twinning and the decreased activity of con-
traction twinning might result in improved εf

[20]. How-
ever, clear experimental evidence of this phenomenon is
lacking, and its effect on the macroscopic behavior is not
yet clear. In addition, a systematic study of the effect of
temperature on the relative contribution of the different
slip and twinning mechanisms is lacking in the literature.
In this study, in-situ tensile experiments at different tem-
peratures were performed to study the deformation be-
havior of extruded Mg-1 Mn (referred to as M1 according
to ASTM standards for naming Mg alloys). The observa-
tion of double twinning in extruded M1, with a relatively
fine grain size, at 323 K has been reported previously [31].
This is an extension of that study in which the effect of ele-
vated temperature on the activation of double twinning is
studied and discussed. In addition, crystal plasticity mod-
eling and simulations, combined with the experimental
results, were used to better understand the formation and
evolution of {1011}–{1012} double twinning in relation to
other deformation modes and to fracture.
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2 Methods

2.1 Processing and alloy composition

The M1 alloy was gravity cast to produce a billet of 125 mm
diameter. Subsequently, the billet was machined to a di-
ameter of 93 mm and homogenized at 623 K for 15 h prior
to extrusion. Indirect extrusion at a ratio of 1/30 was car-
ried out at 573 K to produce round bars of 17 mm diame-
ter. The chosen extrusion rate of 5.6 mms−1 corresponds
to a profile exit speed of 10 mmin−1. The chemical com-
position of the material, as measured by spark emission
spectroscopy, was Mg-0.99 Mn (wt.%).

2.2 Sample preparation

Flat dogbone samples with a gage dimension of 3 mm
wide by 2 mm thick by 10 mm long were electro-discharge
machined from the extruded rod. One surface of the sam-
ple was mechanically polished to a mirror finish using
0.04µm colloidal silica solution as a final step.2 Mechan-
ical polishing was followed by chemical polishing using
a mixture of 100 mL methanol, 12 mL hydrochloric acid,
and 8 mL nitric acid at room temperature for 2 s. The sam-
ple surface was etched for 1 s using a solution containing
60 mL ethanol, 20 mL water, 15 mL acetic acid, and 5 mL
nitric acid.

2.3 In-situ testing

In-situ tensile tests were performed using a screw-
driven tensile stage placed inside a TESCAN MIRA3 field-
emission gun scanning electron microscope (SEM) with
the tensile axis parallel to the material extrusion direc-
tion. Figure 2 shows the experimental setup with the ten-
sile stage inside the SEM chamber.

A total of three tests were performed at 323 K, 423 K,
and 523 K. The test temperature of 323 K was chosen in
order to compare the results from this study with pre-
vious ones [32–36]. Specimen temperature was monitored
using a fine-gage K-type thermocouple spot-welded to
the side of the gage section. Radiant heating was pro-
vided by a tungsten-based heating element of 6 mm diam-
eter placed just below the gage section and powered by a

2 When exerting too much pressure during mechanical polishing,
extension twins started to appear (see Fig. 1 for an example) pre-
dominantly within grains that have their 〈c〉-axis oriented perpen-
dicular to the sample normal direction, i. e., those favorably oriented
for extension twinning under the normal compression acting dur-
ing polishing. Such twins did not evolve during the deformation ex-
periments and were assumed to not influence the bulk mechanical
behavior.

constant-voltage supply. A temperature constancy of ±3K
was maintained throughout the tests.

A constant crosshead displacement rate, correspond-
ing to an engineering strain rate of 10−3 s−1, was main-
tained during each test. Time, load, and crosshead dis-
placement were recorded throughout the experiments.
Local values of the (surface) tensile strain were derived
from the relative displacements of obvious microstruc-
tural features on a secondary electron (SE) SEM image
sequence acquired during each test. Stress relaxation oc-
curred during these image acquisition periods, which
lasted about 5 min.

Electron backscatter diffraction (EBSD) scans were
performed on identical microstructural patches in the
gage section both before and after deformation using an
EDAX-TSL, Inc. system. The specimen surface was not fur-
ther prepared for the EBSD scans after deformation as de-
terioration of the sample surface, due to the deformation,
did not significantly affect the confidence in indexing the
collected EBSD Kikuchi patterns. The EBSD data collec-
tion was performed using a step size of ≈ 1.5µm for the
microstructural patches in the gage section, and ≈ 0.15µm
for the individual twins. Post-processing clean-up proce-
dures were performed on the raw data using EDAX OIM
Analysis 6.1 software. Using the “Neighbor Confidence In-
dex (CI) Correlation” clean-up procedure, the orientation
of the erroneous data points, defined as points with a CI
value below 0.03, were replaced with the orientation of
the neighboring point that had the highest CI value. Using
multiple iterations of the “Grain Dilation” clean-up pro-
cedure, any connected group of less than 5 pixels with a
misorientation towards its neighborhood of greater than
5° was considered to be insufficient to be defined as a sin-
gle grain, and the orientations of these points were re-
assigned to match the adjacent grain orientation. These
clean-up procedures resulted in modifying less than 15 %
of the total data points (in the undeformed specimens).

2.4 Slip/twin trace analysis

Active slip and twinning systems were identified based
on the EBSD data and SE SEM images acquired during
the tensile experiments. Linear surface steps observed in
the SE images were attributed to that deformation sys-
tem (slip or twinning, see Table 1 for all systems consid-
ered) for which the calculated trace of the slip or twin
habit plane on the surface agreed most closely with the
observed one. This surface plane trace is given by the
cross-product between the (unit) normal vector of the sur-
face and the deformation system plane rotated accord-
ing to the particular grain orientation, as determined from
EBSD.
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Fig. 1 – Secondary Electron (SE) photomicrographs of the as-extruded microstructure. Formation of thin extension twins in favorably oriented
grains resulted from excessive polishing pressure. Right micrograph shows left area after (re)polishing under higher pressure. The insert in the
right micrograph is an EBSD orientation map highlighting the twins.

Fig. 2 – Temperature-controlled tensile stage placed inside a TES-
CAN MIRA3 scanning electron microscope chamber.

Table 1 – Slip/twin deformation modes considered for the trace anal-
ysis.

Deformation system Variants Plane Direction

Basal slip 3 {0001} 〈2110〉
Prismatic slip 3 {0110} 〈2110〉
Pyramidal 〈c +a〉 slip 6 {1122} 〈1123〉
Extension twin 6 {1012} 〈1011〉
Contraction twin 6 {1011} 〈1012〉

Twins identified using this approach were confirmed
by checking the expected lattice reorientation against the
measured orientation of the twinned region. Trace angle
mismatches between experimental observations and the
attributed deformation systems were within ±3°. Schmid
factor values for all the deformation systems were calcu-
lated based on the respective grain orientation and as-
suming homogeneous uniaxial tension. Further details of
this in-situ testing technique and the deformation char-
acterization method can be found elsewhere [31–39]. The
CRSS ratios of the different deformation modes versus the
CRSS for basal slip were determined using the distribu-
tion of the slip/twin trace results and the methodology de-
scribed in [40].

2.5 Crystal plasticity modeling and simulations

In order to better understand the deformation behav-
ior, and in particular, the formation of the contraction
twins and the {1011}–{1012} double twins observed dur-
ing the experiments, crystal plasticity simulations of iso-
lated twins were performed. DAMASK [41,42] was used as
(finite strain) material point model to describe the defor-
mation response of these model microstructures. The de-
formation gradient F = FeFp at each material point was
decomposed into an elastic Fe and plastic Fp component.
The plastic velocity gradient follows as superposition of all
slip activity

Lp = ḞpFp
−1 = γ̇ξsξ⊗nξ (1)

where s and n are unit vectors along the slip direction and
slip plane normal of deformation systems indexed by ξ.
The stress resolved on each slip system follows from the
elastic distortion as

τξ = 0.5
[
C

(
Fe

TFe − I
)]

:
(

sξ⊗nξ
)

(2)
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Fig. 3 – Geometry of tensile sample (top, dimensions in mm) and
associated texture of extruded Mg-1 Mn (wt.%) in terms of 〈0001〉
and 〈1010〉 pole intensities (right, multiples of random) and distri-
butions of Schmid factor values for different deformation systems
based on unidirectional tension (left).

with C being the fourth-order stiffness tensor. The con-
stitutive model used for the study is similar to the phe-
nomenological description introduced by Peirce et al. [43]

for cubic crystals. Shear on slip systems progresses at a
rate

γ̇ξ = γ̇0

∣∣∣∣∣ τξτξcr

∣∣∣∣∣
n

signτξ (3)

where γ̇0 = 10−3 s−1, n = 20. The state variables are the slip

resistance τξcr of each slip system, which evolve with shear
γ as

τ̇
ξ
cr = qξζh0

(
1− τ

ζ
cr

τ
ζ
sat

)a

γ̇ζ (4)

towards a saturation value τξsat according to a relationship
given by Hutchinson [44]. Parameters used in the model
are taken from [45].

3 Results

3.1 Texture and grain size

Figure 3 shows the texture of the extruded material, based
on the EBSD measurement of an area containing approx-
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Fig. 4 – Stress versus displacement plots of the 3 samples tested de-
picting the temperature dependence of the mechanical response.
Intermediate stress relaxations correlate with holding periods (zero
displacement rate) during SE image acquisition. Corresponding
strain levels, indicated on the plots, were determined from correlat-
ing distinct features between consecutive SE images (see sequences
in Fig. 5) and deviate from the average sample strain. “×” indicates
that the specimen failed (this occurred at 323 K only).

imately 1500 grains, in the form of 〈0001〉 and 〈1010〉
pole figures. The pole figures show a strong basal fiber
texture, i.e. 〈0001〉 directions are mostly perpendicular to
the extrusion direction (tensile direction). This type of tex-
ture, with intensities of about 10 times random, is com-
mon in conventional wrought Mg alloys, such as Mg-3Al-
1Zn [13,35,46,47].

When loaded in tension parallel to the extrusion direc-
tion, such a texture favors prism slip over basal slip, with
pyramidal 〈c +a〉 slip and contraction twinning falling in
between these two and exhibiting about equal distribu-
tions of Schmid factors (see Fig. 3 left). As most grains are
oriented with their 〈c〉-axis perpendicular to the tension
direction, the shear stress resolved onto the (unidirec-
tional) extension twinning systems turns out to be largely
negative.

The average grain diameter was about 42µm based
on the E112-13 ASTM standard for grain size measure-
ment [48]. Grain diameters ranged from 10µm to 190µm
suggesting that grain growth may have occurred during
the extrusion, which is not uncommon during wrought
processing of M1 and other conventional Mg alloys [13].
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Table 2 – Temperature dependence of tensile properties. Strains are
estimated from the correlating surface features observed during the
in-situ straining. (n/a: not applicable, as the sample was not taken
to failure and and achieved approx. 8 % and 16 % strain at 423 Kand
523 K.) Temperature dependence of the tensile properties. Strains
were estimated from the correlating surface features observed dur-
ing the in-situ experiments. (NA: not applicable, as the sample was
not taken to failure and and achieved approx. 8 % and 16 % strain at
423 K and 523 K.)

Deformation Yield stress Ultimate stress Fracture
temp. / K YS / MPa UTS / MPa strain / %

323 154 181 9.9
423 75 84 n/a
523 45 62 n/a

3.2 Mechanical characterization

The engineering stress versus displacement curves for the
tensile tests performed at 323 K, 423 K, and 523 K are illus-
trated in Fig. 4. The sample tested at 323 K failed, while at
the two other temperatures, the specimens remained in-
tact. Stress relaxation at constant strain (labels give local
values based on image correlation) occurred during im-
age acquisition periods for which the displacement rate
was reduced to zero. Table 2 lists the approximate yield
strength (YS), ultimate tensile strength (UTS), and the
maximum strain levels achieved for each experiment. The
YS at 423 K and 523 K dropped to fractions of about 0.5 and
0.3, respectively, relative to that at 323 K, consistent with
a similar reduction in YS with increasing temperature re-
ported for conventional Mg alloys [35].

3.3 Slip and twin activity from surface trace analysis

During the holding periods marked by stress relaxation
in Fig. 4, SE SEM images of three fixed areas, compris-
ing a total of about 300 grains, were acquired. Figure 5
presents an exemplary sequence of one such area per
deformation temperature. Linear traces, which appeared
more frequently with increasing strain on the surface,
could be identified as either basal, prismatic, or pyramidal
〈c +a〉 slip, or contraction twins, indicated by blue, red,
orange, or purple lines, respectively. Extension twins usu-
ally did not result in noticeable surface features. There-
fore, they were identified from corresponding sequences
of the EBSD inverse pole figure (IPF) maps. Figure 6 gives
examples of two extension twins appearing (as blueish re-
gions) in the grains labeled “A” and “B”. The observed crys-
tallographic reorientation within such twinned regions, il-
lustrated by hexagonal unit cells in Fig. 6, is very close to
the theoretical 86° rotation about 〈1120〉with a twin plane
{1012} [3], supporting the notion of extension twin activity.

About 90 % of all the observed surface traces could be
matched with a unique deformation system, while the re-
mainder had more than one possible match and was thus
ignored. Figure 7 summarizes the combined distributions
of (global) Schmid factors for basal, prismatic, and pyra-
midal 〈c +a〉 slip as well as for contraction and extension3

twinning observed after the intermediate and final strain
level (shown in Fig. 4) for all three temperatures. A number
of observations were made.

1. All contraction twins were partly consumed by sec-
ondary extension twins, i.e. contain a fraction of dou-
ble twinned volume.

2. Contraction and extension twinning together consti-
tuted about 3/4 of all observations at 323 K, but this
fraction dropped substantially at 423 K, and reached
zero for the highest deformation temperature of 523 K.

3. In terms of dislocation slip, the basal, prismatic, and
pyramidal 〈c +a〉 families were observed in about
equal proportion at the final strain levels (see Fig. 7
right).

4. In relation to the overall distributions of the Schmid
factors (gray curves in Fig. 7, translated from the col-
ored curves in Fig. 3), the observed activity clustered at
the highest Schmid factor values. This clustering range
was particularly narrow for prism slip (red curves)
and, to a lesser degree, for contraction and exten-
sion twinning (purple and black curves). The excep-
tion to this general finding was pyramidal 〈c +a〉 slip,
which showed a variation in observed Schmid factor
value distributions (orange curves) with temperature.
At 323 K, most of the observed Schmid factor values
were relatively small, i.e. close to zero; at 423 K, the
observations closely followed the underlying distribu-
tion of possible Schmid factor values; at 523 K, cluster-
ing occurred at relatively large Schmid factor values,
similar to what was found for the other deformation
modes.

5. The global Schmid factors for extension twinning were
mostly negative since, given the texture, almost all
grains were adversely oriented for this unidirectional
deformation mode. Nevertheless, at 323 K, extension
twins were observed at about half the frequency of that
of contraction twins. At 423 K, both extension and con-
traction twin activity was largely diminished and both
seemed to occur at about equal frequency.

3.4 Double twinning

During strain accumulation in the 323 K sample, {1011}
contraction twins exhibited further (i.e., secondary)

3 excluding double twinning, i. e., extension twinning within con-
traction twin volumes
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Fig. 5 – Pairs of secondary electron (SE) SEM images showing surface relief evolution with increasing (local) tensile strain for all three defor-
mation temperatures. Colored lines with numbers indicate the identified deformation system trace and corresponding Schmid factor based
on an assumed unidirectional tensile stress. Line coloring is listed at bottom right and follows same scheme as in Fig. 3 (left). Tensile axis and
material extrusion direction are parallel to the scale bar shown at bottom left.
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Fig. 6 – Observation of extension twin activity in grains marked “A” and “B” (left; undeformed) was difficult with the SE contrast but possible
on the corresponding inverse pole figure map (IPF, right, blueish areas, after 9.9 % strain).

{1012} extension twinning, resulting in {1011}–{1012}
double twins. In almost all cases the secondary {1012} ex-
tension twin consumed a sizable fraction of the contrac-
tion twin volume.

Characterizing these events through EBSD was chal-
lenging, as the double-twinned regions were small in vol-
ume with high internal strain. Nevertheless, indexing was
possible in some cases and regions of primary {1011} con-
traction twinning and secondary {1012} extension twin-
ning could be identified. An example of such a case is pic-
tured in Fig. 8 (bottom right), showing the SE SEM im-
age and corresponding out-of-plane IPF map modulated
by a grayscale map of Kikuchi band contrast (EBSD im-
age quality). The blow-up from close to the upper end of
the partly double-twinned volume illustrates in purple the
boundary between the contraction twin (green area) and
the parent orientation (magenta area), in black the bound-
ary between original contraction twin and the secondary
extension twin (again magenta), and in yellow the bound-
ary between the double twin and the parent orientation
(both are magenta areas). All colored boundary segments
fell within 5° of their theoretical misorientation angle and
axis; the +56° reorientation about 〈1120〉 caused by the
activation of the {1011} contraction twin and the subse-
quent resorientation of an additional +86° about the same
〈1120〉 axis (i.e., same plane of shear) caused by the sub-
sequent activation of the {1012} extension twin results in
an effective rotation of −38° about 〈1120〉 with respect to
the matrix (Fig. 8 bottom right).

3.5 Fracture

For the sample deformed at 323 K, the fracture surface ex-
hibited flat patches, which indicates a predominance of
shear failure mode. The formation of contraction twins

was associated with many visible surface steps (Fig. 8 top)
evenly distributed over the entire gage section, but in-
creasing in concentration closer to the final fracture loca-
tion. Crack formation was observed along those surface
steps with an increase in strain. One of the many sec-
ondary cracks in the vicinity of the final fracture location is
magnified in Fig. 8 (bottom left). This one, and all similarly
observed cracks, were found to be closely aligned with a
trace consistent with contraction twinning (purple line in
Fig. 8 bottom left).

4 Discussion

4.1 Characterization technique limitations

A limitation of the in-situ SEM testing is that only the sur-
face behavior, which is likely to have somewhat different
stress constraints than the bulk microstructure, is charac-
terized. It should be noted that the more parallel the Burg-
ers vector of a deformation system is to the sample sur-
face, the more difficult slip lines of that system are to de-
tect. Furthermore, if the slip was diffuse and not concen-
trated into well-defined slip bands, or if the magnitude of
slip on a particular system was small and the slip bands
were not well developed, the identification of the associ-
ated slip traces can be difficult. Therefore, activation of
some of the deformation systems may not have been de-
tected.

4.2 Activity of extension twinning

Even though the activation of extension twinning was not
favored under the applied global stress state that mostly
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Fig. 7 – Cumulative probability distribution plots of the five evalu-
ated deformation modes as a function of the Schmid factor for po-
tential (thin, gray) and observed (thick, colored) deformation activ-
ity for the strain level indicated above each plot at 323 K, 423 K, and
523 K (top, middle, bottom). Schmid factor calculation assumes uni-
directional (externally applied) stress.

resulted in compression (and not extension) along the 〈c〉-
axis for the given material texture (see Fig. 3), a fraction of
the observed deformation system activity was attributed
to extension twinning. The majority of extension twinning
was observed in grains that were close to being “prop-
erly” oriented for this unidirectional deformation mode,
i.e., at only slightly negative Schmid factors (Fig. 7). Since
a grain aggregate will likely experience different slip ac-
tivity in different grains, the local mechanical boundary
conditions are not necessarily equivalent to the globally
applied (unidirectional) stress. Therefore, it is not difficult
to rationalize that extension twinning can occur as a de-
formation accommodation mechanism in certain grains.
For instance, the elongation along the tensile direction
and associated lateral contraction of any of the relatively
soft grains will be larger than that of other grains in their
immediate neighborhood. A neighboring grain that hap-
pens to have its 〈c〉-axis pointing towards such a relatively
soft grain (not unlikely for the given texture, see Fig. 3)
would then have to accommodate the neighbor contrac-
tion by extending along its own 〈c〉-axis, demanding either
pyramidal 〈c +a〉 slip or extension twinning. Occurrence
of extension twinning has also been observed in polycrys-
talline pure Mg and Mg alloys under loading conditions
(nominal compression along the 〈c〉-axis) that are compa-
rable to the present work [17,18,21–23,49].

4.3 Temperature dependence of the critical resolved
shear stress (CRSS)

In light of the virtual constancy of the relative contribu-
tions from the basal, prism, and pyramidal 〈c +a〉 slip
families at all three temperatures, see Fig. 7, the relative
reduction of the CRSS with increasing temperature ap-
pears to be very similar for all three families. With respect
to their mutual ease of activation, the observation that
prism slip is activated only at Schmid factor values close
to the maximum of 0.5 could be interpreted as its CRSS
being higher than that of either basal or pyramidal 〈c +a〉
slip, both of which exhibit activity for lower resolved shear
stresses, i.e., over a more extended range of Schmid fac-
tors.

Contrary to slip, which was observed at all three defor-
mation temperatures, the activity of contraction and ex-
tension twinning modes ceased between 423 K and 523 K.
This suggests that the relative decrease with temperature
of the CRSS values for contraction and extension twinning
was less pronounced than that for the three slip families,
such that twinning became relatively more difficult to ac-
tivate at elevated temperatures.

Further support for the observed change from con-
traction twinning at 323 K to pyramidal 〈c +a〉 slip at 523 K
as alternative deformation modes to accommodate strain
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Fig. 8 – Overview of the fractured sample deformed at 323 K (top right) with an about 45° inclined view on the fracture surface (top left).
Bottom left shows tilted view of a secondary crack near the main fracture location that aligns with the surface trace of a {1011} contraction
twin (with global Schmid factor of 0.21) indicated by a purple line. Bottom center shows partly double-twinned volume about 1 mm away
from the crack surface in SE contrast with a small area overlaid by a Schmid factor map for basal slip. Bottom right shows inverse pole figure
maps with the surface normal direction modulated by grayscale EBSD image quality of an area containing the initial {1011} contraction twin
(green, B) together with a secondary {1012} extension twin (magenta area, C, left of yellow boundary with untwinned parent grain, D, having
same orientation as A).

along the 〈c〉-axis is provided in Fig. 9. In about 3/4 of
all grains that only exhibited contraction twinning but no
pyramidal 〈c +a〉 slip at 323 K (purple line in Fig. 9 left), the
Schmid factor of the observed contraction twinning sys-
tem is less than that of potential pyramidal 〈c +a〉 slip (di-
amonds falling to the right of purple line). This picture re-
verses at 523 K (Fig. 9 right), where the maximum Schmid
factor of contraction twinning was larger than that of ob-
served pyramidal 〈c +a〉 slip in about 1/2 of all grains that
exhibit only pyramidal 〈c +a〉 slip. Hence, in both cases,
there is no clear favorite among the two alternatives con-
sidering the maximum global Schmid factor, but the ob-
served activity is clearly biased, suggesting that the CRSS

for contraction twinning is relatively low at 323 K com-
pared to pyramidal 〈c +a〉 slip, while the opposite holds
at 523 K.

Statistical evaluation of all observed deformation ac-
tivity derived from surface traces, following the method-
ology outlined in Reference 40, leads to the relative CRSS
values depicted in Fig. 10 (top). According to this analysis,
the only deformation mode at 323 K that has a lower CRSS
value than contraction twinning is basal slip. Contrary to
this result, studies on pure Mg single crystals under plane-
strain compression at temperatures ranging up to 580 K
(307 ◦C) [10] and 723 K (450 ◦C) [15] reported compression
twinning to have a relatively high CRSS value at low tem-
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tion modes that allow for 〈c〉-axis contraction. The solid line reflects
the distribution of the Schmid factor values for the observed defor-
mation system. The dots and diamonds show the maximum Schmid
factors in each grain for the observed and alternative deformation
mode, respectively.

peratures, and this CRSS value decreased with increasing
temperature, consistent with other previous work [7]. That
relative decrease with increasing temperature was similar
to that found for pyramidal 〈c +a〉 slip, see Fig. 10 (bot-
tom). The reason for this discrepancy remains unclear, but
might be related to the effect of Mn additions on the stack-
ing fault energy of Mg alloys, which has not been well doc-
umented to date.

4.4 Rationalization for double twin formation

Couling et al. [12] observed that {1011}–{1012} double
twins were formed by the activation of a {1012} exten-
sion twin inside the {1011} contraction twinned region.
An explanation for this phenomenon was given by Koike
et al. [49] and Ando and Sutou [22], who argue that the
{1012} extension twin within the {1011} contraction twin
was formed to accommodate and reduce the strain in-
compatibility between the primary {1011} contraction
twin and its surrounding matrix. The present study sup-
ports this notion of a necessary internal accommodation
since not a single contraction twin volume without some
secondarily-twinned fraction was observed.
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Fig. 10 – Temperature dependence of the CRSS for various defor-
mation modes. Top figure presents CRSS ratios relative to basal
slip (this work) and bottom figure collects CRSS values from refer-
ences [5,7,9,10,15,30,50].

4.5 Interplay of contraction and double twinning with εf

The tension specimens tested at 423 K and 523 K exhibited
higher elongation-to-failure εf values compared to that
at 323 K (see Fig. 4). There is a clear correlation between
this reduction of εf with decreasing temperature and the
occurrence of mechanical twinning at low deformation
temperatures (particularly 323 K). One explanation for this
correspondence could be that dislocation slip, in particu-
lar on the basal plane, is strongly favored due to the reori-
entation of the lattice within each twinned volume. This
local change in Schmid factor turns each twinned volume
into a ‘soft spot’ that localizes shear and causes void initi-
ation. This hypothesis can be supported by:

1. Clear surface ledges were only observed within the
contraction twins that formed in the sample deformed
at 323 K Fig. 8 (top and left).

2. The maximum global Schmid factor for basal slip was
calculated for the matrix grains in the given texture
and their most probable variant of extension, contrac-
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Schmid factor for basal slip in the matrix grain population (blue)
compared to its most probable extension (black) or compression
(purple) twinned variant, i. e., the one with largest global Schmid fac-
tors for extension or compression twinning, as well as the {1011}–
{1012} double twin (green) population following from the postu-
lated contraction twinned variant.

tion, and {1011}–{1012} double twins (i.e. the variant
that exhibited highest global Schmid factor for each
twin type in the parent orientation). Figure 11 shows
the cumulative probability distribution obtained from
this calculation performed for the grain population in-
cluded in Fig. 7. As shown in Fig. 11, the Schmid factor
for basal slip in all three types of twinned regions (ex-
tension, contraction, and double twins) was relatively
high compared to the matrix. This suggests that the
mechanical twinning orients matrix grains in such a
way that activation of basal slip becomes more favor-
able, and this combined with the low basal CRSS [14,15]

creates dispersed regions of lower flow stress.
3. The tensile deformation behavior of a part of the con-

traction (“B”) as well as double twinned region (“C”)
within the matrix grain (“A” or “D”) shown in Fig. 8
(bottom right) was simulated using the crystal plastic-
ity model described in Section 2.5 considering only the
slip systems provided in Table 1. A fixed-width cen-
tral region sandwiched between a matrix single crys-
tal was oriented consistently with the habit plane of
the observed contraction twin, as the primary contrac-
tion twin boundary did not change significantly with
increases in strain during the experiments. Three sim-
ulations were performed with different lattice orienta-
tions selected for the central region: matrix, contrac-
tion twin, and {1011}–{1012} double twin. The tensile
axis was chosen in order to reflect the experimental

setup, however, the four lateral faces were considered
stress-free and not restricted by the bulk material as is
the case in the real sample.
Figure 12 shows the stress and strain response for each
simulation after 5.0 % strain. For the homogeneous
matrix case, a homogeneous stress and strain field re-
sults. In both other cases, the unidirectional tensile
stress in the twinned volume is lowered compared to
the matrix while the strains are correspondingly larger.
Specifically, the average strain (8 %) within the con-
traction twin is almost twice the prescribed overall
strain (5 %), while the strain concentration was not as
large in the double twin. This suggests that, after a con-
traction twin has nucleated, the entire twinned vol-
ume deforms similar to a shear band, where a con-
traction twin concentrates more strain than a dou-
ble twin, consistent with the statistical evaluation of
Schmid factors described above.
Comparing the accumulated shear from different slip
systems (bottom three rows in Fig. 12), basal slip con-
tributed almost all of the deformation in both twin
types, consistent with the fact that basal slip has the
lowest CRSS among all three slip families at ambient
temperatures. Furthermore, the stronger concentra-
tion of basal slip observed in the contraction twin rel-
ative to the double twin is due to the fact that the most
favorably oriented basal slip system features a higher
Schmid factor in the former compared to the latter, for
the particular matrix orientation chosen here.
Due to the relatively thin volume occupied by con-
traction twins or double twins, the dislocation mean
free path is likely limited within them. The constitu-
tive model used in the crystal plasticity simulations
ignores this aspect, i.e. does not consider the slip in-
compatibility caused by the presence of a twin bound-
ary. Ando and Sutou [22] reported the measured sur-
face relief caused by {1011} contraction twins and
{1012} extension twins to be smaller than that caused
by {1011}–{1012} double twins. The lower degree of
plasticity in the former was attributed to a shorter slip
length for basal slip inside those twin types compared
to the double twinned volume [22,28]. Highly confined
basal slip within an extension twin is shown in Fig. 13
for as-cast M1 alloyed with 0.5 Nd (8 % tensile strain,
323 K, average grain size of 0.36 mm, [51]).
Due to the relative softness of the central twinned vol-
ume, the localized strain causes a notable change in
the simulated geometry (see back edge of top face in
right two columns of Fig. 12). Despite the simplified
boundary conditions in the simulations, the sense of
the surface steps formed across the twinned regions
in the simulations agrees with the experimentally-
observed ones (see Fig. 8), i.e. the matrix on the right
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Fig. 12 – Crystal plasticity simulation results of a fixed-width central region sandwiched between a matrix single crystal mimicking the twinned
volume shown in the bottom right of Fig. 8 in terms of unidirectional stress, strain, and accumulated shear strain on basal, prismatic, and
pyramidal pyramidal 〈c +a〉 slip families (top to bottom) with different lattice orientations assigned to the central region (left to right).

side of the twin is elevated compared to the matrix on
the left.

Strain localization within the twinned volume led to
global as well as local incompatibility. The stress concen-
trations observed in Fig. 12 close to the twin boundary
for both twin types might lead to the nucleation of cracks
along the matrix–twin interface. This is consistent with
the previous experimental studies in which micro-cracks
at the {1011}–{1012} twin–matrix interface were detected
using electron microscopy [22,52]. This could then explain
the orientation of the cracks observed in this study, see
Fig. 8 (bottom left), i.e. they were parallel to the con-
traction twin traces suggesting crack nucleation along the

matrix–twin interface. Final failure would result when suf-
ficiently many local cracks coalesce as suggested by Fig. 8
(top). Therefore, a certain population of initially twinned
volumes is necessary to embrittle the material to an extent
that notably reduces εf. It appears that such a threshold is
reached when the temperature is low enough such that the
overall twin activity contributes about 3/4 of the observed
deformation activity, since the corresponding εf is about
10 % (locally), but no failure is observed despite a strain of
16 % (locally) when twinning accounts for only about 0.2
of the observed deformation activity (see Fig. 7).
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Fig. 13 – The confined slip activity within an extension twinned vol-
ume (see inset EBSD IPF map for orientation) was aligned with blue
trace of basal slip system having global Schmid factor of 0.30. This
observation was made on an as-cast Mg-1Mn-0.5Nd (wt.%) tensile
tested at 323 K to 8 % strain [51].

5 Conclusion

1. In-situ tensile experiments, combining EBSD with
SEM observations, provided a useful means to quan-
tify the temperature dependence and activity of the
various deformation modes.

2. At ambient temperature, mechanical twinning con-
tributed a large fraction to the observed deformation
modes, while at higher temperatures, an almost equal
fraction of basal, prismatic, and pyramidal 〈c +a〉 slip
accounted for the observed deformation activity.

3. With increasing temperature, the activity of contrac-
tion twinning, as a means to accommodate 〈c +a〉
slip, decreased relative to that of pyramidal 〈c +a〉
slip, which suggests a stronger decrease of the CRSS
for pyramidal 〈c +a〉 slip compared with contraction
twinning with increasing temperature.

4. Contraction twins, which were always partly con-
sumed by {1011}–{1012} double twinning, signifi-
cantly influenced the εf at 323 K.

5. Crystal plasticity modeling and simulations of the de-
formation behavior of contraction twins and {1011}–
{1012} double twins showed localized deformation
within the twinned volume due to the enhanced activ-
ity of basal slip. In addition, the twin–matrix interfaces
were identified to be potential crack initiation sites.

6. Ambient temperature deformation produces a suffi-
ciently large population of contraction twinning and
{1011}–{1012} double twinning that initiates crack
formation, and this results in low formability com-
pared to elevated temperature deformation.
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