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Based on transmission electron microscopy results from pure Mg single crystal examined in the current work,
and Mg alloys and other hexagonal metals in literature, a characteristic dislocation substructure inside f1012g
twins is identified. Abundant non-basal [c] and ⟨c+a⟩ perfect dislocations, as well as basal I1 stacking faults
with widths on the order of 100 nm distributed preferentially in the vicinity of a twin boundary, with a low den-
sity zone in the middle of the twin. Considering the ubiquity of f1012g twins, this characteristic dislocation sub-
structure should be considered in modeling of hexagonal metal alloy deformation.
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f1012g twins are ubiquitous in pure hexagonal close packed metals
and many of their alloys. For example, twins are activated early during
the deformation of texturedMg alloys due to their relatively low critical
resolved shear stress (CRSS), and they may consume a large volume
fraction of thematerial under appropriate loading, such as compression
parallel to the working direction (e.g., rolling or extrusion direction) of
wrought Mg alloys [1]. The subsequent mechanical response of the
bulk material can be dominated by that of the twinned crystals. Often,
a sigmoidal stress – strain curve is produced, including a strain harden-
ing plateau followed by rapid hardening. Numerous crystal plasticity
modeling studies have been devoted to describing and understanding
this stress – strain response over the past two decades, especially the
rapid hardening which accompanies twin exhaustion. Three main
mechanisms have been identified: (1) texture hardening arising from
the crystal rotation by twinning, e.g. [2]; (2) a Hall-Petch effect due to
the division of parent grains by twin boundaries, e.g. [3,4]; (3) transfor-
mation of pre-existing dislocation in the matrix by an advancing twin

boundary (TB). The former twomechanisms have been evaluated quan-
titatively bymeans of crystal plasticitymodeling [3–7]. The third one re-
quires investigation of dislocations on smaller length-scales and
remains relatively less studied.

Transformation of dislocations by twin boundaries is often termed as
the Basinski mechanism [8], which originally revealed a glissile to ses-
sile transformation of dislocations upon incorporation by twins in
face-centered cubic metals. Niewczas [9] recently used the concept of
the lattice correspondence matrix to describe the previously suggested
reaction [10,11] in which two 〈a1,3〉 Burgers vector dislocations
transform into a single [c±a2] dislocation in the twin by ð1012Þ½1011�
twinning shear. Notably, this reaction was recently confirmed by TEM
analysis in a texturedMg alloy AZ31 polycrystals [12]. This specific reac-
tion by f1012g twinning in hexagonal metals has also been referred to
as dislocation transmutation [13]. Although details of the interfacial re-
action are not yet fully understood, the transformation from ⟨a⟩ to ⟨c+a⟩

dislocations by f1012g twin boundaries is of great interest, because the
former are the most readily activated glide dislocations in matrix and
the latter represent the only slip mode beside twinning that is capable
of accommodating strain along the [c]-axis in hexagonal crystals.
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Furthermore, ⟨c+a⟩ slip is considered to be a hard deformation mode,
perhaps source-limited, which also poses a strong hardening effect on
primary slip systems [14].

Acknowledging the potential effect these dislocation-twin boundary
interactions may have on hardening [15], this article aims to establish a
characteristic dislocation substructure in f1012g twins within hcp crys-
tals, a topic which has received scattered attention since the 1960s,
includingpureMg [16] andMg alloy AZ31 polycrystals [12], pure Zn sin-
gle- and poly-crystals [11,17], and pure Zr polycrystals [18]. The current
experimental effort employed pure Mg single crystals oriented to pref-
erentially activatef1012g twinning, which involves the advancement of
twin boundaries into the matrix crystal. This is similar to the process
that occurs during compression along the prior working direction of
wrought Mg alloys and permits characterization of the dislocation sub-
structure inside the twins using transmission electron microscopy
(TEM).

The commercially pure Mg (99.95 pct) single crystal was grown
using the Bridgeman method, as detailed in [19]. The material was fur-
nace-cooled overnight after crystal growth. Cuboidal shaped samples
were electrical discharge machined from the as-grown cylinder. Uniax-
ial compression testswere performed using aMTS universal testing sys-
tem at room temperature and a constant strain rate of 5×10−4 s−1.
Compressionwas applied along ½1010�direction,which has amaximum
Schmid factor of 0.5 on ð1012Þ½1011� and ð1012Þ½1011� twinning sys-
tems and 0.12 for the other four f1012g twinning variants.

In order to characterize the two preferred twin variants from the
common zone axis withmatrix ½1210�, thin slices of about 700 μm thick-
ness were cut by diamond saw from the ð1210Þ face of the cuboidal
shaped sample. Theywere then ground to ~250 μmandpunched to pro-
duce the 3 mm disks. The final thinning to electron transparency was
achieved by electropolishing using the electrolyte and conditions
given in [12]. The final chemical polishing effectively removes surface
deformation layer introduced during previousmechanical preparations.
TEM characterizations were carried out on a JEOL 2000FX operated at
200 kV.

The stress – strain response of the ½1010�compressed single crystal is
shown in Fig. 1 and exhibits the typical sigmoidal shape similar to the
in-plane compression data of Mg single crystal from Kelley and Hosford
[20]. During the initial plateau regime, the plastic strain is accommodat-
ed predominantly by twin nucleation and growth. Several noticeable
stress drops in this regime correspond to nucleation of new twins
[21]. For the two preferred twin variants, the [c]-axes of the twins are
only 4° away from the compression axis at ideal orientation. Twin crys-
tals are thus not capable of readily accommodating strain by easy slip
modes. A thorough discussion of the subsequent rapid hardening

regime, during which the strain hardening rate approaches the elastic
modulus, can be found in [7].

Fig. 2 presents the typical dislocation structure inside a ð1012Þ twin
from the sample compressed to 1.1% true strain. At the diffraction con-
dition of g=(0002)t, basal planes inside the twin are in an edge-on ori-
entation. Based on the g ∙b=0 invisibility criterion, all the visible
dislocations have a Burgers vector with a [c]-component. These disloca-
tions lie on bothbasal and non-basal planes. Since basal planes are edge-
on, dislocations contained within them appear as straight lines parallel
to the (0001)t traces. The long and curved dislocations are on non-
basal planes. When the foil is tilted to the g ¼ ð1010Þ diffraction condi-
tion, basal planes are inclined, revealing a high density of dislocations
lyingwithin the basal planes. A noticeable feature is that all of these dis-
locations are concentrated in the vicinity of the twin boundary,whereas
the central area of the twin is almost void of defects, and the line demar-
cating regions of low and high defect density is almost parallel to
the trace of TB, as indicated by the black arrows outside the frame of
Fig. 2(a).

The [c]-containing defects are more clearly illustrated in another
twin of lower defect density (Fig. 3). Near the left TB, a long dislocation
is lying inclined to the basal plane at the diffraction condition of
g=(0002), and is invisible atg ¼ ð1010Þ. According to the g ∙b=0 invis-
ibility criterion, visibility at the former condition suggests a [c] compo-
nent in its Burgers vector and invisibility at the latter constrains the
possibilities to either pure [c] or [c±a2], i.e. 1=3½1213� and 1=3½1213�.
Note both [c] and [c±a2] dislocations are consistent with the predic-
tions of lattice correspondence [9] or dislocation transmutation reaction
[12], that [a1] or [a3] dislocations in the matrix could be transformed by
ð1012Þ twinning to [c±a2] dislocations in the twin. Similar to the twin
in Fig. 2, linear contrast on basal planewas observed at g=(0002)when
basal plane is edge-on, as indicated by arrows in Fig. 3(a). When the
basal plane is inclined (Fig. 3(b)), the basal dislocations are

Fig. 1. True stress – strain curve of pure Mg single crystal compressed along ½1010� axis at
room temperature. Schematics of the orientation and dimensions of the single crystal
sample for compression test are shown in the inset.

Fig. 2. Dislocation structure in a ð1012Þ twin, within a pure Mg single crystal compressed
along ½1010� to 1.1% true strain. The images were taken at weak beam dark field (WBDF)
condition with diffraction vectors of the twin crystal (a) g=(0002)t and (b) g ¼ ð1010Þt ,
whose directions are indicated by white arrows. (a) is at a lower magnification with the
location of the TBs delineated by yellow lines. (b) is at higher magnification because the
high dislocation density on the basal plane would otherwise obscure the image.
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