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Abstract

The microstructure evolution of pure Mg and two Mg-rare-earth alloys (Mg-3 wt.% Dy and Mg-3 wt.% Er) was studied during in
situ compression tests by electron backscatter diffraction and electron channelling contrast imaging. Strain localization and the forma-
tion of an early stage shear band (“pre-shear band”) were observed in pure Mg during compressive deformation below 5% engineering
strain. In the experiments percolative grain clusters with prevalent basal slip as a precursor for shear band formation was observed. This
collective grain-cluster shear behaviour was analysed in more detail using crystal plasticity simulations, revealing a percolation of intense
basal slip activity across grain boundaries as the mechanism for shear band initiation. Plane trace analysis, Schmid factor calculation and
deformation transfer analysis at the grain boundaries were performed for the activated twins. It appears that many activated tension
twins exhibit pronounced non-Schmid behaviour. Twinning appears to be a process of accommodating local strain rather than a

response to macroscopic strain.

© 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Magnesium has a low mass density of 1.74 g cm > and is
the lightest structural metal [1]. Magnesium and its alloys
have received great attention for potential use in automo-
tive applications [2]. However, the application of wrought
magnesium alloys is restricted by its poor formability at
ambient temperatures caused by its strong basal-type tex-
ture developed during processing and the lack of available
deformation mechanisms [3].

The primary deformation modes at room temperature in
magnesium and magnesium alloys are basal slip and
{1012} tension twinning. Both are easy to activate and
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have critical resolved shear stress (CRSS) values of a few
MPa according to single crystal experiments [4]. The prev-
alence of basal dislocation slip produces a fiber texture
where the basal planes are closely aligned with the primary
material flow direction, limiting the contribution of the
basal slip system to further deformation [5,6].

Besides non-basal dislocation slip, twinning can accom-
modate strain along the crystal c-axis, providing additional
degrees of freedom matching the requirement for five inde-
pendent shear systems in the classical Taylor—Bishop—Hill
sense [7,8]. However, it was earlier observed via a joint
experimental-simulation grain scale micromechanical anal-
ysis [9] that if the Taylor-Bishop—Hill criterion is not ful-
filled everywhere at the grain scale, collective deformation
of grain clusters can in certain cases provide a sufficient
number of shear degrees of freedom for compatible poly-
crystalline deformation [10]. Due to the limitation of avail-
able deformation systems, plastic heterogeneities and strain
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localization in the form of shear bands [11] occur during
room temperature deformation of Mg [12-18]. The mecha-
nisms associated with such shear band formation in Mg
alloys are not well understood [12-18]; some studies sug-
gest 1011 compression twinning [12,14], double-twinning
[14,18], tension twinning [13] or rotational recrystallization
[17] as possible mechanisms of shear band formation.
Shear banding in Mg is a mesoscopic “grain-cluster” defor-
mation process where the grains inside the shear band are
reported to subsequently re-orient in the macroscopic shear
direction, i.e. “soften” the sheared region with respect to
further basal dislocation slip during continuing deforma-
tion [15,17,18].

Similarly, it is well known that twins appear also in
grains not suitably oriented for twinning. This anomalous
twinning or, more specifically, non-Schmid behaviour of
twinning was observed in rolled sheets and extruded Mg
alloys, e.g. Refs. [19-23]. With the non-Schmid behaviour
of twin variant selection we refer to the fact that the micro-
mechanical i.e. the local stress state may profoundly
deviate from the macroscopic loading state. It should be
noted though that the term non-Schmid behaviour
sometimes also refers to the effect of hydrostatic tensor
components on plastic flow: this definition is not used here.
Apparently, the local microstructure plays an important
role in twin activation and topology, besides the
dependence on crystallographic orientation or grain size,
on which many studies have focused before, e.g. Refs.
[23.24]. Grain boundaries are important sites for twin
nucleation given that they provide defect sources and stress
peaks. The interaction between twinning and grain bound-
aries was investigated in polycrystalline hexagonal close
packed (hcp) Mg and hep Ti [12,25,26]. It is found that
twin nucleation is not solely controlled by Schmid’s law,
i.e. a twin variant with a lower Schmid factor might nucle-
ate instead of the expected high Schmid factor twin variant,
e.g. Refs. [19-23].

Jonas et al. [22] and Mu et al. [27] suggested that strain
accommodation required by the neighbouring grains might
influence the variant selection during twinning. The forma-
tion of twins involves shearing in the matrix. When a twin
nucleates from the grain boundary (GB), the neighbouring
grain is also being sheared to accommodate the shape
change at the GB [22]. The amount and type of deforma-
tion required for strain accommodation in the neighbour-
ing grains then affect which variant is required. Jonas
et al. and Mu et al. identified the prismatic (a) slip as the
critical geometrically necessary deformation system influ-
encing the variant selection of twinning. Capolungo et al.
conducted a statistical study of twinning in hcp Zr and
showed a strong correlation between twin nucleation and
grain boundaries [28]. Grain boundaries are important sites
for twin nucleation since they can provide both, crystal
defect sources and places of stress concentration [28]. The
interaction between primary twins and grain boundaries
was described by Christian and Mahajan [29]. They consid-
ered that the stress concentration in the vicinity of a

GB-twin intersection can be relaxed either by slip or by slip
and twinning in the adjoining grain. El Kadiri et al. [30]
found that low angle grain boundaries with misorientations
between 13° and 15° are more preferential for tension twin
nucleation in Mg than high angle grain boundaries, which
actually is another factor influencing non-Schmid twin var-
iant selection.

Barnett et al. [24] ascribed the anomalous formation of
non-Schmid oriented secondary twins to a local unloading
occurring due to the relative ease of basal (a) slip in sec-
ondary twins. Additionally, the minimization of compati-
bility strain of non-Schmid secondary twins to the closest
twinning plane of the primary compression twins [24] was
assumed to be substantial for variant selection and, partic-
ularly, non-Schmid behaviour of secondary twinning [24].
Other authors ascribed the non-Schmid behaviour to the
difference between the local and the global stress state
[31,32], particularly, strain incompatibility at grain bound-
aries [31,32].

Twinning stimulated by slip was reported by Wang et al.
[26] in pure titanium. They reported strain transfer of pris-
matic dislocation slip, the primary slip system in hcp Ti,
into neighbouring grains as a criterion for the nucleation
of tension twins at grain boundaries. Twin pairs at grain
boundaries were also observed by Beyerlein et al. [21]
and Wang et al. [25]. Their formation was proposed as
one twin impacting a GB stimulating the nucleation of
another twin in the neighbouring grain, or alternatively,
that both twins nucleate mutually at the same location at
the GB and grow into their respective parent grains.

Here we focus on studying the activation of plastic
heterogeneities such as shear bands and the effects of
non-Schmid deformation on tension twinning with specific
regard to grain-to-grain interactions and collective grain
mechanisms. We performed in situ compression tests on
pure Mg and two Mg-rare-carth (Mg-RE) alloys (Mg-
3 wt.%Dy and Mg-3 wt.%Er) using electron backscatter
diffraction (EBSD) and electron channelling contrast imag-
ing (ECCI) to determine the microstructure evolution and
active deformation carriers (dislocations, twins) during
deformation. The two Mg—RE alloys were selected due to
the texture weakening effects associated with the RE alloy-
ing compared to the sharp basal textures in pure Mg [31-
36] and to investigate possible effects of RE addition on
twinning in Mg alloys [18,37]. Due to high local strains
inside and next to shear bands, microstructure character-
ization using electron microscopy is challenging. Therefore,
we applied combined in situ EBSD and ECCI observations
on deformed sample surfaces to determine active slip and
twinning systems via orientation mapping and slip trace
analysis. Additionally we performed crystal plasticity sim-
ulations and compatibility analyses of grain-to-grain strain
transfer for obtaining insights on the true local microme-
chanical loading situation and mechanisms associated with
the experimentally observed collective grain deformation
phenomena. Specifically, we applied crystal plasticity simu-
lations to study the mechanisms leading to the formation of
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Fig. 1. Schematic sketch of the compression stage, the sample geometry
and the sample coordinate system nomenclature. The dashed rectangles
illustrate the observation area during in situ compression.

macroscopic shear bands in pure Mg. As dynamic local
phenomena such as dislocation pile-ups at grain bound-
aries are not included in the crystal plasticity framework
employed here we used the Luster—-Morris parameter (geo-
metric compatibility factor) to analyse the match in grain-
to-grain strain transfer.

2. Experimental methods

The alloys were melted and solidified in an induction
furnace under Ar pressure (15bar) in a steel crucible.
homogenisation annealing of the as-cast materials was per-
formed for 24 h at 450 °C under Ar atmosphere followed
by water quenching. The alloys were hot rolled at 500 °C
to a total engineering thickness reduction of 50%, imposing
8-10% reduction per pass. Subsequent recrystallization
annealing was carried out at 350 °C under Ar atmosphere
for 30 min, again followed by water quenching. Mg—3Er
and Mg-3Dy are single hcp phase solid solution alloys.
Neither second phases nor severe segregation were
observed using electron dispersed X-ray (EDX) analysis.

The in situ specimens were cut via spark erosion to
dimensions 5 x 2 x 3mm’®  (longitudinal  direction
(LD) x compression direction (CD) x transverse direction
(TD)). The observation planes (CD) were mechanically
ground followed by electropolishing using the commercial
electrolyte AC2 (Struers). The sample surfaces were pre-
served during the experiment, which allowed the observa-
tion of active deformation systems. Prior to compression
the grain orientations were measured by EBSD. In situ
compression experiments were carried out in a steel com-
pression stage with displacement control (~0.002 mm dis-
placement per compression step, corresponding to 1%
strain). Fig. 1 shows a schematic sketch of the compression
stage, the sample geometry and the sample coordinate sys-
tem nomenclature. The samples were kept under load in
the compression stage throughout the measurements, and

hence, microstructure relaxation was minimized. Compres-
sion was continued until a total strain of ~5%; increased
surface roughness produced by slip traces and twins after
higher deformation inhibits clear ECCI of the microstruc-
tures and interferes with Kikuchi pattern indexing. EBSD
and ECCI observations were performed on a 1540XB
Crossbeam focused ion beam scanning electron microscope
at an acceleration voltage of 15 kV [38-40].

3. Deformation analysis methodology

Identification of active deformation systems was con-
ducted by trace analysis in the ECC images combined with
orientation data from EBSD, as described in other studies
[38-42].

The Schmid factors of the primary deformation systems
were calculated under the assumption that the global stress
state is uniaxial compression. Twinning differs from slip by
its unidirectional nature; i.e. twin shear only proceeds in
one direction, which requires the resolved shear stress on
the twinning plane to be directed towards the same direc-
tion as the shear direction.

3.1. Deformation transfer across the GB

A geometric compatibility factor m7/, first defined by
Luster and Morris [43], was employed. The group of Bieler
and coworkers [25,26,44] successfully applied » to slip—
twin interaction in pure Ti. In the present study, m' was cal-
culated as

m' = cos@ - cosk

The angles ¢ and x are schematically illustrated in Fig. 2.
Since this geometric compatibility is considered for both
slip and twinning, the shear direction indicated by “b”
refers either to the slip direction in the case of dislocations
or to shear direction in the case of twinning.
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Fig. 2. Geometric alignment of two deformation systems in two neigh-
bouring grains A and B described by angles ¢ and x. The two grains are
linked by the misorientation matrix Ag. ¢ is the angle between two plane
normals n4 and ng, and x the angle between two slip or shear directions ba
and bg. The figure is reproduced from Ref. [43].
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Based on this definition, » falls in the range [0,1]. A
value of m' =1 indicates complete compatibility of the
respective deformation systems and a value of »’ = 0 indi-
cates incompatible deformation across the GB.

Basal slip and tension twinning are considered as pri-
mary deformation modes. Non-basal slip systems are
assumed improbable to be observed in these experiments
for the following reasons:

(1) Non-basal dislocations cross-slip and cause interac-
tion and network formation inside the microstructure
and hence produce only weak wavy slip traces. The
associated surface steps are therefore not
pronounced.

(2) The observations were made in large areas at a wide
field of view for better statistical relevance but, conse-
quently, with magnifications not high enough to map
slip traces of non-basal slip systems.

4. Crystal plasticity modelling

In order to gain more quantitative insights into strain
partitioning, local micromechanical stress states and the
associated slip system activity, and the mechanisms leading
to shear band formation during deformation, crystal plas-
ticity (CP) simulations [45] using a spectral solver [46,47]
are conducted. The used CP formulation is a modification
of the phenomenological model by Hutchinson [48] for
hexagonal crystals incorporated in the DAMASK frame-
work [45,49-51]. The applicability of a similar constitutive
model to Mg has been demonstrated by Prakash et al. [52].
In the current formulation, the microstructure is parame-
terized in terms of a slip resistance s* («x =1,2,..., 18) on
each considered slip system. The following slip systems
are incorporated: three basal ({0001}(2—1-10)), three
first-order prismatic {(a) ({01—-10}(2—1-10)) six first-
order pyramidal {(a) ({01-11}(2—1-10)) and six sec-
ond-order pyramidal (¢ + a) ({2112}(2—1—13)) systems.
These resistances increase asymptotically towards s* with
shears y# (=1,2,...,18) according to the relationship
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with the dislocation interaction matrix (/,4) and the strain
hardening fitting parameters (w, /p). Given a set of current
slip resistances, shear on each system evolves at a rate of
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where > = S - (b* @ n*) with S being the external stress ten-
sor and b* and n* being the unit vectors along the slip direc-
tions and slip plane normals, respectively; }° is the
reference shear rate and # is the stress exponent. The super-
position of shear on all slip systems determines the plastic
velocity gradient L,

18
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Twinning is introduced in a similar way for the six first-
order tension twins (T1) following the concept outlined in
Ref. [53].

The constitutive equations are integrated via a full-field
spectral CP simulation method [46,47]. This spectral
approach is in the current case superior compared to the
commonly used finite element method solvers, since it
enables one to capture high spatial gradients, cope with
pronounced grain-to-grain or in-grain micromechanical
contrast and directly use the EBSD measurement points
as grid points [46].

The orientation information obtained from the EBSD
measurements of the undeformed Mg specimen, shown in
Fig. 4, was thus taken as the initial grain-scale patch
configuration for the CP simulation. Following Tromans
[54] and Agnew et al. [55] the parameters used to model
the constitutive response are given in Table 1. As in the
experiments, a quasi-static compression loading, namely
1073 s7!, was applied to the microstructural patch until a
final average strain of ~5% in the compression direction
was reached.

The spectral method employs trigonometric polynomi-
als for the approximation of the posed boundary value
problem. Hence, the microstructure is assumed to be peri-
odic. In order to minimize any micromechanical effects
stemming from the use of periodic boundary conditions
in the model compared to the non-periodic experiments,
the simulated microstructure regions are kept larger than
those that are being tracked experimentally.

The exact boundary condition tensors used are detailed
in Section 6.

5. Experimental results

The deformation microstructures observed during in
situ compression are consistent with microstructures
observed during bulk ex situ compression. Therefore, we
claim that the observed in situ deformation microstructures
are representative.

Fig. 3 shows the textures of the initial, recrystallized
specimens. The pure Mg specimen exhibits a basal-type
texture with a weak texture component which is slightly
(a few degrees) tilted towards TD. The Mg-Er and
Mg-Dy alloys possess significantly lower basal texture
intensities and more scattered texture peaks around
(0001). In the case of the Mg-3Er alloy texture compo-
nents with a sixfold symmetry at ~30° from (0001) are
present.

5.1. Pure Mg

Fig. 4a-f presents the microstructures observed by
ECCI after different compression steps. Additionally, the
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corresponding inverse pole figure (IPF) map (Fig. 4g), ker-
nel average misorientation (KAM) map (Fig. 4h) and
image quality (IQ) map with highlighted grain boundaries
and twin boundaries (Fig. 4i) after the fifth compression
step are shown. After the first and second step (Fig. 4b
and c¢), slip traces appear firstly in the upper part of the
observed area. With increasing strain, the slip traces
become more distinct and denser, leading to strain localiza-
tion in the upper part of the region of interest (ROI). Twins
are observed after the third compression step, and most of
them are of thin lenticular shape. Up to the fifth compres-
sion step, all indexed twins in the ROI are tension twins,
Fig. 4i. Strain localization and accumulated basal slip
activity in the upper half of the ROI are evident from the
KAM map and the ECC images.

5.2. Mg—RE alloys

Fig. 5a—e shows the microstructures of the Mg-3Dy
sample observed by ECCI after different compression
steps, Fig. 5f shows the corresponding IPF map and
Fig. 5g the IQ map with highlighted grain boundaries
and twin boundaries. After the first step (Fig. 5b), slip
traces are homogeneously distributed in many grains in
the ROI. Most grains contribute to the overall strain
accommodation. With increasing strain, twins are active
in many grains and twin propagation is observed. Twin
multiplication and activation of different variants are pres-
ent in some grains (Fig. 5f and g).

The grain-cluster microstructures of the Mg—3Er speci-
men during compression are shown in Fig. 6. The micro-
structure development follows a similar trend as observed

Mg-3Er

Fig. 3. Initial bulk recrystallization textures of the pure Mg (left), Mg-3Er (middle) and Mg-3Dy (right) samples.

Mg-3Dy

for the Mg-3Dy alloy. After the first step (Fig. 6b) only
faint slip traces are observed in the ECC image. After the
second step (Fig. 6¢), slip traces are present in most grains
with a similar intensity, respectively. From the third step
on, twins were gradually activated in many grains; these
twins were indexed as tension twins (Fig. 6h).

In both types of Mg-RE samples, deformation is more
homogeneously distributed in the ROIs inspected com-
pared to the pure Mg sample. There is no apparent prefer-
ence of specific regions or grain orientations where tension
twins are activated, while in pure Mg most tension twins
are activated inside or adjacent to the strain localization
in the upper half of the ROI (Fig. 4).

Compression and secondary twins were observed in the
Mg-RE alloys only at higher strains.

5.3. Activation of tension twinning

The observed twins are categorised into four groups: (i)
slip stimulated twinning; (ii) twinning stimulated twinning;
(ili) twinning originating from triple junctions; and (iv)
twinning activated in sample regions below the interaction
volume of the sample with the electron beam. We concen-
trated on categories (i) and (ii) twins in this study due to
difficulties in evaluating twin nucleation of categories (iii)
and (iv). Twinning as a result of deformation transfer is
assessed by employing the Luster—Morris parameter [43],
which evaluates the geometric alignment of the deforma-
tion modes among abutting grains [44].

Slip stimulated mechanical twinning is determined by
the microstructural feature that the “thick end” of a twin
at a GB is accompanied by slip traces in the adjacent area
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Fig. 4. ECC images of the microstructure development of pure Mg during compression. (a) Microstructure at the initial state without deformation, (b—f)
microstructure after the first to the fifth compression step; (g) IPF map, (h) KAM map, (i) IQ map with highlighted grain and twin boundaries of pure Mg
after the fifth compression step. Each compression step corresponds to ~1% engineering strain.

Table 1
Material parameters used to model the constitutive response, based on Refs. [54,55].
Property Value Unit Property Value Unit Property Value Unit
Cu 59.3 x 10° Pa 50.basal 10 x 10° Pa 50.T1 40 x 10° Pa
Css 61.5 x 10° Pa Soo.basal 40 x 10° Pa Jo,twintwin 50 x 10° Pa
Cu 16.4 x 10° Pa 50.prism 55 x 10° Pa B0 swinslip 150 x 10° Pa
Ci 25.7 x 10° Pa S prism 135 x 10° Pa
Cis 21.4 x 10° Pa 50.pyr(a) 60 x 10° Pa
c/a 1.6235 - Soo, pyr(a) 150 x 10° Pa

S0, pyr(cta) 60 x 106 Pa

Soo pyr(cta) 150 x 10° Pa

Bo stipstip 500 x 10° Pa

in the neighbouring grain. Twinning stimulated twinning is
determined by two twins meeting at a GB, of which one
twin formed first and its impingement on the GB stimu-
lated the nucleation of the other twin. When two twins
nucleated during the same compression step at a GB, it
cannot be determined if one twin stimulated the nucleation
of the other twin or if both twins nucleated simultaneously.

Here, the term “adjoining twin pair” (ATP) [21,56] is

adopted to describe this kind of twin.

5.3.1. Pure Mg

In pure Mg twins are commonly formed at and con-
nected with grain boundaries or triple junctions. Fig. 7
shows one region containing such a typical microstructure.
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Fig. 5. ECC images of the microstructure development during compression of Mg—3Dy. (a) Microstructure at the initial state without deformation; (b—e)
microstructure after the first to the fourth compression steps; (f) IPF map; (g) IQ map with highlighted grain and twin boundaries of Mg—3Dy after the
fourth compression step. Each compression step corresponds to ~1% engineering strain.

The twin in grain 7 originated from the triple junction that
is formed with grains 6 and 8, as suggested by the thick end
at the triple junction and tapering of the twin towards the
centre of grain 7. In grain 8, a very fine twin emerged from
the GB with grain 5 during the third compression step, and
a new twin with the same plane trace inclination (indicated
by a white arrow in Fig. 7) emerged from the GB during
the fifth compression step. Both twins are accompanied
by basal slip traces in grain 5 at the boundary.

Geometric alignment of the basal slip system
(0001)[—1—120]in grain 5 and the active twinning system
(1-102)[—1101]in grain 8 was analysed, Table 2. All six
possible twin variants are of negative Schmid factors mig
with high absolute values. This is not surprising consider-
ing the basal texture: grain 8 has its c-axis approximately
parallel to the compression direction. The alignment of
the observed variant with basal slip in grain 5 is low, as
suggested by the very low n7’ value of 0.084, Table 2. This
value suggests that twin formation by strain transfer is very
unlikely to occur. As shown in Fig. 7, the observed twin in
grain 8 remains thin from the third to the fifth compression
step, and no prominent surface steps were formed. This
morphology also suggests that operation of this variant is
not favoured though it is activated. As a result of the

inability to accommodate strain at the GB via strain trans-
fer, the GB between grains 5 and 8§ is of stronger roughness
compared to others in the region, i.c. a ledge was produced
at the GB. Therefore, the active variant in grain 8§ is
assumed to have nucleated from this GB as a response to
high locally concentrated stress. The twins in the upper
part of grain 5 and in grain 6 have one end connected to
the triple junction and the other end to the GB. Moreover,
both twins are adjoined by a twin in the neighbouring grain
at the GB. Each twin of the twin pairs in grains 3 and 5 as
well as grains 5 and 6, respectively, emerges during the
same compression step (twins in grains 3 and 5 appear after
the second step and twins in grains 5 and 6 after the third
step), making it difficult to differentiate their sequence of
activation. For these adjoining twin pairs, m’ values were
calculated to assess the geometric alignment between the
two systems, Table 3. All twins have negative mg and high
m' values, indicating again the activation of tension twins
in pure Mg as a response to the locally concentrated stress.

5.3.2. Mg—RE alloys

Significantly more tension twins are activated in the
Mg-RE alloys than in pure Mg; moreover, they are more
homogeneously distributed in the microstructure.
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Fig. 6. ECC images of the microstructure development during compression of Mg—3Er: (a) microstructure at the initial state without deformation; (b—f)
microstructure from the first to the fifth compression steps; (g) IPF map; (h) IQ map with highlighted grain and twin boundaries of Mg-3Er after the fifth
compression step. Each compression step corresponds to ~1% engineering strain.

Fig. 7. ECCI of one region in the ROI of the pure Mg sample containing grains 5-8. The left-hand side patch is mapped after the third compression step
and the right-hand side patch after the fifth compression step. The hexagonal unit cell in grain 8 illustrates its orientation. Each compression step

corresponds to ~1% engineering strain.

Fig. 8 shows slip-induced twinning and twinning-
induced twinning in Mg-3Dy. During the second step
(Fig. 8b), a very fine twin emerged in grain 2 from the
GB with grain 1, as indicated by the arrow. Since the twin
is accompanied by slip activity in grain 1 at the GB, its
nucleation is attributed to slip stimulation across the GB.

Its highest Schmid factor (0.395) and second highest m’
value (0.563) among all six variants confirm the preference
of activation, Table 4. During the third step (Fig. &c), a
new twin parallel to the existing one in grain 2 is formed.
Additionally, two twins formed in grain 1 with their thick
ends meeting the two twins in grain 2 at the GB. Based



F. Wang et al. | Acta Materialia 80 (2014) 77-93 85

Table 2

Geometric analysis of slip and twinning systems in grains 5 and 8 after the third compression step shown in Fig 7. Schmid factor: msg; Luster—-Morris
parameter: m'; ¢ is the angle between two plane normals na and ng, and « the angle between two slip or shear directions b and bp (see Fig. 2); all angles

are specified in degrees.

Grain

Euler angles (@1, ¢, @,) Slip/twinning systems ms 1) K m

Slip systems in grains 5 and 8

5 343.2, 63.7, 35.6 (0001)[1120])" 0.386

8 175.9, 82.8, 164.8 (0001)[1120)" 0.138

Slip-induced twin in grain 8

5 343.2, 63.7, 35.6 (0001)[1120)" 0.386

8 175.9, 82.8, 164.8 (1012)[1011] —0.477 15.0 8.0 0.957
(0112)[0111] —0.488 87.3 65.1 0.020
(OI 12)[0111] —0.470 35.6 40.2 0.621
(1012)[1011] —0.490 78.5 78.8 0.039
(1102)[1101] —0.490 57.6 35.0 0.439
(1102)[1101] —0.486 76.7 68.5 0.084

# Activated system.

Table 3
Twin pairs in grains 3, 5 and grains 5, 6 in Fig. 7. Schmid factor: msg;
Luster-Morris parameter: m'.

Grain mg m

Adjoining twin pairs

5 —-0.313 0.951
3 —0.410
5 —0.302 0.757
6 —0.447

on the activation sequence, nucleation of the twins in grain
1 is assumed to be stimulated by the twins in grain 2. The
highest mg (0.275) and m’ (0.714) values among the six vari-
ants further support this assumption (Table 4). In the fol-
lowing compression steps, twin propagation in length and
extension in width are obvious, Fig. 8d.

In addition to basal slip lines covering the whole grain
area of grain 1, a set of slip lines with a different inclination
is present (Fig. 8e). The new set of plane traces was

identified using EBSD-assisted trace analysis and belongs
to the first order pyramidal plane (—1101).

While the active twins in the above-mentioned grains
possess the highest Schmid factor and highest Luster—
Morris parameter values among all six tension twin
variants, it was found that in other grains the observed
twins do not always have the highest Schmid factor value.
Slip- or twin-induced twins with negative mg values were
frequently observed in both Mg-RE alloys and are,
exemplarily, shown in Fig. 9. The twin shown in Fig. 9 is
associated with slip in a neighbouring grain with a soft ori-
entation (grains 5 and 9) for basal slip. In grain 4 the active
twin variant has a negative mg and the highest »/ value
(Table 5a). The last variant in Table 5a has a relatively high
Schmid factor, yet it was not activated. In grain 10, while
all six twin variants have negative mg values, suggesting
that twin activation is unfavourable with respect to the
external compression strain, the one with the highest n/
value is observed, Fig. 9 and Table 5b. The Schmid factors

Fig. 8. ECC images showing the microstructure development in one region in the ROI of the Mg—3Dy sample containing grains 1-3. (a—d) are from the
first to the fourth compression step. Additional slip lines in grain 1 are illustrated in (e) imaged after the fourth step. Each compression step corresponds to

~1% engineering strain.
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Table 4
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Deformation transfer at the GB between grains 1 and 2 in Fig. 8. Schmid factor: mg; Luster—Morris parameter: n7'; ¢ is the angle between two plane
normals na and np, and k the angle between two slip or shear directions b5 and bp (see Fig. 2); all angles are specified in degrees.

Grain Euler angles (¢1, ¢, ¢2) Slip/twinning systems ms 10 K m

Slip systems in grains 1 and 2

1 45.1, 44.2, 2929 (000n)[2110)" 0.389

2 82.0, 55.5, 308.2 (00012110 0.084

Slip-induced twin in grain 2

1 45.1,44.2,292.9 (00012110 0.389

2 82.0, 55.5, 308.2 (To12)[1011] 0.341 30.0 423 0.641
(0112)[0111] —0.004 83.0 30.9 0.105
(0112)[0111] —0.005 63.5 66.1 0.180
(1012)[1011] —0.328 57.1 58.5 0.284
(11o2)[1101)* 0.395 54.4 14.7 0.563
(1102)[1101] —0.382 75.0 72.8 0.077

Twinning-induced twin in grain 1

2 82.0, 55.5, 308.2 (11o2)[1101)* 0.395

1 45.1, 44.2, 2929 (To12)[1011] 0.078 75.7 36.9 0.197
(0112)[0111] —-0.074 43.7 38.3 0.567
(0112)[0111] —0.090 65.9 51.2 0.256
(1012)[1011] —0.041 86.1 52.3 0.042
(T1o2)[11ro1* 0.275 35.7 28.5 0.714
(1T102)[1101] —0.222 60.2 57.8 0.265

& Activated system.

Fig. 9. ECC images showing microstructure development in one region in the ROI of the Mg-3Dy sample containing grains 4-10; (a—d) are from the first
to the fourth compression step. The arrow in (c) indicates the twin emerging from the GB. Each compression step corresponds to ~1% engineering strain.
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Table 5a

Deformation transfer at the GB between grains 4 and 5 in Fig. 9. Schmid factor: mg; Luster—Morris parameter: n7'; ¢ is the angle between two plane
normals na and ng, and x the angle between two slip or shear directions b, and bp (see Fig. 2); all angles are specified in degrees.

Grain Euler angles (¢, ¢, ¢») Slip/twinning systems ms 7 K m

Slip systems in grains 4 and 5

4 222.8, 84.3, 162.3 (0001)[1210)" 0.330

5 292.7, 86.0, 89.6 (0001)[1210)" 0.465

Slip-induced twin in grain 4

5 222.8, 84.3, 162.3 (0001)[1210}" 0.465

4 292.7, 86.0, 89.6 (1012)[1011] —0.013 61.1 57.8 0.258
(0112)[0111] —0.029 19.6 52.1 0.579
(0112)[0111] 0.052 74.7 83.9 0.028
(1012)[1011] 0.035 43.8 88.6 0.018
(1102)[1TO01)* —0.328 34.6 26.7 0.735
(1102)[1101] 0.374 67.5 67.3 0.148

& Activated system.

and the Luster—Morris parameters of the observed tension
twins in pure Mg, Mg-3Dy and Mg-3Er which are not
explicitly shown above are presented in Tables 6-8. For
adjoining twin pairs, the Schmid factors of both twins are
listed with their common Luster—Morris parameter.

6. Discussion
6.1. Strain distribution and shear banding in pure Mg

Pure Mg exhibits a basal-type recrystallization texture
(Fig. 3), i.e. most grains adopt a hard orientation with
respect to plane strain boundary conditions, rendering
basal slip and tension twinning unfavourable. The most
conspicuous observation in pure Mg is the accumulation
of intense basal slip activity and strain localization during
in situ compression, Fig. 4. This strain localization phe-
nomenon is proposed to be the pre-stage of a shear band
and is hereafter referred to as “pre-shear band”.

Experimentally, the formation of this pre-shear band
was observed to start in conjunction with massive basal slip
traces. After the third deformation step tension twins
are formed. No compression or secondary twins were
observed. Therefore, the concentrated basal slip activity
and strain localization seem to be connected to the forma-
tion of shear bands. The crystal orientations of the grains
inside the shear band and in the non-shear-banded areas
in pure Mg were investigated and compared, Fig. 10. The
grains away from the pre-shear band have basal orienta-
tions while the grains in the region where the shear band
formed have their basal poles about 5-10° deviated from
the compression direction, creating a slightly more favour-
able orientation for basal slip.

However, the experimental observations impose several
questions: (i) Is the observed intense basal slip activity the
source for or a result of (pre-) shear band formation? (ii)
What is the impact of the observed slightly off-basal orien-
tation for the formation of shear bands, both before and
after the deformation? (iii) Why does continuous softening

occur as a consequence of localised intense basal slip and
not, instead, gradual strain hardening?

In order to answer these questions a series of crystal
plasticity simulations with a set of different local boundary
conditions for the patch considered is conducted. The
imposed local tensorial boundary conditions (final defor-
mation gradient tensor (F)) are as follows:

* 0 0 * % 0 * 0 0 * ok ok

0095 0 0095 0 00950 0 095 %

0 0 1.0 0 0 1.0 0 0 = 0 0 =
cpl cp2 cp3 cp4

The symbol * indicates that this specific deformation com-
ponent is not prescribed but an unconstrained boundary
condition is applied for the respective component. Here,
it should be noticed again that these are the average bound-
ary conditions for the complete ROI owing to the periodic
boundary conditions. The rationale behind using these dif-
ferent local boundary conditions, as discussed below in
more detail for the four cases, lies in identifying possible
effects associated with local constraint relaxations for the
grain cluster under inspection. The justification for this
procedure is given by the experience that in the field of
grain mechanics the local deformation state inside a sample
of macroscopic dimensions can profoundly differ from the
macroscopic boundary conditions [9,10,44.,45].

In these CP simulations the initial recrystallized micro-
structure of the Mg specimen, as measured by EBSD,
was used as the starting configuration. In a first crystal
plasticity simulation run (CP1) pure plane strain compres-
sion without allowing in-plane and out-of-plane shear was
applied. These simulation conditions are macroscopically
comparable to the deformation state in the sheet centre lay-
ers of industrially rolled material or — when translated into
laboratory scale — channel die compression conditions. The
simulated basal slip activity is shown in Fig. 1la. It is
clearly visible that no strain localization occurs, but instead
high strain gradients at the grain boundaries are formed
under these conditions. To confirm the CP simulation
result, channel die experiments were performed and,
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Table 5b

Deformation transfer at the GB between grains 9 and 10 in Fig. 9. Schmid factor: mg; Luster—Morris parameter: n7'; ¢ is the angle between two plane
normals na and ng, and x the angle between two slip or shear directions b, and bg (see Fig. 2); all angles are specified in degrees.

Grain Euler angles (¢, ¢, ¢5) Slip/twinning systems ms ® K m'

Slip systems in grains 9 and 10

9 208.7, 84.8, 165.9 (0001)[1210)" 0.390

10 165.3, 80.9, 200.4 (0001)[1210)" 0.465

Twinning induced by slip in grain 10

9 208.7, 84.8, 165.9 (0001)[1210)" 0.465

10 165.3, 80.9, 200.4 (1012)[1011] —0.457 78.0 75.7 0.051
(0112)[0111] —0.443 79.1 69.4 0.067
(0112)[0111] —0.414 4.1 44.7 0.527
(1012)[1011] —0.452 43.7 35.2 0.591
(1102)[1101] —0.434 86.0 86.1 0.005
(1T02)[T101)" —0.400 0.9 5.1 0.996

& Activated system.

Table 6
Summary of active twins on the observed plane in pure Mg. Schmid
factor: mg; Luster—-Morris parameter: n7'.

Table 8
Summary of active twins on the observed plane in Mg—3Er. Schmid factor:
mg; Luster—-Morris parameter: ni'.

Grain mg m

Grain ms

Adjoining twin pairs

5 —0.313 0.951
3 —0.410

5 —0.302 0.757
6 —0.447

9 —0.480 0.967
10 —0.427

14 —0.463 0.876
15 —0.475

15 —0.475 0.922
16 —0.484

Grain msg

Twins nucleated from triple junction

5 —0.313
6 —0.447
7 —0.475
Table 7

Summary of active twins on the observed plane in Mg-3Dy. Schmid
factor: mg; Luster—-Morris parameter: n7'.

Grain mg m

Slip-induced twins

2 0.395 0.563
4 —0.328 0.735
5 —0.208 0.313
10 —0.400 0.996
20 0.463 0.935
22 0.447 0.815
28 0.398 0.826
34 -0.210 0.285
34 —0.193 0.608
Adjoining twin pairs

1 0.275 0.714
2 0.395

21 0.061 0.766
22 0.447

Twins nucleated from triple junction

5-1 —0.283
5-2,3,4 —0.256
8 —0.338
9 —0.058
34 —0.175
36 —0.116
39 —0.080
40 —-0.312
41 —0.326
42 —0.361
44 —-0.412
Grain mg m

Adjoining twin pairs

15 -0.279 0.618
16 —0.401

18 —0.236 0.940
19 —0.389

18 -0.273 0.940
19’ —0.408

20 —0.258 0.441
21 —0.421

30 —0.284 0.492
32 —0.001

44 —0.412 0.897
45 —0.421

Slip-induced twins

2 —0.287 0.761
18 —-0.107 0.958
21 —0.421 0.874
22 -0.327 0.867
24 —0.395 0.626
24/ —0.351 0.543
25 —0.408 0.958
37 —0.356 0.711
45 -0.414 0.878

indeed, no shear banding but instead early fracture of the
material along the grain boundaries was observed,
Fig. 11b. In a second CP simulation (CP2) plane strain

compression allowing in-plane shear in the image plane
(Fy, free) was applied. The results show slightly lower
strain gradients at the grain boundaries than under pure
plane strain compression conditions but also no strain
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Fig. 10. ECC images and {0001}, {10—10} pole figures of the ROI at (a, c, d) the initial state and (b, e, ) after the fifth compression step. The dashed line
divides the ROI into the shear banded region and non-shear-banded region whose respective pole figures are presented in (c—f): (c) non-shear-banded
region in the initial state, (d) shear banded region in the initial state, (¢) non-shear-banded region after the fifth compression step and (f) shear banded
region after the fifth compression step. The fifth deformation step corresponds to ~5% macroscopic strain.

localization occurs. The results indicate that such in-plane
shear relaxation is not promoting shear banding and that
instead out-of-plane deformation components seem to be
required for the formation of shear bands during compres-
sion of Mg polycrystals. Therefore, a third CP simulation
(CP3) was performed, applying plane strain compression
and allowing out-of-plane deformation normal to the
image plane (F3;3 free), Fig. 11c. The modelling results show
a percolation of high basal slip activity in the upper region
of the ROI, Fig. 11c, in agreement with the experimentally
observed localised basal activity and shear band formation,
Fig 4f. For a better visualisation the experimental ECCI
micrograph (Fig. 4f) and the CP3 basal slip intensity map
are superimposed, Fig. 11d. The results imply the subse-
quent development of a considerable out-of-plane shear
stress component during compression. In order to further
analyse the impact of this shear stress component, a fourth
crystal plasticity simulation was performed, imposing com-
pression loading and allowing additional out-of-plane
shear (Fy,, Fi3, Fr3, F33 free). The simulation results do
not show a significant difference to CP3. These findings
imply that the out-of-plane shear stress component which
is activated through the percolation of intense basal

dislocation slip in slightly off-basal oriented grains is caus-
ing a dynamic facilitating local softening and leading to the
formation of shear bands in polycrystalline Mg with pro-
nounced basal texture.

Based on the above presented and discussed experimen-
tal and computational results we propose the following
mechanisms for shear band formation in basal-textured
Mg. A cluster of slightly off-basal oriented grains (where
the slightly inclined near-basal texture components might
be retained from a preceding inhomogeneous hot working
and/or rotation recrystallization step [57-59]) exhibit a
slightly more favourable orientation for basal slip than
exactly basal oriented grains. In these grains, intensive
basal slip is locally activated during the on-set of plastic
deformation, leading to a micromechanical strain percola-
tion effect in the form of a collective grain cluster deforma-
tion mechanism. This cumulated basal slip extending
across multiple neighboured grains creates a pronounced
shear component parallel to the active basal glide planes
(out-of-plane) in the percolation area and, consequently,
basal slip becomes more favourable in this area. Via this
dynamical process strain localization is facilitated and
results in shear band formation.
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Fig. 11. (a, ¢) Crystal plasticity simulations using a spectral full field solver; the colour code shows the accumulated basal slip when applying (a) plane
strain compression (CP1); (c) plane strain compression allowing out-of-plane shear (CP3); (b) channel die experiment corresponding to CP1 (a); (e) ECCI
micrograph after the fifth compression step (see Fig. 2) overlaid with the CP3 map. All simulations and experiments are for pure Mg. For the CP
simulations in (a) and (c) the initial recrystallization microstructure of the pure Mg compression sample (Fig. 2) was used as starting configuration.

This proposed mechanism can also be adapted to purely
basal oriented material: along the geometrically induced
stress concentrations under external load the local stress
in the microstructure becomes probably high enough to
activate basal dislocation slip. Once the basal slip is acti-
vated in one of the grains, pile-ups and stress concentration
effects parallel to the active basal planes will occur at its
grain boundaries, and hence basal dislocation slip is trig-
gered in the neighbouring grains. Thus, a cluster of grains
with basal dislocation slip inducing a shear component par-
allel to the active basal glide planes develops and the pro-
posed process continues as described above for off-basal
tilted grains.

6.2. Activation of tension twinning and variant selection

The above presented analysis of tension twinning reveals
that the activation of tension twin variants with (i) high
Schmid factor and high Luster—-Morris parameter; (ii)
high Luster-Morris parameter and low Schmid factor;
(ii1) high Luster—Morris parameter and negative Schmid
factor (in part with high absolute values) can all occur.
Many activated twin variants possess negative Schmid
factor values. The negative values suggest that the strain
produced by tension twinning is opposite to the macro-
scopic compression strain. This is not surprising in pure
Mg considering its intense basal texture where the crystal
c-axes of most grains are roughly parallel to the compres-
sion direction. In contrast, Mg-3Dy and Mg-3Er possess

more random basal-type textures yet some active tension
twins still exhibit a non-Schmid behaviour (Tables 5a, 7
and 8) while others have both a high absolute Schmid fac-
tor value and a high Luster—Morris parameter (Tables 4,
5b, 7 and 8). To further analyse the activation of tension
twinning in Mg—Er and Mg-Dy, the orientations of grains
in which twinning occurred during compression and grains
in which no twinning was observed are separately plotted
in pole figures, Fig. 12. It should be noticed that only those
grains in the ROI where tension twins were identified and
those grains in the ROI where no twinning was observed
are selected for the plotted pole figures; hence, they do
not represent the global textures. In Mg-3Dy, the twinned
grains (Fig. 12a) have their c-axes shifted away from the
compression direction. The first and second strongest ori-
entation peaks of {0001} poles are at 63° and 81°, respec-
tively, with respect to the pole figure centre. When grains of
these orientations are subjected to a compression stress,
extension along the c-axis is expected and can be realised
by the formation of tension twins. In these grains twins
with positive and high Schmid factors were observed in
Mg-3Dy (Tables 5a, 5b and 7). Contrarily, in Mg-3Er a
higher fraction of tension twin variants with lower Schmid
factor values and negative Schmid factors (most with high
absolute values) was observed (Table 8). In Mg-3Er the
twinned grains (Fig. 12c) have their c-axes less shifted away
from the compression direction when compared to their
counterparts in Mg-3Dy. The peak positions in the
{0001} pole figure are at 25° and 51°, respectively, with
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respect to the pole figure centre. The effect of the global
compression strain on these grains is contraction along
the c-axis.

The orientations of the grains in the ROI demonstrate
that tension twinning occurs preferentially in the grains
with larger deviations of the basal poles from the compres-
sion direction although the orientation may still be unfa-
vourable for the activation of tension twinning due to
their negative Schmid factors.

In pure Mg, twinning occurs in hard oriented grains
inside the pre-shear band after intense basal slip activity.
Due to strain localization it is very likely that the local
stress state is different from the global stress state, in both,
magnitude and directionality. Regardless of the Schmid
factor value, adjoining twin pairs possess quite high values
of the Luster—Morris parameter (Table 6).

In Mg—3Dy there are variants activated with both the
highest Schmid factor and Luster—-Morris values among
siX variants, e.g. in grains 1, 21, 22, but also variants with
low and/or negative Schmid factors but the highest Lus-
ter—Morris values, e.g. in grains 4 and 10 (see Table 7). In
Mg-3Er all observed twin variants have negative Schmid
factors, several of them with high absolute values and high
Luster—Morris parameters. Depending on the deformation
modes in the adjacent grain, different variants are activated
from the GB to fulfil the respective geometric compatibility.

For twinning-induced tension twins the analysis shows
that the tension twin which was first activated generally
is characterised by a high Schmid factor value while the
second activated twin, i.e. the twin-stimulated twin, pos-
sesses always a high Luster—-Morris parameter, but in most
cases not the highest Schmid factor value. This indicates

(@) Ppox =304
0001

(€) Ppo. =217
0001
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again that lower Schmid factor tension twins are activated
in unfavourably oriented grains to accommodate the local
strain and maintain strain compatibility.

Since the tension twin variants with a high Luster—
Morris parameter and a high absolute Schmid factor value
prevail in general, it is concluded from the present observa-
tion that besides the Schmid factor the strain transfer com-
patibility plays an important role in twin nucleation. The
cases where Schmid’s law of tension twinning was not ful-
filled are probably resulting from the unfavourable orienta-
tion of grains rather than a reflection of the nature of twin
activation. In fact, if the material is strained in a favourable
orientation, e.g. compression along the RD and tension
along the ND in rolled material [60], or compression along
the extrusion direction and tension along the tangential
direction in extruded material [61], good agreement with
Schmid’s law is observed.

Direct comparison between pure Mg and the Mg-RE
alloys shows that in pure Mg localised and higher basal slip
activity and a lower tension twin activity than in Mg—Er
and Mg-Dy was observed. In both Mg-RE alloys no local-
ised deformation was observed; the activation of tension
twins occurred slightly later and twin propagation was
found to be slightly faster than in pure Mg. The distribu-
tion of tension twins was homogeneous in Mg-Er and
Mg-Dy, whereas in pure Mg tension twins were observed
to nucleate in the area of localised strain. Compression
and secondary twins were observed in both Mg-RE alloys
only at higher strains in ex situ experiments. The observed
differences in tension twinning between pure Mg and
Mg-RE are assumed to result from texture effects. In the
present work, the pure Mg sample possesses a stronger
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Fig. 12. Pole figures based on orientation data of grains in which twins develop in subsequent compression (a, ¢) and grains in which no twin is observed
during the test (b, d) in the ROI of Mg-3Dy after the first compression step (a, b) and of Mg-3Er after the second compression step (c, d). Each

compression step corresponds to ~1% engineering strain.
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and the two Mg-RE alloys weaker basal-type textures;
therefore it can be assumed that the Schmid and non-
Schmid behaviour of tension twins is firstly affected by
the texture. During the early stages of compressive defor-
mation no “RE-effect” other than RE-induced texture
weakening on the activation of tension twinning was
observed.

In summary, the formation of tension twinning is
rationalised in the following way. For grains with an orien-
tation where the compressive stress component is parallel
to the basal plane or the tensile stress component along
the crystal c-axis, tension twinning is favoured. Here, the
twin variant which is geometrically well aligned with the
deformation mode in the adjacent grain is preferentially
activated. For grains with orientations that render tension
twinning unfavourable, due to their hard orientation for
twinning, the global strain cannot be effectively accommo-
dated and stress concentrates at grain boundaries. When
the concentrated stress is high enough to activate twinning,
and if there is a geometrically well-aligned deformation
mode in the adjacent grain, it is activated. Otherwise,
strong strain gradients form in the vicinity of the GB, as
is manifested by local orientation variations or even ledges
at the GB, such as observed in pure Mg (Fig. 4). Besides
the Schmid factor several other factors seem to contribute
to the twin variant selection in Mg alloys: (i) strain accom-
modation required by the neighbouring grains [22], GB
character and misorientation [30], (iii) minimization of
compatibility strain in the case of secondary twinning [24]
and (iv) strain compatibility across grain boundaries as
analysed in the present study.

7. Conclusions

We analysed by in situ deformation the microstructure
development of pure Mg and two Mg-RE alloys
(Mg—-3%Dy and Mg-3%Er) at the grain scale. The main
observations and conclusions are as follows:

(1) Below an engineering strain of 5%, pure Mg exhibits
localised slip activity, causing the formation of a pre-
shear band and twinning exclusively in this pre-shear
band. In contrast, the two Mg-RE alloys exhibit
homogeneous deformation and a larger contribution
of activated tension twins. The basal texture and the
associated grain clusters of similar basal orientation
in the recrystallized pure Mg are an important factor
responsible for strain localization.

(2) During the early stages of compressive deformation
no “RE-effect” other than RE-induced texture weak-
ening on the activation of tension twinning was
observed.

(3) Combined in situ deformation experiments and crys-
tal plasticity simulations indicate that strain localiza-
tion and pre-shear band formation in pure Mg is a
result of percolated basal slip activity in slightly off-
basal orientated grains. As a result of this locally

cumulated intense basal slip a shear stress component
parallel to the active basal glide planes develops and
subsequently cases the basal slip, leading to the for-
mation of a pre-shear band.

(4) Non-Schmid behaviour of tension twinning was
observed in both pure Mg and the two Mg-RE
alloys. However, it appears in the two Mg-RE alloys
that activation of tension twinning preferentially
occurs in grains showing a larger deviation between
the crystal c-axis and the compression direction. In
pure Mg, tension twins are activated in areas with
high local stresses, i.e. inside shear bands.

(5) The Luster—Morris parameter describes the geometric
compatibility and is an effective criterion in variant
selection for twin activation. The activation of ten-
sion twinning can be understood in combination with
the local stress tensor only. Analysis of the Luster—
Morris parameter and the (global) Schmid factor of
activated tension twins revealed that twinning follows
Schmid’s law in orientations favourable for twinning,
while in orientations where twinning is not favoured
by the macroscopic stress state twinning is more a
process of accommodating local strain and thereby
maintaining strain compatibility at grain boundaries
than a response to macroscopically imposed strain
in Mg and Mg alloys at low strain levels.
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