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Abstract: This work presents an overview of the mechanical response and microstructure evolution
of specifically oriented pure magnesium single crystals under plane strain compression at room
temperature. Crystals of ‘hard” orientations compressed along the c-axis exhibited limited room
temperature ductility, although pyramidal (c + a) slip was readily activated, fracturing along crystal-
lographic {1124} planes as a result of highly localized shear. Profuse {1012} extension twinning was
the primary mode of incipient deformation in the case of orientations favorably aligned for c-axis
extension. In both cases of compression along (1120) and (1010) directions, {1012} extension twins
completely converted the starting orientations into twin orientations; the subsequent deformation
behavior of the differently oriented crystals, however, was remarkably different. The formation of
{1012} extension twins could not be prevented by the channel-die constraints when c-axis extension
was confined. The presence of high angle grain boundaries and, in particular, {1012} twin bound-
aries was found to be a prerequisite for the activation of {1011} contraction twinning by providing
nucleation sites for the latter. Prismatic slip was not found to operate at room temperature in the
case of starting orientations most favorably aligned for prismatic slip; instead, cooperative {1012}
extension and {1011} contraction twinning was activated. A two-stage work hardening behavior was
observed in ‘soft’ Mg crystals aligned for single or coplanar basal slip. The higher work hardening
in the second stage was attributed to changes in the microstructure rather than the interaction of
primary dislocations with forest dislocations.

Keywords: magnesium; single crystal; deformation twinning; plasticity

1. Introduction

Magnesium is the lightest structural metal, about one-third lighter than aluminum,
and it has less than one-quarter of the density of ferrous alloys. Moreover, magnesium
has a high specific strength and stiffness as well as high damping properties compared
to other metals. It is abundantly available in the earth’s crust and seawater and has a
high recyclability. Magnesium alloys are also superior at electromagnetic interference
shielding, which makes them well suited for housings of portable electronic consumer
goods. However, while cast magnesium is widely utilized, there are a number of technical
difficulties hampering the large-scale use of wrought magnesium alloys.

Generally, magnesium sheets have a poor formability at room temperature, which is
improved markedly above 175 °C [1]. During the primary fabrication process, e.g., rolling,
grains rotate to unfavorable orientations (strong texture) for isotropic plasticity [2]. Further
processing steps must therefore be carried out at elevated temperature to thermally activate
additional modes of deformation, which leads to high production costs. Further issues
that limit the applicability of wrought magnesium are a strong yield asymmetry [3] due to
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deformation twinning, edge-cracking in rolling and a low ductility at high strength [4] as
well as poor corrosion resistance [2].

No matter whether the difficulties associated with the poor ductility of wrought
magnesium at ambient temperature will be overcome by innovative processing, alloy
and/or microstructure design, understanding the underlying physical mechanisms and
microstructural changes in the material during processing is paramount.

A lot of research effort was dedicated to uncovering the operating modes of deforma-
tion in magnesium. Well-known studies on magnesium single crystals were performed
by Wonziewicz and Backofen [5] as well as by Kelly and Hosford [6] in the 1960s. Both
studies included plane strain compression tests on differently oriented magnesium sin-
gle crystals, demonstrating their complex deformation behavior, which is characterized
by profuse deformation twinning and the occurrence of recrystallization. However, the
investigations mentioned above were limited to rather small strains as their focus was on
the temperature dependence of slip and twinning activation. Following these classical
works, there was surprisingly little incentive to characterize the deformation behavior of
Mg single crystals, despite the apparent need for reliable modeling based on real physical
mechanisms. Hence, the lack of a holistic understanding of the deformation behavior,
microstructure and texture evolution in Mg single crystals calls for a reexamination of the
fundamental underlying mechanisms, especially considering the advent of more advanced
characterization techniques and general progress in research.

Compared to investigations of polycrystals, studies on single crystals claim several
advantages. Single crystals can be precisely oriented with respect to the loading axes, which
allows one to target and isolate specific modes of deformation, especially in conjunction
with imposed constraints. Furthermore, model case experiments on single crystals provide
an opportunity to examine the deformation behavior, microstructure and texture evolution
depending on the initial orientation of the crystal. The operating slip modes and the
critical resolved shear stress (CRSS) can be readily determined. Multiple generations of
deformation twins can be easily distinguished even when the typical twin morphology
is lost, which is rarely possible in polycrystals. The emergence of new grains and their
orientation relationship to the surrounding matrix can be readily traced, which can grant
valuable insight in the mechanisms of recrystallization [7]. In general, the use of single
crystals permits a much clearer and forthright analysis of the observed microstructural
changes compared to conventional studies on polycrystals.

In light of these advantages of studies employing single crystals, it is imperative to
note that, in general, individual grains in a polycrystal do not deform as single crystals.
This is especially true for metals with crystal structures of high symmetry where multiple
slip is prevalent. Single crystal studies therefore aim at exposing the underlying physical
mechanisms, rather than claiming to directly predict the deformation behavior of poly-
crystals. That said, in the case of magnesium, very strong basal textures are predominant;
hence, individual grains often undergo a similar deformation compared to what is tested
in single crystal studies, especially when constraints are used. Furthermore, the small
number of independent deformation modes, i.e., the dominance of basal slip and extension
twinning at room temperature, entails a deformation behavior of the polycrystal that can
be approximated by a Sachs-type model [8-10], in which the operation of only one defor-
mation mode per grain is assumed. To this end, understanding the deformation behavior
of single crystals is indispensable.

Deformation of Mg at room temperature is particularly arduous owing to only a
limited number of slip and twinning systems that can be activated to accommodate the
imposed deformation. Plastic anisotropy is greatly pronounced, i.e., crystals of varying
orientations are expected to exhibit a drastically different mechanical response (see, for
example [11,12]). Performing model case experiments on specifically oriented single crys-
tals allows to isolate and to identify the mechanisms of deformation, which in turn yields
valuable insight in the deformation behavior of polycrystalline Mg.
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The aim of the present work is to provide an overview of the mechanical response
and microstructure evolution of specially oriented pure Mg single crystals during plane
strain compression at room temperature in order to expose the mechanism involved.
Special emphasis is placed on the investigation of crystal orientations in which basal slip is
inhibited initially since that provides an opportunity to focus on non-basal slip systems
and deformation twinning more exclusively. Furthermore, the critical resolved shear stress
of slip and twinning, the work hardening and the fracture behavior are characterized.

2. Specimens and Applied Methods to Study Deformation of Mg Single Crystals
2.1. Single Crystal Growth

Mg of commercial purity (99.98%) was used as the starting material for pure Mg
crystals. Cylindrical crystal seeds (& 5 mm x 25 mm) with the c-axis aligned parallel to
the axis of symmetry (maximum angular deviation of 0.2°) were cut from a randomly
oriented single crystal by electrical discharge machining (EDM) [13] in order to avoid any
plastic deformation of the material. EDM was performed using a wire with a diameter of
0.25 mm.

The crystal seeds were etched in a 5% solution of nitric acid and boiled in distilled water
for several minutes in order to form a stable oxide layer on the surface. The same procedure
was done for a polycrystalline blank. The oxide layer acted as a barrier between the molten
Mg and the inside of the mold, preventing diffusion and adherence. After preparation, the
crystal seed and the blank were placed in a cylindrical steel mold. While the top part of the
mold was made from stainless steel, the steel used for the bottom part that was in contact
with the molten Mg did not contain any Ni to prevent contamination. A graphite-based die
coating (Acheson Hydrokollag IP 5) was used to cover the inside of the mold.

For the growth of oriented single crystals by direct solidification the Bridgman method [14]
in a vertical configuration was utilized. The resulting crystals had a conical shape with a base
diameter of 34 mm, a length of 56 mm and an opening angle of 4° (Figure 1a).

(a) (b)

(c)
/// (1120) / (1010)

X-ray source

—_—

Film Single crystal Goniometer
mounting

Figure 1. (a) Conically shaped pure Mg single crystal (etched in dilute nitric acid) with the c-axis
nearly parallel to the axis of symmetry (millimeter paper for scale); (b) 3-axis goniometer used
for alignment of the single crystals and (c) schematic illustration of a single crystal mounted on a
goniometer and aligned according to the desired orientation of the final specimens using Laue (white
beam) X-ray backscatter diffraction.
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(a)

Plunger

A brass goniometer mounting was adhered to the back end of each crystal using glue
mixed with copper powder to ensure conductivity during EDM (when the crystal was
mounted onto a goniometer). Each grown single crystal was attached to a 3-axis goniometer
(Figure 1b) and aligned according to the desired final orientation of the specimens using
the Laue X-ray back-diffraction method detailed in Ref. [15] (Figure 1c). After alignment,
specimens were cut for mechanical testing.

2.2. Channel-Die Plane Strain Compression Tests

Mg single crystals were subjected to plane strain compression (PSC) testing using a
channel-die as shown in Figure 2a. For the PSC tests, cuboid specimens with dimensions of
14 mm x 10 mm X 6 mm were fabricated by means of EDM from the specially oriented
single crystals. A schematic illustration of the channel-die device with respect to the
specimen axes is shown in Figure 2b. Extension was limited to the longitudinal direction
(LD) since extension in the transverse direction (TD) was suppressed by the channel-die
walls. Mechanical tests were carried out at room temperature and a constant strain rate of
1073 s~! by means of a conventional screw-driven ZWICK 1484 testing machine.

Single crystal (b)
specimen

Die

Figure 2. (a) Channel-die device used for plane strain compression tests with a Mg specimen;
(b) schematic illustration of the channel die in (a) (LD—longitudinal direction, TD—transverse
direction, CD—compression direction). Measurements are given in mm.

The specimens were strained up to various logarithmic (true) strains, defined by
et=In(1 + ¢), where ¢ is the engineering strain. The applied force and displacement in
the CD were both monitored and automatically controlled by a computer with a data
acquisition system. The preloading force was 50 N, which translates into 0.36 MPa. To
reduce friction, hydraulic oil was used for lubrication.

Single crystals with different ideal orientations, including compression along (orienta-
tions A and B) and perpendicular to the c-axis (orientations C-F) as well as orientations
with the c-axis inclined at an angle of 45° to the compression direction (orientations G and
H), were tested in plane strain compression. The mismatch between the crystallographic
directions and the specimen axes, i.e., compression (CD), longitudinal (LD) and transverse
direction (TD) of the channel die, was less than 1°. An overview of the ideal specimen
orientations is given in Table 1 expressed as (¢, ®, @;) in Euler space.
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Table 1. Orientations of single crystal specimens deformed by plane strain compression in a channel-
die. (Quotation marks indicate irrational directions with rounded indices). Euler angles are expressed
as (@1, ®, ¢o) in Euler space (in Bunge notation, with x | | [0110 Jand y | | [2110 ]). The deviation
from the ideal orientations was less than 1°.

Single Crystal Euler Crystal Direction in
Orientations Angles (°) LD TD CD
A (0090) [2110] [0110] [0001]
B 000) [0110] [2110] [0001]
C (9090 0) [0001] [0110] [2110]
D (9090 90) [0001] [2110] [0110]
E (090 0) [0110] [0001] [2110]
F (090 90) [2110] [0001] [0110]
G (90 450) 1[126611.1]/ [0110] 11266111}/
H (90 45 90) 1[011.211.212)/ [2110] /[011.211.212)/

2.3. Sample Preparation

Metallographic sample preparation included soft grinding on grinding discs with
1200, 2400 and 4000 grit SiC-paper. Ethanol was used for lubrication/cooling in the final
grinding step instead of water to avoid oxidation. Grinding was followed by 3 and 1 pm di-
amond polishing on Struers MD-Nap cloths at a very low rotation speed using an oil-based
and water-free coolant until scratches could not be recognized visually. After diamond
polishing, electropolishing in a 5:3 solution of ethanol and H3POy at 2 V was performed.
Average electropolishing times were about 1 h. In some cases, e.g., channel-die specimens
of orientation F, electropolishing times of up to 4 h were required to yield satisfying results,
i.e., a deformation and twin free surface. Comparatively long electropolishing times were
necessary since single crystalline Mg samples were particularly prone to deformation twin-
ning during sample preparation (i.e., mechanical grinding and polishing). Electropolishing
was performed at all times, irrespective of the characterization technique used, e.g., optical
microscopy or electron backscatter diffraction. Extremely careful handling of specimens
was crucial to avoid deformation of the soft single crystals. The deformed specimens after
PSC tests were etched in a 5% solution of nitric acid, cut at the mid-surface of the LD-TD
plane by EDM and prepared for further characterization. Chemical color-etching with a
freshly prepared 1:1:7 solution of water, acetic acid and picral (4% picric acid in solution
with ethanol) was performed for optical microscopy investigations using polarized light.

2.4. Characterization Techniques

Microstructure characterization using polarized light was performed on a Zeiss Axio
Imager Alm optical microscope. Furthermore, C-DIC (circular polarized light-differential
interference contrast) [16] was applied to characterize the microstructure and surface
topology. Micrographs (between 50 and 300 images per sample) covering the whole
specimen surface were acquired manually at low magnifications and stitched together
using a specially developed in-house software (utilizing the scale-invariant feature trans-
form algorithm by David Lowe [17]) to obtain a complete high-resolution macroscopic
image of the investigated plane. Supplementary stereomicroscopy was performed on a
Zeiss Discovery V12 optical microscope fitted with variable LED illumination to provide
orientation-dependent information on the surface topology at low magnifications, albeit
without offering color contrast.

The Laue (back-reflection) technique was used to measure the orientations of single
crystals (see Section 3.1) by placing a film between the X-ray source (W-tube operating at
45kV and 30 mA) and the measured specimen. The positions of Laue-reflections (spots)
on the film were determined using magnified scans of the Laue micrographs and indexed
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using the software ‘OrientExpress 3.4’ by J. Laugier (Laboratoire des Materiaux et du Génie
Physique de 1’Ecole Supérieure de Physique de Grenoble).

Electron backscatter diffraction (EBSD) measurements were performed using a scan-
ning electron microscope (SEM) equipped with a field emission gun (Leo Gemini 1530 with
a LaBg filament) and an HKL-Nordlys II EBSD detector to characterize the microstructure
and microtexture. The samples were mounted onto custom machined brass holders to
ensure a perfect alignment and tilted to 70° (from the horizontal) towards the EBSD detec-
tor to increase the backscattering yield. An acceleration voltage of 20 kV was used for all
measurements. The Matlab toolbox MTEX [18,19] was utilized to analyze and visualize
the EBSD data, including correction of the EBSD raw data (filtering based on a maximum
mean angular deviation and nearest neighbor extrapolation) and grain reconstruction.

3. Plastic Response and Microstructure of Differently Oriented Mg Single Crystals
3.1. Flow Behavior of Mg Single Crystals

As shown in Figure 3, the investigated pure Mg single crystal specimens with dif-
ferent initial orientations exhibited very different mechanical behavior during ambient
temperature PSC deformation. The four orientations A, C, E and G (Figure 3a) shared a 30°
rotation around their respective c-axes with the orientations B, D, F and H (Figure 3b). For
instance, in the case of orientations A and B, the imposed deformation yielded contraction
along the c-axis while extension was confined to the crystallographic (1120) and (1010)
directions, respectively. Orientations C and D represented the case of c-axis extension,
whereas the c-axis extension was confined for the orientations E and F (c-axis parallel to
TD). Orientations G and H were the only ones that were aligned for basal slip. For all
other orientations, the basal plane was either parallel or perpendicular to the compression
direction, i.e., basal slip was suppressed.

B ¥
(b) ‘
;4
. 400 v D
= \*_ 350 <l o
= — 3007 ' - -
4 a
= 250 4
v E =
a
ﬁ—d///t \ - © 200 .
T
! ’ b ! S H
VG A glw . Na
)\ F 1007 <
- -> }
. 50.
4
0
0 01 -02 -03 -04 -05 -06 0 -01 02 -03 -04 -05 -06
True strain True strain

Figure 3. Flow curves of the investigated pure Mg single crystal specimens of various orientations
deformed by PSC at ambient temperature and a constant strain rate of 103 s~1. Oil was used for
lubrication. The same colors are used to denote orientations that share a 30° rotation around their
respective c-axis in (a,b).

Specimens of orientations A (Figure 3a) and B (Figure 3b), i.e., the case of c-axis
contraction, displayed the least ductility at room temperature, reaching a maximum true
strain of —7.3% and —6.6%, respectively, at fracture. Crystals of other orientations were
significantly more ductile, reaching a true strain of —1, with the exception of orientation D,
the flow behavior of which was more similar to that of orientation B (Figure 3b) than its
counterpart orientation C (Figure 3a).

Apart from crystals of orientations C and D that showed a highly diverse deforma-
tion behavior in c-axis extension, the stress-strain curves for the other orientations were
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qualitatively similar when compared to their counterparts (rotated by 30°). However, quan-
titatively, significant differences were apparent. In other words, no single crystal tested
displayed the exact same deformation behavior as another one with a different orientation,
demonstrating the great extent of plastic anisotropy in Mg.

3.2. Contraction along the c-Axis (Orientations A and B)

The flow curves for specimens of orientations A and B are shown in Figure 4. Basal
slip was suppressed in both cases. Initial strain hardening rates were among the highest
compared to other orientations. The hardening rates do; /de; for specimens of orientation A
and B were determined to be 6.3 GPa and 6.9 GPa, respectively, in the initial linear region
of the flow curves. However, the hardening rates decreased at higher strains, most notably
seen in the case of orientation A (Figure 4). The hardening rates do; /de; measured in the
linear regions of the flow curves prior to fracture were 3.2 GPa for orientation A and 5.5 GPa
for orientation B.

B ¥
400 Tl
\
= 3001 i A
a.
g - B
(%]
& 200 t
@
(0]
2
= 1001
0 -0.02 -0.04 -0.06 -0.08
True strain

Figure 4. Flow curves of pure Mg single crystals of orientations A and B (c-axis contraction) deformed
by PSC at ambient temperature and a constant strain rate of 10~3 s~1. Oil was used for lubrication.

For both orientations A and B, fracture always occurred along {1124} planes repeat-
edly, as seen in Figure 5. The specimens typically cracked in a rather violent event that
caused pieces to break off as shown in Figure 5b. The maximum true stress attained was
320 MPa and 390 MPa for orientation A and B, respectively. Right before fracture occurred,
the flow curves exhibited an inflection point, followed by a continuous brief decrease in
flow stress.

Specimens of orientation A that were polished prior to testing and strained without
exceeding the rupture stress revealed the existence of slip traces. Slip traces on the CD-TD
plane (the only unconstrained plane in channel-die compression) are shown in Figure 6.
Fine horizontal traces (Figure 6a) as well as fine diagonal lines at an angle of 54-57° to TD
(Figure 6b) and coarser diagonal bands (Figure 6c) in a diamond-like pattern were present.
These slip lines were found to be nearly parallel to traces of {1122} planes (Figure 6). It
is worth noting that the horizontal lines depicted in Figure 6a could have also originated
from slip on the basal plane; however, basal slip could not account for the appearance of
diagonal lines on the CD-TD surface of A-orientated crystals (Figure 6b).
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s | (1124)
A (2114) ¢ B850

2 mm

L w

Figure 5. Optical micrographs of the CD-LD plane of a specimen with (a) initial orientation A and
(b) initial orientation B after fracture at room temperature.

(1212)
+54.6°
\
A (1122)
—=

cD

™D

Figure 6. Optical micrographs (C-DIC) of a prepolished CD-LD side of a specimen with the initial
orientation A showing (a) horizontal slip traces, (b) fine diagonal slip traces and (c) rutted surface
with a diamond-like slip pattern.
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The CD-LD surface of specimens with orientation B was significantly more rutted
compared to those with orientation A. Like in the case of orientation A, horizontal slip lines
were apparent. Non-rectilinear diagonal slip traces were observed as well at inclinations in
a brought range of 43-58° to TD (Figure 7). These traces could not be clearly assigned to a
particular slip plane; however, they were not a result of basal slip.

100 pm

Figure 7. Optical micrographs (C-DIC) of a prepolished CD-LD side of a specimen with starting
orientation B showing non-rectilinear diagonal slip traces at an angle of (a) approximately 55° and
(b) approximately 46° to TD.

Besides slip lines, numerous {1012} extension twins were frequently observed on the
CD-LD surface of specimen A and B despite the imposed c-axis contraction. However,
their appearance must be attributed to inhomogeneous flow during unloading and the
corresponding residual stresses [5,20].

Detailed examination of the failed samples (orientation B) revealed the presence of
narrow recrystallized bands nearly parallel to the trace of {1124} planes (planes of fracture)
on the TD-LD surface (Figure 8). The matrix orientations adjacent to the band in Figure 8
(left and right) were rotated away from the initial orientation of the single crystal in different
directions about an axis parallel to the band, leading to a misorientation angle of up to
8° between them, i.e., local splitting of the initial basal texture occurred. At other bands
(not shown here) splitting of up to 30° was observed. Cracks were either directly evident
in such bands, mostly along grain boundaries (Figure 8a), or these bands continued into
cracked regions (Figure 8b). An orientation map of the recrystallized band in Figure 8b
is shown in Figure 8c. A larger number of {1012} extension twins were often found in
the vicinity of such cracked /recrystallized bands (blue in Figure 8c); however, {10T1} or
{1154} contraction twins were not observed. Moreover, the grains in the band interior
did not harbor any indication that the band was a former {1124} twin, although this is
suggested by the {1124} trace of the band. None of the grains had a misorientation (with
respect to the matrix) close to that of a {1124} twin, which would be 78.14° around (1100).
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(€)

(b)

10 um

Figure 8. (a,b) SEM micrographs of recrystallized bands and cracks on the TD-LD surface and
(c) orientation map of the band in (b) in inverse pole figure (IPF) coloring with respect to CD. Yellow
arrows in (a,b) indicate cracks.

3.3. Extension along the c-Axis (Orientations C and D)

As mentioned above (in Section 3.1), the flow behavior of C- and D-oriented crystals
in c-axis extension was distinctively different. The respective stress—strain curves at room
temperature are depicted in Figure 9. Specimens of orientation D failed at a true strain of
—14.7%, whereas samples with the starting orientation C showed extraordinary high room
temperature ductility and deformed up to a true strain of —100%. Analogous to the case
of orientation A and B, basal slip was suppressed for both starting orientations C and D
due to the alignment of the basal planes with respect to the compression direction. The
incipient stage of deformation was characterized by a low strain hardening rate (do; /de;)
of 544 MPa and 297 MPa for orientations C and D, respectively. However, at strains above
—5%, the initial region of low work hardening was followed by a linear hardening region
with significantly higher strain hardening rates of 4.6 GPa and 5.6 GPa for orientation C
and D, respectively. The rapid hardening region was interrupted by a sudden continuous
drop in flow stress in the case of orientation C at a true stress of 220 MPa and a true strain of
—10.5%, after which the flow stress remained steady up to a true strain of —20%. No such
drop in flow stress was witnessed for orientation D. Instead, the rapid work hardening
continued until fracture. It is worth noting that the fracture stress and hardening rate in the
rapid work hardening regime of orientation D was nearly identical to that of orientation B
(c-axis contraction) (Figure 3).

With respect to the microstructure evolution, profuse {1012} extension twinning was
observed during early stages of deformation (Figure 10). {1012} extension twins consumed
about half of the matrix at a true strain of —3% for both C- (Figure 10a) and D-oriented
specimens (Figure 10b). In addition to those twins, secondary {1012} extension twins were
also found inside the primary ones in C-oriented crystals (inset in Figure 10a).

A major difference in the behavior of specimens with the initial orientations C and D
at this point was in the selected twin variants. For orientation C, the TD-LD (primary) twin
traces were at an angle of +65° to LD (Figure 10a), while for orientation D, the traces of the
twinning planes were parallel to TD, as evident from the twin trace in Figure 10b. The twin
orientations that were obtained by EBSD measurements are illustrated in Figure 11. In the
case of orientation C (Figure 11a), the basal poles of the {1012} extension twin orientations
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were about 30° away from the center of the basal pole figure (compression direction). By
contrast, the twin orientations that originated from orientation D were located right in the
center of the basal pole figure (Figure 11b).

4001 v
¢\>T*

True stress (MPa)
N w
o o
< Q

[y
o
o

0 -0.05 -0.1 -0.15 -0.2
True strain

Figure 9. Flow curves of pure Mg single crystals of orientations C and D (c-axis extension) deformed
by PSC at ambient temperature and a constant strain rate of 1072 s~1. Oil was used for lubrication.

Secondary Primary
{1012} Twins {1012} Twins

Matrix

Primary
(b) {1012} Twins

m / {\ ol
] B e

o %\

1 _Smm__ " 20um
LD Matrix

Figure 10. Optical micrographs of the whole specimen mid-thickness plane after PSC tests at a true
strain of —3% at room temperature of crystals with (a) orientation C and (b) orientation D.

At slightly higher strains, the respective primary twins completely consumed the
initial single crystal matrix of orientation C (Figure 12a) and D (Figure 12b), i.e., the starting
orientations C and D were completely converted into twin orientations. At the peak stress
on the flow curve for orientation C, secondary {1012} extension and, more importantly,
{1011} contraction twins were evident. (For an in-depth description of the deformation
behavior of C-oriented crystals at higher strains, the reader is referred to Ref. [21].) No
{1011} contraction twins were seen to form in the case of orientation D. Specimens of
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orientation D effectively turned into single crystals after primary twinning (Figure 12b).
The orientation of the new matrix (Figures 11b and 13) was nearly identical to that of
orientation B (c-axis contraction), i.e., the c-axis was parallel to CD and a crystallographic
(1010) direction was parallel to LD. However, strictly speaking, the specimens were not
fully single-crystalline but comprised low angle (<8°) boundaries parallel to TD (Figure 13a)

and orientation gradients up to approximately 4°, resembling the morphology of the twins
that consumed the initial matrix (Figure 13b).

(a) {1012} Twins Matrix
LD

(0002)

C

{1012} Twins

(b) LD

(0002) {1120}

{1012}
Twins

™

~ T—)LD

Figure 11. Discrete (scatter) pole figures and corresponding orientation maps for (a) orientation C
and (b) orientation D at a true strain of —3%.

Matrix

(a)

400 + D
- | -
= 300 4
s
(b) 2
o 200
% i C
3 /
'i:_-, W
100
_—1 [
0
0 -0.05 -0.1 -0.15 -0.2

True strain

T

| 5mm
LD

Figure 12. Optical micrographs of the whole specimen mid-thickness plane after PSC tests at room

temperature of crystals with (a) orientation C at a true strain of —11% and (b) orientation D at a true
strain of —10.5%.
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Figure 13. (a) Orientation map of a specimen of orientation D from Figure 12b (¢; = —10.5%). White

lines represent low angle grain boundaries (GBs). (b) Grain Reference Orientation Deviation in [°] for
the map in (a).

3.4. Constrained c-Axis (Orientations E and F)

Orientations E and F were both aligned favorably for prismatic slip. Basal slip was
suppressed as well as {1012} extension twinning since the c-axis was parallel to TD in
both orientations. The stress—strain response of E- and F-oriented crystals is presented in
Figure 14 for a true strain up to —10%. Specimens were deformed up to —100% without
failing, although cracks were evident at intermediate strains as already reported and
discussed in [22]. The initial mechanical response was of a sigmoidal type, governed by a
rapid increase in flow stress. The linear strain hardening rates do; /de; were 5.5 GPa and
6.8 GPa for orientation E and F, respectively, in the initial rapid hardening stage (between
a true strain of —1% and —3%). It is worth pointing out that the initial hardening rate
of orientation F was very similar to that of orientation B (6.9 GPa), as can also be seen in
Figure 3b (green and red flow curves). After reaching a flow stress of 193 MPa and 202 MPa
in the case of orientation E and F, respectively, a drastic change in work hardening behavior
was evident—similar to what was observed for orientation C (Figure 9). Up to a true strain
of —10%, the flow stress in both cases (orientation E and F) remained nearly steady.
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Figure 14. Flow curves of pure Mg single crystals of orientations E and F (constrained c-axis)
deformed by PSC at ambient temperature and a constant strain rate of 1073 s~1. Oil was used
for lubrication.
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Although extension along the c-axis was confined by the channel-die walls, {1012}
extension twins were observed to form in the initial regime of rapid work hardening in
both cases of orientation E (Figure 15a) and F (Figure 15b) at a true strain of —3%. Since
some minimal leeway was present between the samples and the channel-die walls (in order
to be able to place the sample in the channel die), it was attempted to further suppress the
extension in TD by inserting a slightly wider sample prior to assembling and tightening
the channel-die, i.e., a preloading force was applied in TD; hence, there was no room
for extension of the sample in TD. Nevertheless, {1012} extension twins were observed
to form.

E

i

| F
Matrix Matrix {

400 pm 200 pm

{1012} extension twin
{1012} extension twins

Figure 15. Optical micrographs after PSC tests at room temperature of crystals with (a) orientation E
and (b) orientation F at a true strain of —3% in the initial rapid hardening region in Figure 14.

The orientations of these {1012} extension twins are depicted in Figure 16. The
orientations of the {1012} extension twins in the case of the initial orientation E (orange
in Figure 16a) were essentially identical to those in orientation C (Figure 11a), but rotated
around CD by 90°. The basal poles (c-axes) were nearly at an angle of 30° to CD, yielding a
non-zero Schmid factor for basal slip in the twinned volume. The {1012} extension twins
in orientation F rotated the c-axes to be almost parallel to CD. The twin orientations (red in
Figure 16b) were practically identical to the starting orientation A, for which basal slip was
suppressed. The matrix orientations (green in Figure 16a and blue in Figure 16b) were still
identical to the respective starting orientations E and F, i.e., there was no rotation of the
matrix around the c-axis.

Besides {1012} extension twinning, {1011} contraction twins were observed to form,
originating from {1012} extension twin boundaries (Figure 17a). Furthermore, bundles
of {1011} contraction twins (Figure 17b) crossed the larger {1012} extension twins and
formed long bands that traversed the entire sample. It was found that the appearance
of {1011} contraction twins for both orientations E and F coincided with the drop in
strain hardening (Figure 14). (For a thorough analysis of the microstructure evolution in
specimens with a constrained c-axis (orientations E and F) during PSC tests at room as well
as elevated temperatures the reader is referred to Ref. [22].)
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Figure 16. Discrete (scatter) pole figures for specimens with (a) orientation E at a true strain of —4.8%
and (b) orientation F at a true strain of —5.5% obtained by EBSD measurements.

{1011}
(a) matrix (b) contraction twin bundle

D

200 pm 50 um

LD {1012} extension twin

Figure 17. Optical micrographs after PSC tests at room temperature of crystals with orientation F at
a true strain of —5.5% after the drop in strain hardening (Figure 14). (b) is a magnified view of the
center region in (a).

3.5. Compression at 45° to the c-Axis (Orientations G and H)

Orientations G and H were specifically aligned for slip on the basal plane. The stress—
strain curves are shown in Figure 18. A region of low work hardening was observed
during the incipient stage of deformation. Initial linear strain hardening rates were the
lowest compared to all other tested orientations with do; /de; of 13.5 MPa and 35 MPa for
orientation G and H, respectively.
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Figure 18. Flow curves of pure Mg single crystals of orientations G and H (45° between CD and the
c-axis) deformed by PSC at ambient temperature and a constant strain rate of 1073 s 1. Oil was used
for lubrication.

However, at higher strains (above —0.3), a significant increase in work hardening was
apparent (Figure 18). Nevertheless, specimens of both orientations were deformed up to a
true strain of —1 without fracture. Concurrently with the increase in work hardening, bands
of {1012} extension twins were found to form, although the Schmid factor for extension
twinning was negative. The origin and the role of these extension twins was addressed in
greater detail in Ref. [23].

4. Deformation Behavior and Failure of Crystals with ‘Hard” Orientations

As expected, out of all tested orientations, crystals with the ‘hard” basal orientations A
and B in c-axis compression displayed the least ductile behavior. As mentioned, basal slip
was suppressed in this case. However, in the initial rapid work hardening regime, the defor-
mation was already plastic since the highest work hardening rates (do; 4 /de; 4 = 6.3 GPa
and do; p/de; p = 6.9 GPa for orientation A and B, respectively) were still a fraction of
the Young’s modulus (E[ggo;] = 50.8 GPa) in the c-axis direction. As discussed in [5,6], a
minimal deviation from the exact alignment of the c-axis from the compression direction
is enough to activate basal slip due to the very low critical resolved shear stress of about
0.5-1.5 MPa [24-34]. The initial strain hardening rate in the case of easy basal slip (orienta-
tion G) was determined to be do; g /de; g = 13.5 MPa. The highest Schmid factor for basal
slip in orientation G was m¢ = 0.5 owing to the alignment of the basal plane at an angle of
45° to the compression direction. Since orientation A and G differed only in the inclination
of their c-axes with respect to CD, their initial linear strain hardening rates (assuming basal
slip only) are related by

dt dU’t’A 2 dUt,G 2
ﬂ B det A A= det g e @

where dt/d-y is the basal shear hardening rate, oy and ¢; are the true stress and true strain,
respectively, with the corresponding orientations denoted as subscript. The Schmid factor
for basal slip in the case of orientation A would be m, = 0 ideally. From Equation
(1) it follows that m, = 0.023 if the observed initial linear strain hardening rates for
the orientations A and G are used. This Schmid factor translates into a deviation of
A¢ = asin(2m4)/2 = 1.3" from the ideal ‘hard’ orientation A, which is not unreasonable.
However, if the deformation was governed by basal slip only, the c-axis would have rotated
further towards the compression direction throughout straining, continuously increasing
the strain hardening rate do; 4 /de; 4. Experimentally, a decrease in strain hardening was
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observed in both cases of orientation A and B (Figure 4), which suggests the activation of a
different deformation mode.

Slip lines observed in A-oriented crystals were parallel to the trace of {1122} planes
(Figure 6), indicating the activation of pyramidal Il slip. As opposed to basal slip, pyramidal
(c + a) slip is able to accommodate the plane strain compression (contraction in CD and
extension in LD) imposed on the samples and is most likely the reason for the decrease in
the strain hardening rate (Figure 4).

Slip lines have also been ascertained in the case of orientation B that could not be a
result of basal slip (Figure 7). The broad range of inclinations of the observed slip lines
(43-58° to TD) suggests the activation of pyramidal (c + a) slip and cross slip between
different pyramidal planes. Assuming the activation of pyramidal II slip as in the case of
orientation A, a possible slip plane would be (1122) for dislocations with a Burgers vector
parallel to [1123]. Such dislocations could also glide on the (1011) plane, i.e., constituting
pyramidal I slip. The inclinations of the slip traces for glide on (1122) and (1011) would
be 39° and 58.4° to TD, respectively, or any angle between that if cross slip is taken into
account. This range of inclinations corresponds well to what was observed experimentally.

Despite the activation of pyramidal (c + a) slip in crystals of both hard orientations
A and B, the specimens failed by cracking along {1124} planes (Figure 5). The {1124}
fracture plane has also been reported previously by Kelley and Hosford [6] for PSC of Mg
single crystals as well as by Reed-Hill and Robertson [35] for tension at —190 °C. More
recently, the same fracture plane has been observed during equal-channel angular pressing
(ECAP) [36] and c-axis compression [37,38] of Mg single crystals at room temperature.
While both A- and B-oriented specimens failed, the true stress at fracture was higher for
orientation B (Figure 4). The {1124} fracture planes are illustrated in Figure 19. In the case
of orientation A (Figure 19a), the shear stress on the active {1154} fracture planes (in a
direction parallel to LD) depends only on the active stress component in CD (the {1124}
planes are parallel to TD). By contrast, the shear stress on the {1124} planes resulting
from the active stress component in orientation B (Figure 19b) is always reduced by the
lateral compressive reaction stress (in TD), which is presumably the reason for the higher
fracture stress.

(a) _ (b)
(1124)

(1124) (1214)

o (1124)

Figure 19. Alignment of {1124} fracture planes in specimens of (a) orientation A and (b) orientation
B with respect to the sample reference frame LD-TD-CD.

As mentioned in Section 3.2, cracks and bands of recrystallized grains were evident
parallel to the trace of {1124} planes (Figure 8). Twins that follow a {1124} habit plane
were reported by Yoshinaga and Horiuchi [39] and by Kitahara et al. [38] for the case of
c-axis compression of Mg single crystals. However, the twins in [38] could have been
ordinary {1012} twins instead of {1124} twins since both shared the same inclination (39°)
of the twin trace on the observed {1010} plane. On the other hand, the horizontal lines that
were shown in [38] on the {1120} plane were most likely slip traces rather than twin traces.
{1124} twins have not been ascertained by orientation measurements, neither in [38], nor
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in [39]. In the present study no indication of {1124} twinning was found, i.e., twinning
was not the origin of the recrystallized {1124} bands.

Adjacent to the {1124} bands, the matrix was rotated away from the initial hard
orientation, providing further evidence for the activation of pyramidal slip. The orientations
of the recrystallized grains, extracted from the orientation map in Figure 8¢, are given in
the form of pole figures in Figure 20.

™  (0002) ™ {1010}

LD

basal fiber

Figure 20. (0002) and {1010} pole figures of the recrystallized grains, extracted from the orientation
map in Figure 8c.

The c-axes were rotated away from the center of the pole figure, i.e., the hard orien-
tation, by up to 40° around the [1010] axis (that was parallel to the band itself). Since
{1124} twinning can be ruled out, this rotation must be attributed to localized pyramidal
(c + a) slip. In fact, thin bands orientated close to {1124} have been observed by Jensen
and Backofen [40] in a zirconium alloy in grains where the deformation was accommodated
by (c + a) slip. Fracture occurred along such bands of highly localized shear that came
about due to thermal softening during slip-band formation [40]. It is suggested that the
{1124} bands observed in the present study were likewise caused by highly localized
shear. However, in the present case of pure Mg, such bands recrystallized dynamically
with fracture subsequently occurring in those softened regions along grain boundaries.
(The same bands that were not recrystallized were also seen in Mg-0.8 wt.% Gd crystals as
was recently reported in [41]. The shear localization/softening was most likely responsible
for the drop in flow stress prior to fracture (Figure 4). Further indication of the occurrence
of (continuous) dynamic recrystallization in such bands of localized (c + a) slip activity
is provided by the apparent tendency towards a basal fiber in the band (Figure 20b). As
reported and discussed in [21], the formation of a basal fiber, i.e., the rotation of grains
around their c-axes is a recurring element during the continuous dynamic recrystallization
in Mg.

Failure of specimens with the hard orientations A and B was not a result of a limited
number of available slip systems, i.e., the absence of pyramidal (c + a) slip at room temper-
ature, as is generally believed. Pyramidal slip was very well active at room temperature,
but the localization of slip led to an instability in flow, which ultimately caused the frac-
ture along {1124} bands, i.e., (¢ + a) slip can be viewed as a mechanism inducing plastic
instability, rather than contributing to a homogeneous deformation at ambient temperature.
That being said, at elevated temperatures, the specimens deformed without failure during
c-axis compression [42], aided by the profuse formation of contraction twins (with CDRX
inside twin bands) and presumably, a diminishing tendency for slip localization with
increasing temperature [43].
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5. Impact of {1012} Extension Twinning on the Ductility of Mg Single Crystals
Subjected to Compression Perpendicular to the c-Axis

Specimens of orientation C and D were favorably aligned for {1012} extension twin-
ning since extension along the c-axis was free to occur in LD. Figure 21 shows basal pole
figures depicting the calculated {1012} extension twin orientations for the initial specimen
orientations C and D. For each starting orientation, six extension twins were possible.

(0002) (0002)

Figure 21. Basal pole figures showing the initial orientations (a) C and (b) D depicted by squares as
well as the corresponding {1012} extension twin variants (triangles and circles). Circles indicate the
experimentally observed high Schmid factor (SF) twin variants.

Four equally high Schmid factor extension twins in orientation C transformed the matrix
into twin orientations with the c-axis aligned at an angle of 30° to CD (Figures 11a and 21a),
yielding a non-zero Schmid factor (m = 0.28) for basal slip as opposed to a zero Schmid
factor (ideally) in the case of the starting orientation. The averaged displacement gradient
tensor (expressed in the sample reference frame LD-TD-CD) for the four active twin systems
is given by (see Appendix in [23])

0.0646 0 0
ec = 0 —0.0161 0
0 0 —0.0484

Hence, contraction of the c-axis due to extension twinning was accompanied by some
contraction in TD (negative ec2 component). This stage of profuse {1012} extension
twinning corresponded to the initial low strain hardening region on the flow curve (red
curve in Figure 9). The strain hardening rate increased once twinning was exhausted
(maximum strain of ec3z = —4.8%). It is noted that during the primary twinning stage
the flow stress did not remain constant, which means that twinning became more difficult
with increasing strain, probably as a consequence of the decreasing residual volume of
the parent matrix at strains approaching —4.8%, reflecting the grain size sensitivity of
twinning [9,44—-46].

That being said, taking into account slip, one would not expect the strain hardening
rate to increase after twinning ceases to operate because the Schmid factor for basal slip
in the twinned volume is non-zero. However, the deformation produced by basal slip
in the twinned volume was resisted by the channel-die constraints. Hence, basal slip
was mostly suppressed. Only a small amount of strain could be accommodated by basal
slip since extension twinning yielded some contraction in TD (ec2p = —1.6%). Thus, the
flow stress increased rapidly until {1011} contraction twinning was activated, leading
to flow softening (Figures 9 and 22) due to intense shear localization and continuous
dynamic recrystallization (CDRX) at room temperature (see [21]). The end of the rapid
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work hardening stage, slightly before the peak stress on the flow curve in Figure 22, can
therefore be correlated with the onset of {1011} contraction twinning. Taking into account
the Schmid factor for the observed {1011} twin variant in the new tension twinned matrix
(m = 0.34), the CRSS for contraction twinning at room temperature amounts to Ty1o11) = 61
MPa, which is well below the range of values (76-154MPa) reported by Wonsiewicz and
Backofen [5] for various orientations.

{1011} twinning,

End of rapid inni
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Figure 22. Transition from rapid work hardening to a steady state of C-oriented pure Mg crystals
as in Figure 9 (red curve). The curve shown is a Gaussian fit (goodness-of-fit R2 = 0.9997) to the
measured data.

In the case of orientation D, two high Schmid factor extension twin variants were
observed to appear, which converted the initial matrix into twin orientations located
nearly in the center of the basal pole figure (Figures 11b and 21b). Extension twinning
was activated at stresses above 4 MPa, which translates into a CRSS of Thom2} ~ 2 MPa
and is in good agreement with the CRSS for extension twinning reported by Yu et al.
(T{loh} = 2.4 MPa) [47] and Reed-Hill and Robertson (T{sz} ~ 2 MPa) [48].

The averaged displacement gradient tensor (LD-TD-CD reference frame) for the two
active twin systems is given by

0.0646 0 0
ep=| 0 0 0
0 0 —0.0646

Extension twinning in orientation D did not entail any contraction in TD but produced
ideal plane strain compression. More strain (contraction in CD) was accommodated by
twinning in comparison with orientation C; hence, the initial region of low strain hardening
was longer in orientation D (blue curve vs. red curve in Figure 9).

Twinning transformed orientation D into the ‘hard’ orientation B, the ductility of
which was rather limited as discussed in the previous section. Consequently, the strain
hardening rate of orientation D became very similar to that of orientation B and specimens
fractured at the same stress (Figure 3b).

It is worth pointing out that after the conversion of the initial matrix, specimens with
the starting orientation D were again almost single-crystalline with only low angle grain
boundaries present, as shown in Figure 13 (parallel to TD), owing to the misorientation
relationship of 7.4° (1120) between the two twin variants. On the other hand, the four
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twin variants consuming orientation C introduced high angle grain boundaries, i.e., 60°
(1010) and 60.4° (8170) [21]. Moreover, in specimens of orientation C secondary extension
twins, i.e., 86.3° (1120) grain boundaries were also present after the conversion of the
initial matrix.

In addition to the apparent difference in ductility between the C- and D-oriented
crystals, their mechanical behavior during the incipient stage of deformation, i.e., in the
stage characterized by large-scale twinning, was distinguished by a higher strain hardening
rate in the crystals of orientation C vis-a-vis the D-oriented crystals with 544 MPa and
297 MPa, respectively (Figure 9). The four twin variants that originated from orientation
C (Figure 21a) were mutually more constrained, i.e., impeding each other, than the two
twin variants from orientation B (Figure 21b), having a virtually identical orientation.
As the conversion of the original single crystal orientation was progressing, it became
more difficult to twin the “residual” fragmented matrix as smaller grains offer a greater
resistance against twinning. The fragmentation of the initial matrix was more distinct in
case of orientation C due to the higher number of twin variants, creating smaller pockets of
stable retained matrix, thus resulting in a higher strain hardening rate. Moreover, the twins
in the C-oriented crystals had to form in pairs of symmetric variants (symmetric about LD)
to mutually cancel out their shear components in TD, whereas in the case of orientation D,
the twins did not introduce any shear in TD at all, so they could form more easily a priori,
which is reflected in the low CRSS of about 2 MPa.

In both cases of orientation C and D, basal slip was effectively suppressed in the
twinned volume. However, the deformation behavior was markedly different. The most
striking difference was in the appearance of {1011} contraction twins in orientation C [21]
that were not present in orientation D, although the latter reached a higher flow stress and
the c-axis was aligned parallel to CD (favorably for contraction twinning). This can be
attributed to the presence of high angle grain boundaries in orientation C, which acted as
nucleation sites for {1011} contraction twins. No such high angle grain boundaries existed
in orientation D, but only low angle grain boundaries were present after the conversion by
extension twinning, which, however, did not facilitate contraction twinning.

A similar conclusion can be drawn for the case of orientations E and F. The calculated
{1012} extension twin orientations for these initial orientations are illustrated in Figure 23.
Similar to the case of orientations C and D, four variants of extension twins formed in
crystals of orientation E (Figure 23a) and two variants formed in crystals of orientation F
(Figure 23b). The twin orientations in the E-oriented specimens had a non-zero Schmid
factor as in the case of the twin orientations of the C-oriented ones (Figure 21a), but basal
slip was not suppressed by the channel-die constraints in the twinned volume.

(a) LD (b) LD

(0002) (0002)

™D

SF —0.13

Figure 23. Basal pole figures showing the initial orientations (a) E and (b) F depicted by squares as
well as the corresponding {1012} extension twin variants (triangles and circles). Circles indicate the
experimentally observed high Schmid factor (SF) twin variants.
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The twin orientations in the F-oriented specimens rotated the matrix towards the hard
orientation A, in which basal slip was naturally suppressed, which is the reason for the
higher flow stress in case of orientation F compared to orientation E (Figure 14). It would
seem that fracture under such conditions must have been unavoidable.

Large {1012} extension twins formed despite the constrained c-axis (Figure 15). How-
ever, these twins could not grow to such an extent as to consume the entire matrix, like
they did in the case of orientations C and D, i.e., high angle grain boundaries (86.3° (1120)
twin boundaries) were still present. Instead, the formation of {1012} extension twins
increased the compressive constraint stress (in TD), inhibiting their own growth, until
{1011} contraction twins nucleated at {1012} extension twin boundaries (Figure 17) and
compensated the c-axis extension, while relieving the constraint stress. Such a cooperative
twinning was a necessary deformation mechanism in specimens of both orientations E and
F to substitute the inactive prismatic slip at room temperature [22].

With respect to prismatic slip, it is noted that if prismatic slip was active, it would
have yielded a rotation around the c-axis in orientation F (not in orientation E as it is
a stable orientation [6,22]). However, no rotation/spin around the c-axis was detected;
hence, prismatic slip was not activated in the matrix at room temperature under the most
geometrically favorable conditions.

If it were not for the c-axis constraint and the suppression of extension twinning,
crystals of orientation F would have completely converted into single crystals with the
hard orientation A and failed as a result. On the other hand, without any extension twins,
contraction twins would not have nucleated either. Thus, a microstructure comprising many
fine extension twins seems to be most preferable for the formation of {1011} contraction
twins, which can for instance be achieved by inhibiting the growth of {1012} twins through
precipitation [49,50].

Concerning the propagation of {1012} extension twins, it is noteworthy that these
‘profuse’ twins grow easily by the migration of their twin interfaces, i.e., shear-coupled
grain boundary migration [51]. By contrast, {1011} contraction twin bands propagate by
nucleation and limited growth of new fine parallel lamellae (Figure 17b), which reflects
the difficulty of the migration of {1011} twin boundaries under mechanical stress at
room temperature.

6. On the Mechanical Response of Crystals with Soft Orientations

The calculated Schmid factors (SF) for basal slip in orientations G and H are listed in
Table 2. (For the calculation of the SF in the current study see Appendix A). G-oriented
crystals were aligned such that, ideally, only one slip system with the maximum Schmid
factor of mg = 0.5 (Table 2) should be activated in order to accommodate the imposed
deformation, i.e., the case of easy basal slip. The shear direction [2110] for this slip system
was perpendicular to TD; that is, basal slip was free to occur. By contrast, in orientation H,
two basal slip systems with equally high Schmid factors (Table 2) must be activated, i.e.,
coplanar slip, to accommodate the strain. Shear along only one of the two shear directions
is resisted by the channel-die constraints; hence, both systems must contribute equally to
the overall deformation in a cooperative fashion.

Table 2. Schmid factors (SF) for the respective slip directions for basal slip in crystals of orientations
Gand H.

Slip Direction SF Orientation G SF Orientation H
[1210] 0.25 0.433
[2110] 0.5 0.433

[1120] 0.25 0
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The shear stress (T)-shear strain (y) curves for orientations G and H are depicted
in Figure 24. The critical resolved shear stress for basal slip at RT was determined to
be Tcrss = 1.2 MPa and tcgrss 1.15 MPa for orientation G and H, respectively, which is
less than the CRSS for {1010} contraction twinning by a factor of about 50. The reduced
shear hardening rate for orientation G in stage A (initial linear hardening stage) is given
by 0, = (dtg/dvc)/up = 1.73 x 107*, where up = 16.4 GPa is the shear modulus for
basal slip. For comparison, Sutkowski et al. [32] reported a reduced initial (stage A) shear
hardening rate of 1.83 x 10~* for the same orientation deformed in tension, which is close
to the value measured in the present work, despite the prevalent friction in channel-die
compression. For orientation H, the reduced shear hardening rate (stage A) amounts to
0, = 4.02 x 10~* (shear direction [1100]), which is considerably higher than in the case
of easy basal slip in orientation G (0, ). This increased hardening in orientation H can
most probably be attributed to the channel-die constraints and/or to the interaction of
basal dislocations with different Burgers vectors, given that a coplanar slip system hardens
proportionally to the dislocation density accumulated in the other coplanar system during
stage A in magnesium [34].
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Figure 24. Resolved shear stress—shear strain curves of pure Mg single crystals of orientations G and
H (shown up to a shear strain of —1.4) corresponding to the true stress—strain curves in Figure 18.

The reduced shear hardening rates in the rapid work hardening region in Figure 24
were 2.3 x 1073 and 3.0 x 1073 for orientation G and H, respectively, which is an order of
magnitude greater compared to the initial region of low strain hardening. As was shown
in [23], this increase in strain hardening was accompanied by changes in the microstructure,
namely, the appearance of {1012} extension twin bands that presumably acted as barriers
for dislocations slip. The appearance of {1012} twins during the rapid hardening stage
(stage B) was also observed by Yoshinaga and Horiuchi [28] as well as by Hirsch and
Lally [29] on single crystals strained in tension. In the study by Sutkowski et al. [32], the work
hardening in stage B was rather moderate (reduced coefficient of 6.71 x 10~%) compared to
the rapid hardening stage in our work for orientation G (2.3 x 1073). Twins have not been
observed in [32], but the increase in work hardening was associated with the appearance of
low angle grain boundaries, i.e., subgrain formation, that reduced the mean dislocation
free path.

Thus, there are ample reasons to suggest that, in contrast to fcc crystals, the stage of
rapid hardening in Mg is not governed primarily by the interaction of primary dislocations
with forest dislocations [52] but rather by actual changes in the microstructure [28].
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7. Summary and Concluding Remarks

In this work, an overview is given to comprehensively illustrate the mechanical
response and microstructure evolution of specifically oriented pure magnesium single
crystals under plane strain compression at room temperature.

Mg crystals of ‘hard’ orientations that were compressed along the c-axis displayed
high hardening rates and limited ductility at room temperature, failing at a true strain
of about —7%, although pyramidal (c + a) slip was readily activated, as ascertained by
observation of slip traces and lattice rotation. Fracture occurred along recrystallized bands
aligned along {1124} crystallographic planes, which were the result of highly localized
shear. The failure in c-axis contraction at ambient temperature is therefore fostered by a
tendency for localization of pyramidal (c + a) slip and is of a ductile nature.

In crystals favorably aligned for c-axis extension, profuse {1012} extension twins,
forming massively in the early stages of deformation, consumed the entire crystal, leaving
no trace of the original matrix, which demonstrates the ease of nucleation and growth
potential of extension twins. The dominant {1012} extension twins corresponded to high
Schmid factor twin variants in both cases of compression along (1120) as well as (1010)
crystallographic directions. In both cases, basal slip was effectively suppressed in the
twinned volume. The deformation behavior of the differently oriented crystals, however,
was remarkably different. {1012} extension twinning during compression along (1010)
resulted in a microstructure effectively comprising one single orientation (single crystal)
with the c-axis becoming parallel to the compression direction, i.e., twinning produced
a single crystal of a ‘hard’ orientation. Preventing the formation of such a ‘hard’ texture
component by promoting low Schmid factor twin variants is vital in order to improve the
room temperature ductility. By contrast, in compression along (1120), exceptionally high
room temperature ductility can be achieved. Considering the microstructure evolution, the
decisive difference was in the appearance of {1011} contraction twins in the latter case,
which were not present in the former. Subsequently, substantial weakening of the texture
was attained by multiple generations of extension/contraction twins and the occurrence
of dynamic recrystallization inside contraction twin bands. The formation of a hard basal
texture component that is associated with poor room temperature ductility was therefore
fully suppressed (for more details, see [21]).

The formation of {1012} extension twins could not be prevented by the channel-
die constraints when c-axis extension was confined; however, growth of this ‘profuse’
twin type was very well inhibited. The presence of high angle grain boundaries and, in
particular, {1012} twin boundaries was found to be a prerequisite for the activation of
{1011} contraction twinning by providing nucleation sites for the latter.

Prismatic slip was not found to operate at room temperature in the case of starting ori-
entations most favorably aligned for prismatic slip; instead, cooperative {1012} extension
and {1OT1} contraction twinning was activated (for more details see [22]).

Deformation of crystals with ‘soft” orientations that were favorably oriented for easy
basal and coplanar basal slip, respectively, was characterized by a long initial region of
low work hardening (stage A). The reduced shear hardening rates were 1.73 x 10~% and
4.02 x 10~ for easy basal slip and coplanar slip, respectively. The low work hardening
region (stage A) of easy basal slip and coplanar basal slip gradually transitioned into a
region of rapid work hardening (stage B) with shear rates that were an order of magnitude
greater compared to stage A. The increase in work hardening in stage B was attributed
to changes in the microstructure rather than the interaction of primary dislocations with
forest dislocations.
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Appendix A. Calculation of the Schmid Factor for Slip and Twinning in
Channel-Die PSC

The SFs have been calculated assuming a stress tensor with compressive stresses o
and o/« parallel to CD and TD, respectively, where « is the ratio between the active and
reaction stresses. For a given starting orientation of a single crystal, the ratio x can be
readily calculated under the condition of zero strain (g,; = 0) in TD, assuming, to a first
approximation, that the orientation-dependent elastic lateral compliance determines the
constraint stress [53,54], at least during the onset of deformation. The resolved shear stress
in a given slip or twinning system is given by:

o
TRSSZTH”X(T—FTH;’XE (Al)

where m, is the SF associated with the active stress in CD and m, is the SF associated with
the reaction stress in TD. In order to formulate a SF that depends solely on the active stress
component ¢ of the biaxial stress state, both m, and m, can be combined:

TR55:<mu+%)xa:mxa (A2)

with the Schmid factor m = (m, + m, /). For ideal plastic behavior, x = 2. For basal slip
in the case of orientation G and H, it holds that m = m, since m, = 0.

The calculated « ratios are given in Table A1 for the investigated initial orientations of
the single crystals. The x ratios are identical for orientations that share a rotation around
the c-axis due to the infinite order of rotational symmetry of the Young’s modulus around
the c-axis (Figure Al). The elastic stiffness tensor for Mg that was used in this work was
taken from [55].
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Figure A1. 3D plot of the directional dependence of the Young’s modulus of Mg.
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Table Al. Calculated stress ratio x between the active (in CD) and reaction (in TD) stress components
of the biaxial stress state in channel-die compression for various tested single crystal orientations and
the Euler angles defining the basal fiber for which the respective « ratio is constant.

Stress Ratio

Single Crystal Orientation Basal Fiber «
A,B (0°,0°, @) 442
C,D (90°,90°, @) 2.86
E,F (0°,90°, @) 3.97
GH (90°, 45°, @7) 3.47
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