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ARTICLE INFO ABSTRACT

Keywords: The microstructure evolution of extruded pure polycrystalline magnesium under compression followed by
Magnesium subsequent tension in ambient air was investigated. Solid round dog-bone shaped specimens were compressed
Twinning along the extrusion direction (ED) to — 7.3% and — 12.8% true strains, respectively, and then tensioned along
Detwinning the ED to failure. Electron backscatter diffraction (EBSD) was used to examine the microstructure evolution

Pre-compression

. using companion specimens unloaded at multiple points along the deformation curves. Pre-compression along
Reversed tension

the ED resulted in {1012} tension twinning which increased in volume with increasing strain until exhaustion at
approximately — 10.5% true strain. Tensile reloading of the pre-compressed specimens led to a combination of
low Schmid factor twinning, detwinning, and secondary {1012} tension twinning. Detwinning was more sig-
nificant than secondary twinning in the —7.3% pre-compressed specimens, where only one secondary twin
variant was observed. {1012} secondary twinning was more significant in the — 12.8% pre-compressed speci-
mens, where up to three secondary twin variants were observed. After complete detwinning of primary twins,
the secondary twins were retained and appeared as sub-grains. The residual sub-grains resulted from secondary

twinning may provide a strengthening mechanism for wrought Mg alloys.

1. Introduction

Magnesium (Mg) and its alloys are attractive materials for structural
components due to their excellent physical properties such as low
density, high specific strength, and good machinability. Mg plastically
deforms via slips and twinning due to its hexagonal close-packed (HCP)
crystal structure. {1012} tension twinning is one major twinning de-
formation mode because of the low critical resolved shear stress, and it
mainly accommodates the deformation along the c-direction of the
hexagonal lattice [1-3]. Apart from the commonly observed tension
twins, there is {1011} compression twinning [4-6]. During mechanical
loading, multiple twins can be activated and interact with each other,
resulting in a compression-tension double twin [7-10], tension-tension
double twin (or secondary tension twin) [11-14], or tension-compres-
sion-tension tertiary twin [15,16]. The resulting microstructure due to
twinning further changes the mechanical properties of Mg and Mg al-
loys.

A strong basal texture is usually formed in Mg alloys after the rolling
and extrusion manufacturing processes. Twinning can significantly
change the initial texture of the wrought Mg alloys and will conse-
quently affect the deformation and fracture of the material. Under

* Corresponding author.
E-mail address: yjiang@unr.edu (Y. Jiang).

monotonic loading [17-27], cyclic loading [28-36], and loading path
change conditions [37-40], crystal reorientation caused by tension
twinning allows for easier activation of the (0001) basal slip. Therefore,
altering the initial texture and microstructure through pre-deformation
could lead to optimized mechanical properties of as-wrought Mg alloys.
For instance, tension-compression anisotropy of as-wrought Mg alloys
can be reduced through mitigation of the initial basal texture driven by
pre-compression along the extruded direction (ED) or rolled direction
(RD) [41]. Likewise, compressive yield strength can be enhanced by
inducing twin boundaries as grains are refined through pre-compres-
sion [42].

Pre-deformation experiments can be classified into two categories.
The first type of experiments involves two-step (or multi-step) mono-
tonic compression [41-48]. Initial twins are introduced in the material
through pre-compression along the ED or RD. Re-compression is ap-
plied along the same ED or RD, or along the orthotropic transverse
direction (TD) [42,44,46]. It is found that re-compression, applied ei-
ther in the same direction or in the orthotropic direction, leads to an
increase in the compressive yield strength [41-48]. The strengthening
mechanism during re-compression in the same direction is ascribed to
the texture change and the decreased twinning capacity [42], whereas
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during re-compression in the orthotropic direction, the increased re-
sistance to detwinning contributes to the yield strengthening [44]. In
the microscopic aspect, detwinning can be observed during the re-
compression along the orthotropic direction. In addition to detwinning,
double tension-tension twinning was identified after re-compression
[42-44,48]. The activation of double tension-tension twins was attrib-
uted to the observed enhancement of the ultimate strength during re-
compression [42-44].

For the second type of pre-deformation experiments, alternation of
loading direction in the consecutive multi-step deformation is engaged
[49-53]. Following a loading step with tension (or compression),
compression (or tension) loading is applied in the pre-tension (or pre-
compression) deformed samples. This pre-deformation scenario pro-
vides a practical means to design complex twin structure for material
strengthening and toughening. Song et al. [48] showed that pre-tension
along the RD can modify the initial basal texture where the (1010) poles
are concentrated towards the RD. Such a texture tuning fosters the
activation of multiple twin variants when compression is applied sub-
sequently along the TD. As multiple twin variants induce twin bound-
aries and twin-twin interactions, the grain-refinement hardening effect
is enhanced.

Compared to the extensive work on the microstructure evolution in
the two-step (multi-step) compression experiments, there are limited
studies carried out to investigate the pre-compression effect on de-
formation and microstructure change during subsequent reversed ten-
sion [49-53]. It is noticed that the pre-compressive strain in most of the
prior studies was < 8%. No studies have been carried out to study the
effects of large pre-compression on reversed tensile deformation. The
current work aims at studying the effect of pre-compression (both small
and large strain) on the subsequent tensile deformation in extruded
polycrystalline pure Mg. In particular, the microstructure evolution will
be examined in the companion specimens using electron backscatter
diffraction (EBSD) characterization. Important twinning modes and
their roles on deformation will be identified.

2. Material and Experiments

Solid round dog-bone shaped specimens, as shown in Fig. 1a, were
cut from an extruded pure polycrystalline Mg rod. The specimen had a
gage length of 12.7 mm and a diameter of 10.0 mm in the gage section.
Fig. 1b, an inverse pole figure (IPF) map according to EBSD analysis,
shows initial microstructure of the extruded pure polycrystalline Mg.
The material is composed of untwinned and equiaxed grains with an
average size of 100 um. The pole figure (PF) (Fig. 1c) suggests that the
material has a strong a-axis texture, where the c-axes are aligned along
the radial direction and perpendicular to the ED of the extruded bar.
Prior to mechanical testing, the specimen surface was polished to 600/
P1200 grit.

Mechanical experiments were conducted using an Instron 8500 load

Materials Characterization 134 (2017) 41-48

frame in ambient air. A strain rate of 4.5 x 10~ %s~ ! was used for both
tension and compression loading. In addition to monotonic tension and
monotonic compression experiments, companion specimens were used
to study the pre-compression effect on the subsequent microstructure
evolution. The true stress-strain responses for different loading paths
are shown in Fig. 2. Five specimens were compressed to true strains of
—0.7%, — 3.0%, —7.3%, — 10.5%, and — 12.8%, respectively, for the
study of twin nucleation and growth during monotonic compression.
Three specimens were pre-compressed to — 7.3% followed by reversed
tension to —4.1%, 2.0%, and tension failure (4.8%), respectively.
Companion specimens for the — 12.8% pre-strain path were unloaded
at —9.4%, —2.0%, and 4.3% (failure) strain under the subsequent
tensile loading. True stress and true strain are reported and will be used
henceforth.

Following the mechanical experiments, cylindrical samples with a
thickness of 3 mm were sectioned in the middle of the gage section
perpendicular to the loading axis or ED (refer to Fig. la) for EBSD
observations. For the fractured specimens, the EBSD samples were
sectioned away from the fracture surface but still within the gage sec-
tion. The sample surface was ground, polished, and etched. Grinding
was done sequentially using silicon carbide grit paper from 320/P400
grit to 600/P1200 grit, and then polished using 6 pym and 1 um oil based
polycrystalline diamond suspension. Final polish was achieved using
0.05 pm alumina-based suspension. The samples were etched in a Pi-
cral-Acetic solution of 10 mL glacial acetic acid, 4.2 g picric acid, 10 mL
distilled water, and 70 mL 200 proof ethanol. For each companion
specimen, two EBSD scans of 1200 um X 1000 pm area with a step size
ranging from 0.35 to 0.6 pm were performed.

To facilitate a discussion of twins, labeling will be used according to
Ref. [42], in which “T;” indicates the twin variant. “T” is used to de-
scribe tension twin while subscript “i” specifies twin variant. The ten-
sion {1012} (1011) twin has six crystallographic equivalent variants due
to the symmetry of the HCP crystal. T; corresponds to the {1012} [1011]
variant, while increasing subscripts correspond to the other variants by
counter-clockwise rotation about the c-axis. Double tension twins or a
secondary tension twin formed within a primary twin will be denoted
according to Ref. [13]. For example, “T;;” denotes a “T;” secondary twin
formed within a “T;” primary twin.

3. Results and Discussions
3.1. Microstructure Evolution during Compressive Pre-Deformation

The microstructure and texture of the extruded pure polycrystalline
Mg under monotonic compression at — 3.0%, — 7.3%, and — 12.8%
strain are shown in Fig. 3. At a strain of — 3.0%, the IPF map reveals
clearly identifiable twin bands. Among the 209 grains within the ob-
servation area, 160 grains (76.6%) contain at least one tension twin
variant and 85 grains (40.7%) contain two or more twin variants. The
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Fig. 1. (a) Solid cylindrical dog-bone specimen of extruded pure polycrystalline magnesium, (b) initial inverse pole figure map, and (c) pole figure.
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Fig. 2. Loading paths and corresponding companion specimens, in-
dicated by markers along the loading curves, examined at each
loading condition.
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twin volume fraction (TVF) is 12.4%. Twinning at this stage pre-
dominantly follows the Schmid factor (SF) criterion with respect to the
original orientation of parent grains.

Early studies [7,22,40] suggest that the SFs of the six tension twin
variants under compression perpendicular to the c-axis differ from
those under tension along the c-axis. Assuming an ideal crystal or-
ientation, compression along the (1010) direction will results in one co-
zone variant pair with a large SF of 0.499 and two pairs with a low SF of
0.1247. Alternatively, compression along the (2110) direction (a-axis)
results in two co-zone variant pairs with an SF of 0.374 and the re-
maining variant pair with an SF of zero. For the compression direction
between {1010} and (2110), one co-zone variant pair will have the lar-
gest SFs. This is consistent with the findings in the — 3.0% strain IPF
map where 62 grains (accounting for 72.9% of the 85 grains with two
or more twin variants) contain co-zone twin pairs.

Twinning during compressive pre-strain results in a rotation of c-
axis away from the radial direction in the extruded cylindrical bar to-
wards the extrusion direction. The overall texture evolution is visua-
lized in the progression of (0001) pole figures from Fig. 3a—c where the
peak intensity values of the multiples of random density (MRD) move
from the edge of the figure towards the center. This texture evolution is
reflected in the IPF maps. One to two variants, often a co-zone variant
pair, are commonly identified in close to prismatic {1010} orientated
grains (“blue grains”) in Fig. 3a. Alternatively, two to four variants, or
up to two sets of co-zone variant pairs, are commonly identified in
grains close to an a-axis {2110} orientated grain (“green grains”). Co-
zone variant pairs rotate about the same axis, only in opposite direc-
tions, so they share a small theoretical misorientation angle of 7.4° and
have similar SF values. As a result, co-zone twin variants are difficult to
differentiate in the IPF maps.

With increasing compressive strain, nucleation of more twins and
the growth and coalescence of twins result in an increase in twin vo-
lume fraction. When the compressive strain reaches —7.3%, the
twinned area accounts for 69.9% of the scanned area. This increase in
TVF is reflected in the pole figure where there is a higher (0001) density
towards the center of the figure than towards its edge, unlike what is
seen for — 3.0% strain. Fig. 3b reveals that the twins activated at
— 3.0% strain have grown and the coalescence of twins has been in-
itiated. Co-zone variant pairs appear to coalesce together, as seen in
Fig. 3d, where the co-zone pair variants are both identified uniquely, as
well as within a coalesced twin region. A misorientation analysis on
these co-zone variant pairs, using “average grain orientations,” yields a
misorientation angle of 4° to 6° between the two variants, which is
lower than the theoretical misorientation angle of 7.4°. In nearly a-axis
{2110} orientated grains, adjacent twin variants collide and result in
some unusual twin morphology.

At a strain of —12.8% strain, twinning is exhausted and the TVF
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reaches 93.7% as most of the grains are fully twinned. However, the
orientation varies spatially in a grain and is associated with low angle
boundaries (< 7°) that are ascribed to coalescence of co-zone variant
pair similar to what was observed at —7.3% strain in Fig. 3b. Ad-
ditionally, the co-zone variant pairs often surround any additional twin
variants activated, resulting in the appearance of sub-grains, as ob-
served in Fig. 3c and d. The sub-grains formed tend to deviate from the
often-found lenticular shape of tension twinning, with curved or wavy
boundaries. Both of these observations are likely the result of the in-
teraction of twin dislocations at the boundary of the variants involved
[42]. An example of these observations can be seen in Fig. 3e where a
nearly a-axis grain forms two primary twin variants under compression.
However, one variant, “variant 1,” has the largest SF and dominates
most of the original grain and may also be the coalescence of a co-zone
variant pair. “Variant 2” is an adjacent twin to “variant 1,” and has a
smaller SF value than the more significant “variant 1.” A misorientation
analysis of these two variants yields a misorientation of approximately
55° between them, which is 5° less than the theoretical value of 60°. It is
interesting to note that the IPF color of both variants is similar and
would be difficult to differentiate without highlighting the boundaries.

3.2. Tension after a Pre-compressive True Strain of — 7.3%

A tension load after a pre-compression strain of — 7.3% results in
detwinning and secondary twinning because of thicker twins and twin-
twin interactions generated by a pre-compression strain of — 7.3%.
Results shown in Fig. 4a and b, corresponding to strain ranges of 3.2%
and 12.1%, respectively, from the pre-compression state, reveal that the
applied tensile load leads predominantly to detwinning where the ori-
ginally twinned areas are isolated from other twin variants and twinned
back to the original parent orientation. In addition to detwinning, two
other twinning phenomena are observed. The first is the formation of
low or negative SF twins, which are often found in unfavorable twin-
ning grains under pure tension [54,55]. The second twinning phe-
nomenon, as presented in Fig. 4c, is the formation of secondary tension
twins within the primary twins that were produced during pre-com-
pression. Such a phenomenon is usually observed in grains that have an
original prismatic {1010} parent orientation, and may be a result of its
ideal orientation for activating a single set of co-zone variant twin pairs.
Based on the SF values previously discussed for an ideal crystal, the
nearly prismatic {1010} grains have a larger SF value for twin variants
than the nearly a-axis {2110} grains. Therefore, it is speculated that
primary twinning is easier to activate in these nearly {1010} grains and
consequently, twinning exhaustion may occur under less strain than the
nearly {2110} grains. Additionally, the primary twin from the prismatic
{1010} grain, such as that shown in Fig. 4b, has its c-axis almost perfectly
aligned with the loading axis. Upon reversed tension, this orientation is
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Fig. 3. EBSD inverse pole figure maps and pole figures for the (0001) plane at a true strain of (a) -3.0%, (b) -7.3%, and (c) -12.8%. (d) Grain taken from — 7.3% true strain showing
coalescence of a co-zone variant pair. (e) Grain taken from — 12.8% true strain showing two primary twin variants of different orientations but similar IPF color.

more favorable for secondary tension twinning than those primary
twins formed in the a-axis {2110} grains.

Fig. 4c and d reveal two cases of secondary twinning and detwin-
ning as a result of re-tension from the — 7.3% pre-strain. The presented
parent unit cells show very strong prismatic {1010} orientations in
which the c-axis is nearly perpendicular to the loading direction. Under
compression, the grain is easily twinned to the primary twin variant T;
as shown in Fig. 4c. The presented parent unit cell in Fig. 4d would also
have been twinned under compression. However, there are no residual
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primary twin areas remaining following the tension to failure. It is
expected that these grains would have been almost completely twinned
at a — 7.3% compressive strain. At point ‘A’ in the loading curves of
Fig. 2, secondary tension twinning is observed concurrently with det-
winning. Only one secondary twin variant is activated despite its fa-
vorable orientation for tension twinning. The misorientation between
the secondary twin variant and the parent is identified by an axis angle
pair of approximately 60° about [1010]. Additionally, given the amount
of detwinning that has occurred, it appears that detwinning is more
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Fig. 4. EBSD inverse pole figure maps and pole figures for the (0001) plane for the — 7.3% pre-strain path tensioned to (a) — 4.1% strain and (b) 4.8% strain (failure). (c) A grain marked
in (a) depicting both detwinning and secondary twinning as a result of the reversed tensile loading. Arrows in the hexagonal unit cell depict the c-axis. “T;” signifies tension twin and the
subscript “i” specifies the variant. “T;;” denote a “T;” secondary twin forming inside a “T;” primary twin. (d) A grain marked in Fig. 4b displaying sub-grains formed from secondary
tension twinning and the low SF twins. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

favorable than the formation of additional secondary twinning. This is
consistent with the study of twin-twin interaction in Mg [13].

When detwinning, which may or may not include the formation of
the new secondary twins, is exhausted by point B in the loading curves
in Fig. 2, the overall microstructure and texture at point B in Fig. 2 are
similar to those at tensile failure from the same pre-strain. At failure
under tension, detwinning is complete, revealing a mostly original
texture but with scattered low SF twins and sub-grains. Fig. 4d is taken
from the specimen that experienced —7.3% pre-strain followed by
tension to failure. Two regions are characterized with nearly prismatic
orientation. A misorientation analysis of the two regions reveals an
axis-angle misorientation of 60° about [1010], similar to the mis-
orientation observed in Fig. 4c. Further analysis indicated that the
small-sized sub-grain is a secondary tension twin formed during the
reversed tension. These secondary twins are of various shapes and sizes,
ranging from the lenticular shape commonly associated with tension
twins to small irregular-shaped fragments surrounded by the nearly
original oriented parent. It is speculated that these small secondary
twin sub-grain fragments are nucleated in the primary twins and grow
during the reversed tension while the primary twins are fully det-
winned. Apart from the sub-grains formed during secondary twinning,
there is a low SF twin in narrow width, originating from the dominant
prismatic area, present locally in the upper right corner of the grain
(Fig. 4d). Such a low SF twin is likely due to the local stresses at/near
grain boundary [54,55].

3.3. Tension after a Pre-compressive True Strain of — 12.8%

A pre-strain to — 12.8% results in minor differences from those of
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the — 7.3% pre-compression strain in influencing the evolution of mi-
crostructure and texture during the subsequent tensile loading (Fig. 5a
and b). A careful examination of the microstructure in Fig. 5c (corre-
sponding to point C in Fig. 2) reveals that more than one secondary
twin variant can be activated in the previously twinned regions. Fig. 5¢c
highlights a grain from Fig. 5a that contains multiple secondary twin
variants. Compression from a speculated parent orientation results in
two primary twin variants, T; and T», where the dominant variant is T».
The subsequent tensile load activates up to three secondary twin var-
iants Tq, T4, and Ts within the dominant primary variant T,, that are
labeled by Ty1, To4 and Tas. Tas variant is the co-zone variant pair to the
parent (which is fully detwinned and correspondingly can be labeled by
Tas). In addition, T,5 variant could be the co-zone variant pair to the
Tyo variant that is formed in the primary twin T;. This secondary
twinning phenomenon, while similar in procedure to what is seen in
Fig. 4 for the —7.3% pre-strain, appears to have a more significant
impact on the microstructure and texture shown in Fig. 5. The increase
of pre-strain increases the amount of secondary twin variants, which is
accompanied by an increase in the overall volume consumed by the
secondary twins. The increase of the number of secondary twins and the
area consumed by secondary twinning results in an increase of sub-
grains when the primary twin is fully detwinned. Fig. 5d shows a grain
that contains 14 sub-grains that have two secondary twin variants
within a parent orientation. Comparing Fig. 5b with Fig. 4b, it is ob-
served that the volume of sub-grains increases with the increased pre-
strain value. More variants or sub-grains formed in the larger pre-strain
specimen result in a more randomized a-axis texture as shown by the
pole figure in Fig. 5b, and significantly contribute to the grain-refine-
ment hardening effect.
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Fig. 5. EBSD inverse pole figure maps and pole figures for the (0001) plane for the — 12.8% pre-strain path tensioned to (a) -9.4% strain and (b) 4.3% strain. (c) A grain marked in (a) that
depicts both detwinning and new secondary twinning as results of the tensile loading. (d) A grain marked in (b) displays the sub-grains that are formed from secondary tension twinning
and the low SF twins at tensile failure. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

4. Further Discussions

At —7.3% pre-strain, twinning does not exhaust the matrix.
However at — 12.8% pre-strain, twinning is exhausted in most grains.
With subsequent tensile loading following pre-compression, detwinning
and secondary tension-tension twinning occur simultaneously. With an
identical strain applied after the pre-compression, the resulting micro-
structure is dependent on the amount of pre-strain in compression. At
point A in Fig. 2 for —7.3% pre-strain, Fig. 4a and c show that the
originally twinned material has been partially detwinned to the original
orientation, and only one secondary twin variant is nucleated within
the primary twin. At point C in Fig. 2 for — 12.8% pre-strain, Fig. 5a
and c reveal significant amount of secondary tension twins while det-
winning is not prevalent.

The different twinning phenomena observed in the two pre-strain
cases are related to the state of the primary twin upon the start of the
reversed loading. First, comparing Fig. 5a with Fig. 4a, fewer amount of
detwinned primary twins in the — 12.8% pre-strain case than the
— 7.3% case signifies an increased resistance of detwinning due to the
larger pre-compression. Additionally, it was observed that the forma-
tion of secondary tension twins under tension usually occurs within the
nearly prismatic {1010} parent grains. Based on a simple Schmid factor
analysis, these grains are more easily twinned than the a-axis {2110}
grains under compression. As a result, the nearly {1010} grains are more
likely to be completely twinned even in the — 7.3% pre-strain speci-
mens. Therefore, based on the observations made from Figs. 4c and 5c,
the amount of secondary twin variants activated in a particular grain is
related to the extent of primary twinning activated under compression.
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This also explains the presence of secondary twinning in the nearly
{1010} grains in the two pre-strain cases since the prismatic orientation
favors tension twinning under compression.

Detwinning is dependent on the initial primary twinning. It was
reported that detwinning has a lower activation stress than that of
twinning due to nucleation [39]. This would indicate that the grains
incompletely twinned at — 7.3% pre-strain would be easier to detwin
than to initiate secondary twinning. However, in the —12.8% pre-
strain case where most grains have completely twinned, detwinning is
more difficult to activate, most likely due to the formation of twin-twin
boundaries associated with twin-twin interactions [13]. The exhausted
primary twin formed in compression acts like a new or reoriented grain,
wherein detwinning involves twin nucleation. The complicated stress
state resulted from exhausted primary twins and dislocations allow for
the increased amount of secondary twin variants as shown in Fig. 5c.

When the pre-compression strain exceeds a certain value, nucleation
and growth of the secondary twins may halt and only detwinning oc-
curs. Fragmented residual (1012) - (1012) double twins are observed to
be surrounded by the fully detwinned parent material (Figs. 4d and 5d).
Some of these fragments are double twins but appear as sub-grains.
These double twins are usually isolated within a grain and do not in-
teract with the grain boundaries. Based on these observations, the
process of the secondary twinning and detwinning during reversed
tension after pre-compression is rationalized as follows (Fig. 6). Twins
(designated “T” in Fig. 6) with large SFs nucleate within the parent
grain (designated “M” in Fig. 6) and grow during the pre-compression
phase (Fig. 6a). With increasing compressive strain, the neighboring
twin boundaries coalesce, forming low angle boundaries if the
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neighboring twins do not belong to the same variant or co-zone pair.
When the loading direction is reversed to tension (Fig. 6b), detwinning
of the previously developed primary twins occurs. Under reversed
tension, the crystal orientation of the primary twin favors the activation
of a secondary tension twin. As a result, secondary twinning is nu-
cleated at primary twin boundaries (“blue” T-T twins in Fig. 6b). With
further tensile loading, growth of secondary twins is possible but is
restricted due to the constraints imposed by the sustainable detwinning
of the primary twins. The competition between detwinning of the pri-
mary twins and growth of secondary twins results in the observed ir-
regular shaped secondary twins. At tensile fracture (Fig. 6¢), a majority
of the twinned domain during pre-compression is detwinned. Sec-
ondary twin fragments, either isolated with a grain or connected to
grain boundaries, remain inside the grain and form the observed sub-
grains. The boundaries of sub-grains have a specific misorientation
property, which is possibly one of the three misorientation relationships
of twin-twin interaction pairs [13].

The sub-grains resulted from the reserved tension of the pre-com-
pressed specimens may play a critical role in strengthening materials.
Fig. 7 shows the microstructures of the extruded pure Mg after fracture
with three different loading conditions: monotonic tension (up to 7%
strain), tension after — 7.3% pre-compression, and tension after — 12.8%
compression (refer to Fig. 2 for the loading conditions). Low SF twins are
observed in all the three fractured specimens. The major difference
among the three cases lies in the sub-grain development. No sub-grains
are found in the monotonically tensioned specimen (Fig. 7a) due to a lack
of secondary tension twins. On the other hand, sub-grains are identified
in the pre-compressed specimens, and the amount of sub-grains is

B - T
= -
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Fig. 6. Schematic showing the formation of sub-
grains due to secondary tension twinning during
the tension loading after pre-compression. (For in-
terpretation of the references to color in this figure,

d..-" H"‘H the reader is referred to the web version of this
ey -~ article.)
5 i
. Subgrain
= (Residual T-T) !
A ;
. ;
:
%LUW-SF T M i

Vo

{c) At tensile fracture

proportional to the amount of compressive pre-strain. It can be observed
from the stress-strain curves shown in Fig. 2 that there is a noticeable
increase in tensile fracture strength with increasing pre-compressive
strain: an increase from 164 MPa for monotonic tension (no pre-com-
pression) to 247 MPa for the —7.3% pre-strained specimen and to
264 MPa for the — 12.8% pre-strain specimen. The observation supports
the hypothesis that the sub-grains resulted from secondary twinning has
an obvious effect on grain refinement and material's strength.

5. Conclusions

The following conclusions can be drawn from the observations and
analysis of the microstructural and textural evolution of extruded pure
polycrystalline Mg under reversed tensile loading after pre-compression:

1. The amount of twin variants activated under compression along the
extrusion direction is dependent on the orientation of the grains.
Grains close to the prismatic {1010} orientation will contain up to
one co-zone variant pair of similar Schmid factor. Alternatively,
grains close to the a-axis {2110} orientation can have multiple twin
variants activated up to two sets of co-zone variant pairs of similar
Schmid factor.

2. A combined deformation process of low-SF twinning, secondary
twinning, and detwinning occurs as a result of the tensile loading
after the grains have been severely twinned in compression. Under
the reversed tension subsequent to large pre-compression, nuclea-
tion and growth of secondary tension twin are observed concurrent
to detwining of primary twins.

Fig. 7.
strain.
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EBSD IPF maps for fractured specimens with three loading paths (a) monotonic tension up to 7.0% strain, (b) tension after — 7.3% pre-strain, and (c) tension after — 12.8% pre-
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3. After —7.3% compression strain, one secondary twin variant is
observed during subsequent tension. At least two secondary twin
variants are commonly found in the — 12.8% pre-strain specimens.
The secondary twins form residual sub-grains within the detwinned
grains, which leads to increased tensile strength.
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