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Abstract

Twins play an important role in the texture transition during annealing. In a cold rolled high rare earth content magnesium (Mg) alloys
with {10-12} extension twins, {11-21} extension twins, {10-11} compression twins and {10-11}-{10-12} double twins and frequent twin-
twin interactions, quasi-in-situ electron backscatter diffraction method was used to observe the twin induced static recrystallization (SRX)
and related effect on texture during annealing. The results show that basal component was consumed owing to the SRX occurred in basal
oriented {10-12} twins and SRXed grains with several specific orientations show preferential grain growth. SRX widely operated in the
{10-12} extension and {11-21} extension twins, but absent in most {10-11} compression and {10-11}-{10-12} double twins, which is
different to traditional twin induced SRX. Most compression/double twins detwinned while only partial tension twins detwinned. Operation
of {11-21} twins and resultant twin-twin interaction facilitate the formation of serrated twin boundaries, which can serve as nucleation sites.
Activation of <c 4 a> dislocation and related dislocation interaction in high dislocation density areas promote the formation of new grain
boundaries and related SRX. Profuse <c + a> dislocations in basal oriented twins release the strain accumulation in compression/double
twins and thus result in the absence of SRX. The twin size difference, storage energy and dislocation-twin interaction commonly functioned
to the detwinning during annealing. The near-coincide site lattice boundaries that show high mobility were considered to be the important
contributor to the preferential grain growth of SRXed grains.
© 2024 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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1. Introduction

In magnesium (Mg) alloys, texture significantly influence
the mechanical property [1-5]. Usually, there will always be a
basal texture formed during rolling or extrusion, which greatly
restrict the mechanical property improvement and the wider
application of Mg alloys [6-8]. Over the past decades, many
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efforts had been taken on the weakening of basal texture and
activating twinning had attracted extension attention owing to
the significant reorientation of parent grain after twinning op-
erate [9-11]. For example, by designing specific strain path
change tests, the basal texture in the wrought Mg alloy can be
fixed through {10-12} twinning behaviors and corresponding
interaction of {10-12} twin variants [9,10]. Further, the {10—
12} twinning behaviors will also obstruct the formation of
basal texture when special texture, i.e., the rare earth (RE) tex-
ture, exist in the billet during deformation progress [11]. Acti-
vating {10-12} twin variants through multi-directional impact
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article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) Peer review under responsibility of Chongqing University


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jma.2024.04.015&domain=pdf
http://www.keaipublishing.com/en/journals/journal-of-magnesium-and-alloys/
https://doi.org/10.1016/j.jma.2024.04.015
http://www.elsevier.com/locate/jma
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:lyzhao202207@163.com
mailto:rschen@imr.ac.cn
https://doi.org/10.1016/j.jma.2024.04.015
http://creativecommons.org/licenses/by-nc-nd/4.0/

1100 N. Lv, L. Zhao, H. Yan et al./Journal of Magnesium and Alloys 13 (2025) 1099-1115

forging had also been used to prepare the weak textured high
performance Mg alloys [12,13].

In addition, twins can also optimize texture through twin-
induced recrystallization [12,14-16]. In Mg alloys, different
twins show various static recrystallization (SRX) behaviors.
It is widely observed that compression twin and double twin
will always act as nucleation sites and recrystallize at the
very beginning during annealing [14,17,18]. The new grains
that formed within compression/double twins usually show
various orientation and thus weaken the basal component
[19,20]. However, these compression/double twins induced
SRXed grains can hardly grow into parent grains, which re-
stricted their contribution to texture randomization [18]. In
Mg alloys with twin-twin impingements, it is proposed that
the grains which nucleate at the intersection of double twins
and the impingements of double twins and grain boundaries
can grow up and consume the adjacent deformed microstruc-
ture, which exhibit excellent contribution on basal texture
weakening [14,21]. Different from the conditions in compres-
sion twin and double twin, SRX rarely occur within {10-
12} tension twin in cold rolled Mg alloy but operate in the
{10-12} twins in the forged Mg alloys, and such a differ-
ence has been illustrated as the high storage energy within
{10-12} twins in the forged alloy [14,22]. Considering the
above statements, the nature of twin induced SRX seems still
controversial.

Recently, by analyzing the SRX in Mg-Zn-Gd alloy, it
has been proposed that the nucleation and growth of SRXed
grains as well as related effects on texture were significantly
influenced by the type of dislocation, solute atom segrega-
tion, coincident site lattice (CSL) grain boundaries and so on
[23-25]. Nevertheless, the above microstructure characteris-
tics has rarely been considered in the research on twin induced
SRX. Additionally, {11-21} twinning can activate when RE
content large than ~7 (wt.%) and will become more active
with the RE content increasing [26-29]. {11-21} twinning
has received extensive attention [26,30] in recent years but
their contribution on SRX is still confusing.

To settle the above issues, we tracked the twin induced
SRX and grain growth progress during annealing through a
quasi-in-situ electron backscatter diffraction (EBSD) method
in this work. A cold rolled Mg-17.5Gd-Zr (wt.%) with var-
ious twinning behaviors (including {10-12}, {11-21}, {10-
11} and {10-11}-{10-12} double twins) and twin-twin in-
teraction was used for annealing test to observe the texture
and microstructure evolution. Systematic analyses were car-
ried out to approach the nature of twin induced SRX and
subsequent grain growth. This work will offer an insight on
texture controlling through twin induced SRX and better fa-
cilitate the fabrication of high RE content Mg alloys with
excellent performance.

2. Experiments and methods

The material used in this study was a cold rolled Mg-
17.5Gd-Zr (wt.%) alloy. Before extrusion, the chemical com-

positions of cast ingot were determined by using inductively
coupled plasma atomic emission spectroscopy. The Gd con-
tent was ~17.5(wt.%), while the Zr content was < 0.1 (wt.%).
Extruded plate with dimension of ~100 mm (ED) x 12 mm
(ND) x 50 mm (TD) was used for cold rolling (ED, ND
and TD represent the extrusion direction, normal direction
and transverse direction of the extruded plate, respectively)
and there is <0001> fiber texture in the extruded plate.
The plate was cold rolled along ED with accumulated re-
duction of ~19% in 4 passes and reduction for per pass
was ~5%.

The as-extruded and cold rolled samples used for EBSD
observation was firstly mechanical polished and then ion
etched using Leica RES102. Quasi-in-situ EBSD scans of the
cold rolled sample were taken after annealing at 440 °C for
2 min, 5 min, 10 min, 15 min, 25 min and ion etchings were
carried out on the sample before each scan to remove the
oxide layers that formed during annealing. The material that
used for optical microcopy (OM) was mechanical polished
and then etched using alcohol solution containing 4% of nitric
acid (volume fraction). For transmission electron microscopy
(TEM) observation, 3 mm-diameter discs with thickness of
~30 wm were punched from the foil specimens and then
argon-ion polished on GATAN 695. After TEM observation,
EBSD was carried out on the TEM sample to identify the
twin boundary. EBSD scans were conducted on FEI Quattro
S SEM and Zeiss Gemini 360 SEM equipped with EDAX-
TSL EBSD system. JEOL JEM-2100F equipped with energy-
dispersive X-ray spectroscopy (EDX) was used to finished
TEM observation. The data processing progress is same to
our previous work [31].

3. Results

3.1. Microstructure of the as-extruded and cold rolled
samples

The EBSD results of the as-extruded sample are show in
Fig. 1 and microstructure with fully recrystallized grains can
be observed (Fig. 1a). The extruded alloy shows (0001) fiber
texture (Fig. 1b and c) and such a texture usually occurred
in extruded high Gd content Mg alloys [32,33]. Obviously,
(0001) fiber texture is favorable for activating {10-12} and
{11-21} extension twinning behaviors when loaded perpen-
dicular to ND [31]. Therefore, cold rolling was conducted on
the as-extruded alloy to activate twinning behaviors.

The microstructure of the cold rolled sample is displayed
in Fig. 2 and twins with various morphology can be observed.
Frequent twin-twin intersection can be observed (Fig. 2a)
and even the twins with small size show curved morphology
(Fig. 2b and c), which can be attribute to the twin-twin and
dislocation-twin interaction [31]. Further, secondary phase can
be rarely seen due to the high extrusion temperature (470 °C)
and low rolling temperature (room temperature), which indi-
cate that the particle stimulated nucleation could rarely oper-
ate during annealing.
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Fig. 1. EBSD results of the as-extruded sample. (a) Inverse pole figure map,
(b) (0001) and (c) (10-10) pole figures.

0,5 um

3.2. Microstructure and texture evolution of the cold rolled
samples during annealing

Fig. 3 shows the microstructure evolution of the cold
rolled sample during annealing. Different twin boundaries,
random high angle grain boundaries (HAGBs) were marked
as different colors. The angle deviation used to identify twin
boundaries was within 5°. From the grain boundary maps
(Fig. 3g-1), various twinning behaviors and related twin-twin
intersection can be identified. {11-21} twins and {10-11}-
{10-12} double twins always occurred in the twinned grains
with {10-12} twins. Besides, it has been confirmed that large
amount of random HAGBs and irregular morphology of twin
boundaries are induced by the dislocation-twin and twin-
twin interaction [31]. The misorientation angle distribution
of quasi-in-situ EBSD observation was summarized in Fig. 4.
As shown in Fig. 4a and b, four peaks around 0-10°, 30-
40°, 50-60° and 80-90° can be identified. The axis and an-
gle distribution of the cold rolled sample (Fig. 4b) indicate
that the four peaks represent the low angle grain boundaries
(LAGBs), {11-21} extension twin boundaries and {10-11}-
{10-12} double twin boundaries (30—40°), {10-11} compres-
sion twin boundaries and {10-12} twin variant intersection
(50-60°) and {10-12} twin boundaries. During annealing,
there were apparent decreasing of LAGBs and {10-12} twin
boundaries, while other peaks hardly changed, which may in-

Fig. 2. Microstructure of the cold rolled sample. (a) OM image and (b, ¢) TEM image of twins.
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Fig. 3. Quasi-in-situ EBSD results of the microstructure. (a-f) inverse pole figure maps and (g-1) corresponding grain boundary maps during annealing with
various time: (a, g) cold rolled samples, (b, h) 2 min, (c, i) 5 min, (d, j) 10 min, (e, k) 15 min and (f, 1) 25 min.
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identified grains.

dicate the better thermal stability of other twin boundaries.
The stability of twins will be discussed in Section 4.

Fig. 5 shows the KAM and grain size distribution evolu-
tion of quasi-in-situ EBSD results. As displayed in Fig. 5a-f,
the KAM value gradually decreased with the annealing time
increasing. In addition, as shown in Fig. 5g-i, the grain size
distribution and average grain size hardly changed during
the first 5 min, which can be inferred that SRX operated
and no obvious grain growth occurred. With the annealing
time increasing (5-25 min), the aera fraction of the small-
sized grains decreased and the grain size distribution tend to
approach the distribution of fully recrystallized as-extruded
alloy, which indicate that the grain growth of the SRXed
grains facilitate the strain accumulation decreasing greatly at
this stage. (0001) pole figures of the quasi-in-situ EBSD re-
sults were depicted in Fig. 6a-f. A basal component and two
non-basal components can be observed. During annealing, the
basal component became weakened constantly while one of
the non-basal components steady strengthened. As concluded
from Fig. S1, the basal component was mainly result from the
basal oriented {10-12} twins. Considering the decline of { 10—
12} twin boundaries (Fig. 4b), the basal component weak-
ening can be mainly attributed to the consumption of basal
oriented {10-12} twins. The pole figures evolution of SRXed
grains are extracted and shown in Fig. S2. It can be observed
that several non-basal oriented poles strengthened gradually
during annealing, which indicate the preferential grain growth
of the SRXed grains and the details will be discussed in
Section 4.3.

3.3. Evolution of twin and recrystallization during annealing

In this section, several typical grains were picked out to
analyze the thermal stability and twin induced SRX. Twin
boundaries, LAGB and HAGB are highlighted by different
colors. For the convenience of understanding, the fonts which
mark twins in the scattered pole figures were highlighted as
the same color to corresponding twin boundaries. In addition,

for better observing the microstructure of twinned grains, the
enlarged inverse pole figures of G4, G5 and G7 are displayed
in Fig. S4.

Twinned grains with {11-21} and {10-12} twins (G3 and
G4) are shown in Fig. 7 and SRX rarely occurred during
annealing. One basal oriented {10-12} twin variant T1 and
one {11-21} variant T2 activated in G3 (Fig. 7a) and most
{11-21} twin crystals remained constant during annealing. As
shown in black circles in Fig.7a, partial {11-21} twin crys-
tal expanded while the {10-12} twin crystal shrunk consec-
utively during annealing. Several {10-12} twin crystals and
partial parent grains (marked by black arrows in cold rolled
G3) with small size eliminated during annealing. One SRXed
grain formed after 10 min annealing and this grain finally
consumed by adjacent twin crystals after 25 min annealing.
In G4, basal oriented {10-12} twin dominated the twinning
behaviors and only one {10-12} twin variant (T1) activated.
One {11-21} twin variant (T2) with narrow shape activated.
As highlighted by green and yellow arrows (Fig. 7b), one
{10-11} twin variant and several {10-11}-{10-12} twin vari-
ants activated within T1. T2, {10-11} twin and most {10—
11}-{10-12} twins eliminated after annealing for 25 min. Par-
tial parent grains were also consumed by {10-12} twins, too.
In addition, although the boundaries of twinned grains (in-
cluding twin-free grains in Fig. S3) show serrated morphol-
ogy, SRX can be rarely seen in these grains without complex
twin-twin interaction.

The typical twinned grains with SRX are shown in Figs.
8 and 9. G5 shows the grain with complex twin-twin in-
teraction and basal oriented {10-12} twinning dominate the
twinning behaviors. One {10-12} (T1) and three {11-21}
twin variants (T2-T4) activated, and various {10-11}-{10-12}
double twin variants and one {10-11} compression twins ac-
tivated within {10-12} twins (Fig. 8a). Similar to the orienta-
tion of twins in G4 (Fig. 7b), the {10-12} twin variant shows
basal orientation while other twin crystals show non-basal ori-
entation. During annealing, most compression twins and dou-
ble twins eliminated. After 2 min annealing (Fig. 8b and f),
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Fig. 6. (0001) pole figures evolution during annealing: (a) cold rolled, (b) 2 min, (¢) 5 min, (d) 10 min, (¢) 15 min and (f) 25 min.

as marked by the black circle, plenty of nucleation formed
within {10-12} twins or nucleated at the impingements of
{10-12} twin variant and {11-21} twin variants. In the black
circle (Fig. 8b), three SRXed grains (marked as 1-3) grow
up apparently during subsequent annealing, and other SRXed
grains nucleated within black circle as well as partial {10—
12} and {11-21} twin crystals were greatly consumed owing
the growth of 1-3. SRXed grains (marked as 4 and 5) can be
observed at the grain boundaries of G5 after 25 min annealing
and consumed partial twins and parent grain (Fig. 8d). SRXed
grains 1-5 show various orientation and made a great con-
tribution on the consumption of basal oriented microstructure
(Fig. 8d and h). Although the SRXed grain grew quickly,
grains that formed within G5 (1-3) still confined by the
boundaries of parent grains. Interestingly, different from the
detwinned {11-21} twin variant in G4 (Fig. 7b), partial {11—
21} twin variants keep stable and some of them even ex-
panded and consumed the {10-12} twins after annealing for
25 min (marked by white arrows in Fig. 8d).

In Fig. 9, the grain (G6) that {11-21} twinning predomi-
nated in twinning behaviors was selected. Two {10-12} twin
variants (T1-T2) and two {11-21} twin variants (T3-T4) acti-
vated, and the morphology of twin crystals are serrated in G6.
As marked by black circles in the cold rolled state (Fig. 9a),
many new grains and sub-grains formed at the twin bound-
aries or twin boundaries impingements [31]. During anneal-
ing, SRXed grains formed dispersedly and grew up quickly.
Almost all parent grain and original twin crystals were rapidly

consumed by the new formed grains and twin boundaries
show barely confine to these SRXed grains. After 15 min
annealing, 13 SRXed grains formed and their orientation
are close to the original {10-12} and {11-21} twin crystals
(T1-T4).

Fig. 10 shows the evolution of the twinned grains with
irregular {10-11} twins. One basal oriented {10-12} twin
variant (T1) and two non-basal oriented {11-21} twin vari-
ants (T2 & T3) can be seen (Fig. 10a). Further, two {10—
11} twin variants activated (T11 & T12) within T1 and
most parts of T11 exhibit irregular shape owing to twin-
twin interaction [34], which can hardly operate in previ-
ous work. After 2 min annealing (Fig. 10b and f), despite
the SRXed grains (2, 3, 6, 7, 9 and 10-12) that still re-
mained after 25 min annealing, plenty of grains that show
various orientations nucleated (marked by black arrows) and
most of them nucleated at the intersection between {10-—
11} twin and other twin crystals. Obviously, the serrated
boundaries are favorable for SRXed nucleation [35]. After
25 min annealing (Fig. 10d and h), there were 12 grains
remained and most initial microstructure and SRXed grains
were consumed by these 12 grains. Grains, i.e., 10, had ex-
panded across the initial boundaries of the twinned grain.
The black circles on the (0001) scattered pole figures exhibit
the orientation distribution of initial microstructure where
SRXed grains nucleated. The basal oriented {10-12} twin
crystals almost exhausted while most large SRXed grains
show the orientation near or within the circles after anneal-
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Fig. 7. Microstructure evolution and corresponding (0001) scattered pole figures of twinned grains with rare SRX: (a) G3 and (d) G4.

ing for 25 min (Fig. 10d and h), which is similar to that
in G6 and indicate contribution of SRX on basal component
weakening.

4. Discussion
4.1. Analysis on the twin induced SRX

Different from the traditional twin induced SRX mentioned
in Section 1, SRX rarely occurred within lenticular compres-
sion {10-11} or {10-11}-{10-12} double twins and most of
them detwinned or consumed by growing SRXed grains. For
{10-12} twins, SRX occurred in some basal oriented {10—
12} twin crystals (Fig. 8) while absent in the others (Fig. 7b).
Similar to the SRX in {10-12} twins, the SRX operated op-
tionally within {11-21} twins (Fig. 7-10). During annealing,
it is widely accepted that the SRX usually prefer operating

within twins with high storage energy [17,22,36]. The KAM
map of twinned grains G3-G7 (cold rolled state) are shown
in Fig. 11. In general, G3 show low KAM values in both par-
ent grain and twins compared to other grains, which can be
responsible for SRX absence. In G4-G7, we can see high stor-
age energy areas within parent grains and twins (Fig. 11b-e)
and obviously the high storage energy is beneficial to SRX.
Interestingly, although we can sight high storage energy ar-
eas within {10-12} twins in G4 (Fig. 11b), SRX absent in
this grain. This odd phenomenon become more prominent in
the compression between G4 and G5 because their twinning
behaviors and the orientation of microstructure resemble to
each other closely, while SRX only operated within the {10—
12} twins in G5 (Fig. 8). Hence, there must be other factors
which functioned to the SRX.

As mentioned above, the types of dislocation play an im-
portant role on SRX in Mg alloys [24]. In addition, basal
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slip is always considered to be the key role of twin induced
SRX and SRX is usually regarded as the results of cross
slip and climb of the high density of basal <a>/prismatic
(a) dislocation, i.e., typical SRX in compression and dou-
ble twins [14,36]. However, the formation of 3 dimensional
recrystallization nuclei required <c + a> dislocation [37,38]
and contribution of <c 4 a> dislocation to twin induced SRX
has rarely been discussed in previous work. The pyramidal

<c 4+ a> slip can activate under high strain rate deformation
[29] and the RE elements solute are proposed to be bene-
ficial for the activating of <c + a> slips in Mg-RE alloys
[39,40]. Obviously, in the wrought Mg-RE alloy with severe
deformation and high RE content, the influence of <c + a>
dislocation to SRX should not be ignored. Therefore, G4 and
G5 were selected out to analyze the influence of dislocation
type to SRX owing to their different SRX behaviors. Intra-
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Fig. 10. SRX in the typical grain G7 that compression twins show irregular morphology owing to twin-twin interaction. (a-d) Inverse pole figure maps and

(e-h) corresponding (0001) scattered pole figures evolution during annealing.
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Fig. 11. KAM maps of selective grains G3-G7: (a) G3, (b) G4, (c) G5, (d) G6 and (e) G7.

granular misorientation axis (IGMA) analysis can be used to
distinguish the dislocation types in Mg alloys [41,42] and the
specific axes and related dislocations were summarized within
Fig. 12 g [43,44]. As shown in Fig. 12c¢ and f, although basal
(a) dislocation and pyramidal-II <c¢ + a> dislocation cannot
be differentiated because of their common (10-10) axis, the
pyramidal-I <c + a> dislocation can be identified accord-
ing to IGMA results. Considering the low rolling temperature
which is favorable for basal slip activating, it can be con-
cluded that the <c + a> dislocation and basal <a> disloca-
tion occurred in both G4 and G5 (Fig. 12c and f). Obviously,
more condition should be considered to explain the difference
between G4 and G5 in SRX.

As shown in scattered pole figures in Figs. 7-10, the parent
grains and twins exhibit broad distribution, which indicate the
huge orientation change within the twinned grains, and such
misorientation distribution may cause discrepant dislocation
distribution. It is proposed that the dislocation type can be
reflected by the grain reference orientation deviation (GROD)
axis [45] and GROD angle can reflect the dislocation density
distribution [46]. Therefore, we depicted the GROD axis of

selective grains (G4 and GS5) and the GROD angle maps of
{10-12} twins within selective grains to analyze the dislo-
cation distribution condition. Grain average orientation was
selected as reference orientation [46]. As shown in Fig. 12a,
the {10-12} twin crystals outside the black circle can be di-
vided into several major areas according to colors. Area with
similar color share similar GROD axis, which indicate the
activation of the same slip system. Therefore, it can be in-
ferred that different dislocations clustered within different ar-
eas and the same dislocation clustering is disadvantageous for
cross slip and dislocation interaction, which thus result in the
fewer LAGBs outside the black circle although high disloca-
tion density can be identified in these areas (Fig. 12b). In the
black circle in Fig. 12a, mix of multiple colors indicated var-
ious dislocation activating and this can be proved by the high
density of LAGBs (Fig. 12b). Although no visible SRXed
grains can be observed finally after annealing, sub-grains can
be observed within the double twins and grow through the
constrain of double twin boundaries (marked by the black ar-
row in Fig. 7b). The absence of SRX within the black circle
in Fig. 12a may mainly result from the numerous double twin
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Fig. 12. EBSD results of (a-c) G4 and (d-f) G5: (a, d) grain reference orientation deviation-axis maps, (b, e) grain reference orientation deviation-angle maps
of {10-12} twin crystals and (c, f) IGMA result of G4 and GS5. (g) Specific rotation axes and related dislocation types [43,44].

which may interact with dislocation and detwinned during an-
nealing (Fig. 7b) and the low dislocation density (Fig. 12b).
Four main {10-12} twin crystals in Fig. 12d were extracted to
further confirm the function of <c + a> dislocation to SRX
and a large degree value was chosen for the IGMA inten-
sity plot of these twin crystals to show the results clearly. As
mentioned in Fig. 8a-d, SRX occurred within al and a2 but
absent within a3 and a4, which can be attributed to the influ-
ence of dislocation distribution. In the twinned areas (al and
a2), pyramidal-I <c + a> dislocation can be identified along
with the basal <a>/ pyramidal-II <c + a> (Fig. 13e-f) and
the mix of multiple color of the GROD axis map (Fig. 12d)
reveal the interaction of these dislocations, which finally re-
sult in the SRX during annealing. In a3 and a4, the GORD
axis map can also reveal the complex slip modes (Fig. 12d).
However, the IGMA results (Fig. 13 g and h) indicate the low
density of <c 4 a> dislocation, which will restrict the for-
mation of 3-dimensional dislocation network and subsequent

SRXed grain forming. The SRX in {11-21} twins, i.e., in G5
and G6, can also be explained as same approach. Therefore,
it can be concluded that the activation of <c + a> disloca-
tion and related dislocation interaction strengthened the SRX
during annealing in this work.

In addition, SRX absent in most compression and dou-
ble twins in this work, which is induced by the activation of
<c + a> dislocation. As mentioned before, <c + a> dislo-
cation in this work is active due to the high strain rate and Gd
content [29,39,40]. As shown in Fig. S5, the IGMA results of
selective area with abundant twinned grains indicate the vari-
ous slip systems activating rather than the strengthened <a>
dislocation. Owing to the activation of <c + a> dislocation,
the components which are unfavorable for basal/prismatic
slips activating can accommodate strain through the activa-
tion of <c + a> slips, which release the strain concentration
within compression/double twins and thus responsible for the
absence of SRX. The competition between <c + a> slips
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Fig. 14. Twin boundaries identification of G3 and G5 with various tolerance angles.

and compression/double twin can also explain the small size
of most compression/double twins in the cold rolled samples
(Figs. 7 and 8).

4.2. The thermal stability of various twin boundaries

As shown in G3-G7, most compression/double twins de-
twinned during annealing while extension twin, especially
{11-21} twin, exhibit complicated thermal stability (Figs. 7-
10). In addition, as shown in Fig. 14, plenty of twin bound-
aries were identified as HAGBs with the tolerance decreas-
ing, which suggest that the coherence of partial twin bound-
aries were actually damaged during cold rolling owing to
the dislocation-twin interaction and work as HAGBs [47,48].
Therefore, both the property of incoherent twin boundaries

(HAGBs) and coherent twin boundaries should be consid-
ered for the migration of twin boundaries. For the coher-
ent twin boundaries, twin boundaries will migrate or lose
coherence when interact with different dislocations [47-50],
i.e., the dislocation will be absorbed by twin boundaries
when the Burgers vector of dislocation is not parallel to
the zone axis of twin [50]. In addition, the solute segrega-
tion can also retard the migration of twin boundaries [51,52].
For HAGBs, the migration is mainly closely related to the
storage energy, grain size difference, grain boundary prop-
erty and solute segregation [25]. Therefore, the twin bound-
aries migration in this work were mainly discussed in the
above aspects. For the convenience of discussion and descrip-
tion, the incoherent parts were regard as the HAGBs in this
section.
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Usually, storage energy can drive the migration of grain
boundaries [53]. As displayed in Fig. 11a, {11-21} twin ex-
hibit low storage energy and thus keep stable during anneal-
ing, while {11-21} twins in other grains (G4-G7) with high
storage energy enlarged or shrunk in addition to SRX. Ob-
viously, the high storage energy will drive the migration of
incoherent twin boundaries. Further, the high storage energy
always indicates the high dislocation density and various dis-
locations can be identified according to the IGMA and GORD
results (Fig. S5, Figs. 12 and 13). It is proposed that in-
teraction between twin boundaries and specific dislocations
can result in facets and steps along twin boundaries, which
can act as twinning dislocation source and thus promote the
migration of twin boundaries [49]. Various dislocation can
be identified in the cold rolled grains (Fig. 13), which can
be responsible for partial coherent twin boundaries migration
through the activation of twinning dislocation. In addition,
twin boundaries may lose coherency when specific disloca-
tions migrate and react with them [28,50], and migrate under
the driving of storage energy during subsequent annealing.
As marked by red arrows in Fig. S6, in the area with high
storage energy, partial {10-12} twin boundaries transformed
to HAGBs and moved constantly during annealing. On the
contrary, the twin boundaries without suitable dislocation-
twin interaction and storage energy driving can thus keep
stable (Figs. 7-10).

As displayed in Figs. 7-10, most compression/double twins
with small size detwinned, which can be attributed to the
effect of grain size. The grain with large size will grow
preferentially [54]. The high dislocation density within basal
oriented {10-12} twins can cause the incoherent compres-
sion/double twin boundaries (Fig. 14), and the compres-
sion/double twins with small size thus vanished during an-
nealing owing to the grain size effect. In Mg alloys, RE ele-
ments, i.e., Gd and Y, prefer segregating at twin boundaries
[51,55,56]. Maghsoudi et al. proposed that the segregation
of Gd can restrict the migration of {10-12} twin boundaries
by pinning the twin boundaries [56]. Somekawa et al. found
that the Y solute which segregate at twin boundaries can sta-
bilized {10-12} twin boundaries during annealing [51]. For
the twin boundaries (especially the coherent boundaries) that
formed at room temperature, there are usually no solute segre-
gation and the solute will gradually segregate at twin bound-
aries during annealing [57]. As shown in Fig. 15a-d, no ob-
vious solute segregation can be identified before annealing
according to the STEM-EDX results. Therefore, the migra-
tion of twin boundaries should be gradually slower with the
annealing time increasing. As shown in Fig. 7 and 8, par-
tial parent grains/twins which surrounded by {10-12} twin
boundaries still vanished during annealing and these vanished
areas always show small size or complex dislocation inter-
section (Fig. 12a and d), which indicate the combined action
of dislocation interaction and grain size. In addition, no obvi-
ous migration retardation of twin boundaries can be observed,
which indicate that solute segregation functioned little in this
work. Considering our annealing temperature and time, the
migration of twin boundaries should be mainly attributed to

Table 1
Misorientation angles and axes between SRXed grains and twins in G5 and
G7.

SRXed grain {10-11} twin {10-12} twin

G5-1 / 62.63° [6 —14 8 5]
G5-2 / 85.73° [-13 —10 23 -2]
G5-3 / 85.42° [18 =7 —11 1]
G7-2 53.36° [-6 0 6 1] 24.49° [-1 —12 13 7]

G7-5 86.91° [-15 —16 1 —4] 42.01° [22 —13 9 1]

G7-7 60.84° [-5 7 -2 2] 40.67° [6 5 —11 3]

G7-8 83.91° [-13 —10 23 4] 54.54° [1 =29 28 2]
G7-9 45.79° [6 =3 =3 2] 51.20° [0 11 —11 2]
G7-10 70.69° [12 —11 1 -2] 62.63° [13 5 —18 10]

the common effects of storage energy, grain size and disloca-
tion interaction.

4.3. Mechanism for the preferential grain growth

As displayed in Fig. S2, several main poles gradually
strengthened during annealing, which indicate the preferen-
tial grain growth of the SRXed grains. The preferential grain
growth can be seen in Figs. 8-10 and initial microstructure
were greatly consumed by SRXed grains. As displayed in
Figs. 8-11, it can be obviously concluded that the effects
of grain size and storage energy functioned little to pref-
erential grain growth owing to the large size of deformed
microstructure and the uniformly distributed storage energy
(Fig. 11). Owing to our short annealing time, the solute seg-
regation and relate effect to grain boundary migration should
be slight. Therefore, the effect of grain boundary property
should be the main contributor. In Mg alloys, HAGBs with
specific misorientation angle and rotation axis were called
near-coincident site lattice (CSL) boundary [58]. It is pro-
posed that near-CSL boundary greatly influence the grain
boundary precipitates distribution and the grain boundary mi-
gration [25,59]. The misorientation angles and axes between
SRXed grains and twins that were greatly consumed in G5
and G7 were summarized in Table 1. The SRXed grains with
large size were considered. As displayed in Table I, some
of these fast-moving grain boundaries approach to several
specific near-CSL boundaries, i.e., £13b (85.59°, [10-10]),
¥17a (86.63°, [2-1-10]), £17b (49°, [10-10]) and X21 (70°,
[70-72]) [58], which may indicate the high mobility of these
near-CSL boundary in this work.

As shown in Fig. 6 and S2, the texture of all microstructure
and SRXed grains are close to stable state after annealing for
15 min, which indicate that the fast growth of SRXed grains
approach the end. The misorientation distribution curves af-
ter annealing for 15 min and 25 min exhibit similar shape,
which indicate that the grain boundaries between identified
grains were stable after annealing for 15 min (Fig. 16). In
addition, as marked by the black arrows in Fig. 16, the
grain boundaries with marked misorientation angles decreased
anomalously after annealing for 15 min, which suggest that
these grain boundaries are unstable. To identify the property
of these boundaries, axis and angle distribution of SRXed
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Fig. 15. (a-d) STEM-EDX results of {10-12} twin boundaries: (a) STEM image, (b-d) STEM-EDX map results of Mg, Gd and Zr. (e) EBSD inverse pole
figure map of the TEM sample. The twin boundaries in a-d were marked by black rectangular in e and identified as {10-12} twin boundaries.

grains after annealing for 2 min and 15 min were summa-
rized in Fig. 17. As shown in Fig. 17, grain boundary length
decreased with the annealing time increasing at 0-20° and fa-
vorable axis [0001] can be observed (Fig. 17k), which reveal
the stability of grain boundaries with 10-20° and [0001] axis.
At the misorientation range of 20-50°, the grain boundary

number increased while the favorable axes [10-10] for 30—
40° and 40-50° become weakened, which indicate the high
mobility of the boundaries with 30-50° and [10-10] axis.
At 50-70°, the stable grain boundaries with [10-10] axis and
50-70° as well as with axis [2—-1-10] and 60-70° can be iden-
tified. At 70-90°, the grain boundary number increased firstly



N. Lv, L. Zhao, H. Yan et al./Journal of Magnesium and Alloys 13 (2025) 1099-1115 1113

2000
= 2min
1800 4 == Smin
1600 - s 10min
=m=15min
14001 —=— 25min
= 1200 4
2
= 1000 4
=
Z 8004
600 4
400 4
200 4
0 T L] T T
0 20 40 60 80 100

Misorientation angle (°)

Fig. 16. Misorientation angle distribution evolution of SRXed grains. Only
grain boundaries between identified grains were counted.

Table 2
The possible near-CSL boundaries which approach to the specific SRXed
grain boundaries with high mobility [58].

z 10 14 15b 17a 17b 21 23c 23d

Angle/° 7846 4442 86.18 86.63 49.68 7340 7744 3430
Axis/[] 10-10 10-10 2-1-10 2-1-10 10-10 70-72 2-1-10 10-10
c/a 1.633 1.633 1620 1.633 1.620 1.620 1.620 1.620

(2min-10 min) and then decreased (15 min) obviously, which
indicate that the grain boundaries with specific rotation axes
([10-10] and [2-1-10]) are unstable (Figs. 16 and 17). The
near-CSL boundaries that approach abovementioned specific
boundaries with high mobility were summarized in Table 2.
Y 17a, X17b and 221 can also be identified in Table 2, which
is corresponding to the grain boundaries with high mobility
in the twinned grains (Table 1). Therefore, it can be con-
cluded that these specific near-CSL boundaries may have high
mobility and thus cause the preferential grain growth in this
work.

5. Conclusions

In summary, quasi-in-situ observation was carried out on
the cold rolled high Gd content Mg alloys with {11-21} twins
to analyze the evolution of microstructure and texture and
basal component weakening is achieved. The main conclu-
sions are summarized as follows:

1. The basal component was gradually weakened owing to
the consumption of basal oriented {10-12} twins. SRX can
be widely observed within {10-12} and {11-21} twins but
absent in most double twins and compression twins, which
is different to traditional twin induced SRX in Mg alloys.

2. During annealing, the SRXed grains exhibited preferen-
tial grain growth. Despite the twins consumed by SRXed
grains, most small-sized compression/double twins de-
twinned while only partial {11-21} and {10-12} twins
detwinned.

3. The serrated twin boundaries induced by the interaction
between {11-21} twin and other twins can act as nucle-
ation sites and thus promote the SRX. <c + a> dislo-
cation and related dislocation interaction promote the op-
eration of SRX in {10-12} and {11-21} twins by pro-
moting the formation of new HAGBs during annealing.
Activation of profuse <c + a> dislocation in the basal
oriented microstructure accommodate the strain and thus
release the strain concentration within compression/double
twins, which is responsible for the SRX absence in most
compression/double twins.

4. The migration of twin boundaries and related detwinning
were mainly result from the small sizes of twins, storage
energy difference and dislocation-twin interaction. High
mobility of specific near-CSL boundaries mainly cause the
preferential grain growth of SRXed grains.
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