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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 + 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. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

In magnesium (Mg) alloys, texture significantly influence
he mechanical property [1–5] . Usually, there will always be a
asal texture formed during rolling or extrusion, which greatly
estrict the mechanical property improvement and the wider
pplication of Mg alloys [6–8] . Over the past decades, many
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fforts had been taken on the weakening of basal texture and
ctivating twinning had attracted extension attention owing to
he significant reorientation of parent grain after twinning op-
rate [9–11] . For example, by designing specific strain path
hange tests, the basal texture in the wrought Mg alloy can be
xed through {10–12} twinning behaviors and corresponding

nteraction of {10–12} twin variants [ 9 , 10 ]. Further, the {10–
2} twinning behaviors will also obstruct the formation of
asal texture when special texture, i.e., the rare earth (RE) tex-
ure, exist in the billet during deformation progress [11] . Acti-
ating {10–12} twin variants through multi-directional impact
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orging had also been used to prepare the weak textured high
erformance Mg alloys [ 12 , 13 ]. 

In addition, twins can also optimize texture through twin-
nduced recrystallization [ 12 , 14-16 ]. In Mg alloys, different
wins show various static recrystallization (SRX) behaviors.
t is widely observed that compression twin and double twin
ill always act as nucleation sites and recrystallize at the
ery beginning during annealing [ 14 , 17 , 18 ]. The new grains
hat formed within compression/double twins usually show
arious orientation and thus weaken the basal component
 19 , 20 ]. However, these compression/double twins induced
RXed grains can hardly grow into parent grains, which re-
tricted their contribution to texture randomization [18] . In
g alloys with twin-twin impingements, it is proposed that

he grains which nucleate at the intersection of double twins
nd the impingements of double twins and grain boundaries
an grow up and consume the adjacent deformed microstruc-
ure, which exhibit excellent contribution on basal texture
eakening [ 14 , 21 ]. Different from the conditions in compres-

ion twin and double twin, SRX rarely occur within {10–
2} tension twin in cold rolled Mg alloy but operate in the
10–12} twins in the forged Mg alloys, and such a differ-
nce has been illustrated as the high storage energy within
10–12} twins in the forged alloy [ 14 , 22 ]. Considering the
bove statements, the nature of twin induced SRX seems still
ontroversial. 

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

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

. Experiments and methods 

The material used in this study was a cold rolled Mg-
7.5Gd-Zr (wt.%) alloy. Before extrusion, the chemical com-
ositions of cast ingot were determined by using inductively
oupled plasma atomic emission spectroscopy. The Gd con-
ent was ∼17.5(wt.%), while the Zr content was < 0.1 (wt.%).
xtruded plate with dimension of ∼100 mm (ED) × 12 mm

ND) × 50 mm (TD) was used for cold rolling (ED, ND
nd TD represent the extrusion direction, normal direction
nd transverse direction of the extruded plate, respectively)
nd there is < 0001 > fiber texture in the extruded plate.
he plate was cold rolled along ED with accumulated re-
uction of ∼19% in 4 passes and reduction for per pass
as ∼5%. 
The as-extruded and cold rolled samples used for EBSD

bservation was firstly mechanical polished and then ion
tched using Leica RES102. Quasi-in-situ EBSD scans of the
old rolled sample were taken after annealing at 440 ◦C for
 min, 5 min, 10 min, 15 min, 25 min and ion etchings were
arried out on the sample before each scan to remove the
xide layers that formed during annealing. The material that
sed for optical microcopy (OM) was mechanical polished
nd then etched using alcohol solution containing 4% of nitric
cid (volume fraction). For transmission electron microscopy
TEM) observation, 3 mm-diameter discs with thickness of
30 μm were punched from the foil specimens and then

rgon-ion polished on GATAN 695. After TEM observation,
BSD was carried out on the TEM sample to identify the

win boundary. EBSD scans were conducted on FEI Quattro
 SEM and Zeiss Gemini 360 SEM equipped with EDAX-
SL EBSD system. JEOL JEM-2100F equipped with energy-
ispersive X-ray spectroscopy (EDX) was used to finished
EM observation. The data processing progress is same to
ur previous work [31] . 

. Results 

.1. Microstructure of the as-extruded and cold rolled 

amples 

The EBSD results of the as-extruded sample are show in
ig. 1 and microstructure with fully recrystallized grains can
e observed ( Fig. 1a ). The extruded alloy shows 〈 0001 〉 fiber
exture ( Fig. 1b and c ) and such a texture usually occurred
n 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-
icular to ND [31] . Therefore, cold rolling was conducted on
he as-extruded alloy to activate twinning behaviors. 

The microstructure of the cold rolled sample is displayed
n Fig. 2 and twins with various morphology can be observed.
requent twin-twin intersection can be observed ( Fig. 2a )
nd even the twins with small size show curved morphology
 Fig. 2b and c ), which can be attribute to the twin-twin and
islocation-twin interaction [31] . Further, secondary phase can
e rarely seen due to the high extrusion temperature (470 ◦C)
nd low rolling temperature (room temperature), which indi-
ate that the particle stimulated nucleation could rarely oper-
te 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. 
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Fig. 2. Microstructure of the cold rolled sample. (a
.2. Microstructure and texture evolution of the cold rolled 

amples during annealing 

Fig. 3 shows the microstructure evolution of the cold
olled sample during annealing. Different twin boundaries,
andom high angle grain boundaries (HAGBs) were marked
s different colors. The angle deviation used to identify twin
oundaries was within 5 °. From the grain boundary maps
 Fig. 3g - l ), various twinning behaviors and related twin-twin
ntersection can be identified. {11–21} twins and {10–11}-
10–12} double twins always occurred in the twinned grains
ith {10–12} twins. Besides, it has been confirmed that large

mount of random HAGBs and irregular morphology of twin
oundaries are induced by the dislocation-twin and twin-
win interaction [31] . The misorientation angle distribution
f quasi-in-situ EBSD observation was summarized in Fig. 4 .
s shown in Fig. 4a and b , four peaks around 0–10 °, 30–
0 °, 50–60 ° and 80–90 ° can be identified. The axis and an-
le distribution of the cold rolled sample ( Fig. 4b ) indicate
hat 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-
ion twin boundaries and {10–12} twin variant intersection
50–60 °) and {10–12} twin boundaries. During annealing,
here were apparent decreasing of LAGBs and {10–12} twin
oundaries, while other peaks hardly changed, which may in-
) OM image and (b, c) 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-l) 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, l) 25 min. 



N. Lv, L. Zhao, H. Yan et al. / Journal of Magnesium and Alloys 13 (2025) 1099–1115 1103 

Fig. 4. Misorientation distribution evolution during annealing: (a) the number of pts for grain boundaries and (b) the fraction of grain boundaries between 
identified grains. 
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icate the better thermal stability of other twin boundaries.
he stability of twins will be discussed in Section 4 . 

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

.3. Evolution of twin and recrystallization during annealing

In this section, several typical grains were picked out to
nalyze the thermal stability and twin induced SRX. Twin
oundaries, LAGB and HAGB are highlighted by different
olors. For the convenience of understanding, the fonts which
ark twins in the scattered pole figures were highlighted as

he same color to corresponding twin boundaries. In addition,
or better observing the microstructure of twinned grains, the
nlarged inverse pole figures of G4, G5 and G7 are displayed
n Fig. S4. 

Twinned grains with {11–21} and {10–12} twins (G3 and
4) are shown in Fig. 7 and SRX rarely occurred during

nnealing. One basal oriented {10–12} twin variant T1 and
ne {11–21} variant T2 activated in G3 ( Fig. 7a ) and most
11–21} twin crystals remained constant during annealing. As
hown in black circles in Fig.7a , partial {11–21} twin crys-
al expanded while the {10–12} twin crystal shrunk consec-
tively during annealing. Several {10–12} twin crystals and
artial parent grains (marked by black arrows in cold rolled
3) with small size eliminated during annealing. One SRXed
rain formed after 10 min annealing and this grain finally
onsumed by adjacent twin crystals after 25 min annealing.
n G4, basal oriented {10–12} twin dominated the twinning
ehaviors and only one {10–12} twin variant (T1) activated.
ne {11–21} twin variant (T2) with narrow shape activated.
s highlighted by green and yellow arrows ( Fig. 7b ), one
10–11} twin variant and several {10–11}-{10–12} twin vari-
nts activated within T1. T2, {10–11} twin and most {10–
1}-{10–12} twins eliminated after annealing for 25 min. Par-
ial parent grains were also consumed by {10–12} twins, too.
n addition, although the boundaries of twinned grains (in-
luding twin-free grains in Fig. S3) show serrated morphol-
gy, SRX can be rarely seen in these grains without complex
win-twin interaction. 

The typical twinned grains with SRX are shown in Figs.
 and 9 . G5 shows the grain with complex twin-twin in-
eraction and basal oriented {10–12} twinning dominate the
winning behaviors. One {10–12} (T1) and three {11–21}
win variants (T2-T4) activated, and various {10–11}-{10–12}
ouble twin variants and one {10–11} compression twins ac-
ivated within {10–12} twins ( Fig. 8a ). Similar to the orienta-
ion of twins in G4 ( Fig. 7b ), the {10–12} twin variant shows
asal orientation while other twin crystals show non-basal ori-
ntation. During annealing, most compression twins and dou-
le twins eliminated. After 2 min annealing ( Fig. 8b and f ),
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Fig. 5. (a-f) Kernel average misorientation (KAM) and (g-l) grain size distribution evolution of cold rolled sample during annealing: (a, g) cold rolled samples, 
(b, h) 2 min, (c, i) 5 min, (d, j) 10 min, (e, k) 15 min and (f, l) 25 min. The black lines in g-l are the grain size distribution of as-extruded sample. 
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Fig. 6. (0001) pole figures evolution during annealing: (a) cold rolled, (b) 2 min, (c) 5 min, (d) 10 min, (e) 15 min and (f) 25 min. 
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s marked by the black circle, plenty of nucleation formed
ithin {10–12} twins or nucleated at the impingements of
10–12} twin variant and {11–21} twin variants. In the black
ircle ( Fig. 8b ), three SRXed grains (marked as 1–3) grow
p apparently during subsequent annealing, and other SRXed
rains nucleated within black circle as well as partial {10–
2} and {11–21} twin crystals were greatly consumed owing
he growth of 1–3. SRXed grains (marked as 4 and 5) can be
bserved at the grain boundaries of G5 after 25 min annealing
nd consumed partial twins and parent grain ( Fig. 8d ). SRXed
rains 1–5 show various orientation and made a great con-
ribution on the consumption of basal oriented microstructure
 Fig. 8d and h ). Although the SRXed grain grew quickly,
rains that formed within G5 (1–3) still confined by the
oundaries of parent grains. Interestingly, different from the
etwinned {11–21} twin variant in G4 ( Fig. 7b ), partial {11–
1} twin variants keep stable and some of them even ex-
anded and consumed the {10–12} twins after annealing for
5 min (marked by white arrows in Fig. 8d ). 

In Fig. 9 , the grain (G6) that {11–21} twinning predomi-
ated in twinning behaviors was selected. Two {10–12} twin
ariants (T1-T2) and two {11–21} twin variants (T3-T4) acti-
ated, and the morphology of twin crystals are serrated in G6.
s marked by black circles in the cold rolled state ( Fig. 9a ),
any new grains and sub-grains formed at the twin bound-

ries or twin boundaries impingements [31] . During anneal-
ng, SRXed grains formed dispersedly and grew up quickly.
lmost all parent grain and original twin crystals were rapidly
onsumed by the new formed grains and twin boundaries
how barely confine to these SRXed grains. After 15 min
nnealing, 13 SRXed grains formed and their orientation
re close to the original {10–12} and {11–21} twin crystals
T1-T4). 

Fig. 10 shows the evolution of the twinned grains with
rregular {10–11} twins. One basal oriented {10–12} twin
ariant (T1) and two non-basal oriented {11–21} twin vari-
nts (T2 & T3) can be seen ( Fig. 10a ). Further, two {10–
1} twin variants activated (T11 & T12) within T1 and
ost parts of T11 exhibit irregular shape owing to twin-

win interaction [34] , which can hardly operate in previ-
us work. After 2 min annealing ( Fig. 10b and f ), despite
he SRXed grains (2, 3, 6, 7, 9 and 10–12) that still re-
ained after 25 min annealing, plenty of grains that show

arious orientations nucleated (marked by black arrows) and
ost of them nucleated at the intersection between {10–

1} twin and other twin crystals. Obviously, the serrated
oundaries are favorable for SRXed nucleation [35] . After
5 min annealing ( Fig. 10d and h ), there were 12 grains
emained and most initial microstructure and SRXed grains
ere consumed by these 12 grains. Grains, i.e., 10, had ex-
anded across the initial boundaries of the twinned grain.
he black circles on the (0001) scattered pole figures exhibit

he orientation distribution of initial microstructure where
RXed grains nucleated. The basal oriented {10–12} twin
rystals almost exhausted while most large SRXed grains
how 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. 
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ng for 25 min ( Fig. 10d and h ), which is similar to that
n G6 and indicate contribution of SRX on basal component
eakening. 

. Discussion 

.1. Analysis on the twin induced SRX 

Different from the traditional twin induced SRX mentioned
n Section 1 , SRX rarely occurred within lenticular compres-
ion {10–11} or {10–11}-{10–12} double twins and most of
hem detwinned or consumed by growing SRXed grains. For
10–12} twins, SRX occurred in some basal oriented {10–
2} twin crystals ( Fig. 8 ) while absent in the others ( Fig. 7b ).
imilar to the SRX in {10–12} twins, the SRX operated op-

ionally within {11–21} twins ( Fig. 7-10 ). During annealing,
t is widely accepted that the SRX usually prefer operating
ithin twins with high storage energy [ 17 , 22 , 36 ]. The KAM
ap of twinned grains G3-G7 (cold rolled state) are shown

n Fig. 11 . In general, G3 show low KAM values in both par-
nt grain and twins compared to other grains, which can be
esponsible for SRX absence. In G4-G7, we can see high stor-
ge energy areas within parent grains and twins ( Fig. 11b - e )
nd obviously the high storage energy is beneficial to SRX.
nterestingly, although we can sight high storage energy ar-
as within {10–12} twins in G4 ( Fig. 11b ), SRX absent in
his grain. This odd phenomenon become more prominent in
he compression between G4 and G5 because their twinning
ehaviors and the orientation of microstructure resemble to
ach other closely, while SRX only operated within the {10–
2} twins in G5 ( Fig. 8 ). Hence, there must be other factors
hich functioned to the SRX. 
As mentioned above, the types of dislocation play an im-

ortant role on SRX in Mg alloys [24] . In addition, basal
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Fig. 8. SRX in the typical grain G5 that basal oriented {10–12} twin predominate in twins. (a-d) Inverse pole figure maps and (e-h) corresponding (0001) 
scattered pole figures evolution during annealing. 

Fig. 9. SRX in the typical grain G6 that {11–21} twins predominate in twins. (a-d) Inverse pole figure maps and (e-h) corresponding (0001) scattered pole 
figures evolution during annealing. 
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lip is always considered to be the key role of twin induced
RX and SRX is usually regarded as the results of cross
lip and climb of the high density of basal < a > /prismatic
 a 〉 dislocation, i.e., typical SRX in compression and dou-
le twins [ 14 , 36 ]. However, the formation of 3 dimensional
ecrystallization nuclei required < c + a > dislocation [ 37 , 38 ]
nd contribution of < c + a > dislocation to twin induced SRX
as rarely been discussed in previous work. The pyramidal
 c + a > slip can activate under high strain rate deformation
29] and the RE elements solute are proposed to be bene-
cial for the activating of < c + a > slips in Mg-RE alloys
 39 , 40 ]. Obviously, in the wrought Mg-RE alloy with severe
eformation and high RE content, the influence of < c + a >
islocation to SRX should not be ignored. Therefore, G4 and
5 were selected out to analyze the influence of dislocation

ype 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. 

Fig. 11. KAM maps of selective grains G3-G7: (a) G3, (b) G4, (c) G5, (d) G6 and (e) G7. 
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ranular misorientation axis (IGMA) analysis can be used to
istinguish the dislocation types in Mg alloys [ 41 , 42 ] and the
pecific axes and related dislocations were summarized within
ig. 12 g [ 43 , 44 ]. As shown in Fig. 12c and f , although basal
 a 〉 dislocation and pyramidal- Ⅱ < c + a > dislocation cannot
e differentiated because of their common 〈 10–10 〉 axis, the
yramidal- Ⅰ < c + a > dislocation can be identified accord-
ng to IGMA results. Considering the low rolling temperature
hich is favorable for basal slip activating, it can be con-

luded that the < c + a > dislocation and basal < a > disloca-
ion occurred in both G4 and G5 ( Fig. 12c and f ). Obviously,

ore condition should be considered to explain the difference
etween G4 and G5 in SRX. 

As shown in scattered pole figures in Figs. 7-10 , the parent
rains and twins exhibit broad distribution, which indicate the
uge orientation change within the twinned grains, and such
isorientation distribution may cause discrepant dislocation

istribution. It is proposed that the dislocation type can be
eflected by the grain reference orientation deviation (GROD)
xis [45] and GROD angle can reflect the dislocation density
istribution [46] . Therefore, we depicted the GROD axis of
elective grains (G4 and G5) and the GROD angle maps of
10–12} twins within selective grains to analyze the dislo-
ation distribution condition. Grain average orientation was
elected as reference orientation [46] . As shown in Fig. 12a ,
he {10–12} twin crystals outside the black circle can be di-
ided into several major areas according to colors. Area with
imilar color share similar GROD axis, which indicate the
ctivation of the same slip system. Therefore, it can be in-
erred that different dislocations clustered within different ar-
as and the same dislocation clustering is disadvantageous for
ross slip and dislocation interaction, which thus result in the
ewer LAGBs outside the black circle although high disloca-
ion density can be identified in these areas ( Fig. 12b ). In the
lack circle in Fig. 12a , mix of multiple colors indicated var-
ous dislocation activating and this can be proved by the high
ensity of LAGBs ( Fig. 12b ). Although no visible SRXed
rains can be observed finally after annealing, sub-grains can
e observed within the double twins and grow through the
onstrain of double twin boundaries (marked by the black ar-
ow in Fig. 7b ). The absence of SRX within the black circle
n 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 G5. (g) Specific rotation axes and related dislocation types [ 43 , 44 ]. 
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hich may interact with dislocation and detwinned during an-
ealing ( Fig. 7b ) and the low dislocation density ( Fig. 12b ).
our main {10–12} twin crystals in Fig. 12d were extracted to
urther confirm the function of < c + a > dislocation to SRX
nd a large degree value was chosen for the IGMA inten-
ity plot of these twin crystals to show the results clearly. As
entioned in Fig. 8a - d , SRX occurred within a1 and a2 but

bsent within a3 and a4, which can be attributed to the influ-
nce of dislocation distribution. In the twinned areas (a1 and
2), pyramidal- Ⅰ < c + a > dislocation can be identified along
ith the basal < a > / pyramidal- Ⅱ < c + a > ( Fig. 13e - f ) and

he mix of multiple color of the GROD axis map ( Fig. 12d )
eveal the interaction of these dislocations, which finally re-
ult in the SRX during annealing. In a3 and a4, the GORD
xis map can also reveal the complex slip modes ( Fig. 12d ).
owever, the IGMA results ( Fig. 13 g and h ) indicate the low
ensity of < c + a > dislocation, which will restrict the for-
ation of 3-dimensional dislocation network and subsequent
RXed grain forming. The SRX in {11–21} twins, i.e., in G5
nd G6, can also be explained as same approach. Therefore,
t can be concluded that the activation of < c + a > disloca-
ion and related dislocation interaction strengthened the SRX
uring annealing in this work. 

In addition, SRX absent in most compression and dou-
le twins in this work, which is induced by the activation of
 c + a > dislocation. As mentioned before, < c + a > dislo-

ation in this work is active due to the high strain rate and Gd
ontent [ 29 , 39 , 40 ]. As shown in Fig. S5, the IGMA results of
elective area with abundant twinned grains indicate the vari-
us slip systems activating rather than the strengthened < a >
islocation. Owing to the activation of < c + a > dislocation,
he components which are unfavorable for basal/prismatic
lips activating can accommodate strain through the activa-
ion of < c + a > slips, which release the strain concentration
ithin compression/double twins and thus responsible for the

bsence of SRX. The competition between < c + a > slips
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Fig. 13. (a-d) Inverse pole figure maps of {10–12} twin crystals a1-a4 in G5 and corresponding (e-h) IGMA results: (a, e) a1, (b, f) a2, (c, g) a3 and 
(d, h) a4. 

Fig. 14. Twin boundaries identification of G3 and G5 with various tolerance angles. 
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nd compression/double twin can also explain the small size
f most compression/double twins in the cold rolled samples
 Figs. 7 and 8 ). 

.2. The thermal stability of various twin boundaries 

As shown in G3-G7, most compression/double twins de-
winned during annealing while extension twin, especially
11–21} twin, exhibit complicated thermal stability ( Figs. 7-
0 ). In addition, as shown in Fig. 14 , plenty of twin bound-
ries were identified as HAGBs with the tolerance decreas-
ng, which suggest that the coherence of partial twin bound-
ries were actually damaged during cold rolling owing to
he dislocation-twin interaction and work as HAGBs [ 47 , 48 ].
herefore, both the property of incoherent twin boundaries
HAGBs) and coherent twin boundaries should be consid-
red for the migration of twin boundaries. For the coher-
nt twin boundaries, twin boundaries will migrate or lose
oherence when interact with different dislocations [47–50] ,
.e., the dislocation will be absorbed by twin boundaries
hen the Burgers vector of dislocation is not parallel to

he zone axis of twin [50] . In addition, the solute segrega-
ion can also retard the migration of twin boundaries [ 51 , 52 ].
or HAGBs, the migration is mainly closely related to the
torage energy, grain size difference, grain boundary prop-
rty and solute segregation [25] . Therefore, the twin bound-
ries migration in this work were mainly discussed in the
bove aspects. For the convenience of discussion and descrip-
ion, the incoherent parts were regard as the HAGBs in this
ection. 
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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] 
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Usually, storage energy can drive the migration of grain
oundaries [53] . As displayed in Fig. 11a , {11–21} twin ex-
ibit low storage energy and thus keep stable during anneal-
ng, while {11–21} twins in other grains (G4-G7) with high
torage energy enlarged or shrunk in addition to SRX. Ob-
iously, the high storage energy will drive the migration of
ncoherent twin boundaries. Further, the high storage energy
lways indicates the high dislocation density and various dis-
ocations can be identified according to the IGMA and GORD
esults (Fig. S5, Figs. 12 and 13 ). It is proposed that in-
eraction between twin boundaries and specific dislocations
an result in facets and steps along twin boundaries, which
an act as twinning dislocation source and thus promote the
igration of twin boundaries [49] . Various dislocation can

e identified in the cold rolled grains ( Fig. 13 ), which can
e responsible for partial coherent twin boundaries migration
hrough the activation of twinning dislocation. In addition,
win boundaries may lose coherency when specific disloca-
ions migrate and react with them [ 28 , 50 ], and migrate under
he driving of storage energy during subsequent annealing.
s marked by red arrows in Fig. S6, in the area with high

torage energy, partial {10–12} twin boundaries transformed
o HAGBs and moved constantly during annealing. On the
ontrary, the twin boundaries without suitable dislocation-
win interaction and storage energy driving can thus keep
table ( Figs. 7-10 ). 

As displayed in Figs. 7–10 , most compression/double twins
ith small size detwinned, which can be attributed to the

ffect of grain size. The grain with large size will grow
referentially [54] . The high dislocation density within basal
riented {10–12} twins can cause the incoherent compres-
ion/double twin boundaries ( Fig. 14 ), and the compres-
ion/double twins with small size thus vanished during an-
ealing owing to the grain size effect. In Mg alloys, RE ele-
ents, i.e., Gd and Y, prefer segregating at twin boundaries

 51 , 55 , 56 ]. Maghsoudi et al. proposed that the segregation
f Gd can restrict the migration of {10–12} twin boundaries
y pinning the twin boundaries [56] . Somekawa et al. found
hat the Y solute which segregate at twin boundaries can sta-
ilized {10–12} twin boundaries during annealing [51] . For
he twin boundaries (especially the coherent boundaries) that
ormed at room temperature, there are usually no solute segre-
ation and the solute will gradually segregate at twin bound-
ries during annealing [57] . As shown in Fig. 15a - d , no ob-
ious solute segregation can be identified before annealing
ccording to the STEM-EDX results. Therefore, the migra-
ion of twin boundaries should be gradually slower with the
nnealing time increasing. As shown in Fig. 7 and 8 , par-
ial parent grains/twins which surrounded by {10–12} twin
oundaries still vanished during annealing and these vanished
reas always show small size or complex dislocation inter-
ection ( Fig. 12a and d ), which indicate the combined action
f dislocation interaction and grain size. In addition, no obvi-
us migration retardation of twin boundaries can be observed,
hich indicate that solute segregation functioned little in this
ork. Considering our annealing temperature and time, the
igration of twin boundaries should be mainly attributed to
he common effects of storage energy, grain size and disloca-
ion interaction. 

.3. Mechanism for the preferential grain growth 

As displayed in Fig. S2, several main poles gradually
trengthened during annealing, which indicate the preferen-
ial grain growth of the SRXed grains. The preferential grain
rowth can be seen in Figs. 8-10 and initial microstructure
ere greatly consumed by SRXed grains. As displayed in
igs. 8-11 , it can be obviously concluded that the effects
f grain size and storage energy functioned little to pref-
rential grain growth owing to the large size of deformed
icrostructure and the uniformly distributed storage energy

 Fig. 11 ). Owing to our short annealing time, the solute seg-
egation and relate effect to grain boundary migration should
e slight. Therefore, the effect of grain boundary property
hould be the main contributor. In Mg alloys, HAGBs with
pecific misorientation angle and rotation axis were called
ear-coincident site lattice (CSL) boundary [58] . It is pro-
osed that near-CSL boundary greatly influence the grain
oundary precipitates distribution and the grain boundary mi-
ration [ 25 , 59 ]. The misorientation angles and axes between
RXed grains and twins that were greatly consumed in G5
nd G7 were summarized in Table 1 . The SRXed grains with
arge size were considered. As displayed in Table 1 , some
f these fast-moving grain boundaries approach to several
pecific near-CSL boundaries, i.e., �13b (85.59 °, [10–10]),
17a (86.63 °, [2-1-10]), �17b (49 °, [10–10]) and �21 (70 °,

70–72]) [58] , which may indicate the high mobility of these
ear-CSL boundary in this work. 

As shown in Fig. 6 and S2, the texture of all microstructure
nd SRXed grains are close to stable state after annealing for
5 min, which indicate that the fast growth of SRXed grains
pproach the end. The misorientation distribution curves af-
er annealing for 15 min and 25 min exhibit similar shape,
hich indicate that the grain boundaries between identified
rains were stable after annealing for 15 min ( Fig. 16 ). In
ddition, as marked by the black arrows in Fig. 16 , the
rain boundaries with marked misorientation angles decreased
nomalously after annealing for 15 min, which suggest that
hese grain boundaries are unstable. To identify the property
f these boundaries, axis and angle distribution of SRXed



1112 N. Lv, L. Zhao, H. Yan et al. / Journal of Magnesium and Alloys 13 (2025) 1099–1115 

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. 

g  

r  

d  

v  

t  

A  

n
4  

m  

A  

5  

t  
rains after annealing for 2 min and 15 min were summa-
ized in Fig. 17 . As shown in Fig. 17 , grain boundary length
ecreased with the annealing time increasing at 0–20 ° and fa-
orable axis [0001] can be observed ( Fig. 17k ), which reveal
he stability of grain boundaries with 10–20 ° and [0001] axis.
t the misorientation range of 20–50 °, the grain boundary
umber increased while the favorable axes [10–10] for 30–
0 ° and 40–50 ° become weakened, which indicate the high
obility of the boundaries with 30–50 ° and [10–10] axis.
t 50–70 °, the stable grain boundaries with [10–10] axis and
0–70 ° as well as with axis [2–1–10] and 60–70 ° can be iden-
ified. At 70–90 °, the grain boundary number increased firstly
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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] . 

� 10 14 15b 17a 17b 21 23c 23d 

Angle/ ° 78.46 44.42 86.18 86.63 49.68 73.40 77.44 34.30 
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 1.620 1.633 1.620 1.620 1.620 1.620 
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2min-10 min) and then decreased (15 min) obviously, which
ndicate that the grain boundaries with specific rotation axes
[10-10] and [2-1-10]) are unstable ( Figs. 16 and 17 ). The
ear-CSL boundaries that approach abovementioned specific
oundaries with high mobility were summarized in Table 2 .
17a, �17b and �21 can also be identified in Table 2 , which

s corresponding to the grain boundaries with high mobility
n the twinned grains ( Table 1 ). Therefore, it can be con-
luded that these specific near-CSL boundaries may have high
obility and thus cause the preferential grain growth in this

ork. 

Fig. 17. Axis and angle distribution after ann
. Conclusions 

In summary, quasi-in-situ observation was carried out on
he cold rolled high Gd content Mg alloys with {11–21} twins
o analyze the evolution of microstructure and texture and
asal component weakening is achieved. The main conclu-
ions 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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