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ARTICLE INFO ABSTRACT

Keywords: The formability and mechanical properties of magnesium (Mg) alloys are strongly related to the crystallographic
Mg-Gd-Y-Zr alloy basal texture. Twins play critical roles in adjusting crystallographic orientation of grains during both deformation
Recrystallization

and annealing treatment via deformation twinning and twinning-assisted recrystallization. In this study, cold
rolling and subsequent annealing were conducted on a Mg-5.9Gd-3.3Y-0.5Zr alloy to investigate the recrystal-
lization behavior and texture evolution. Electron backscatter diffraction and transmission electron microscopy
techniques were applied to characterize the nucleation of recrystallized grains, especially the twinning-assisted
recrystallization, at multi-scales. The results indicated that a large number of {1012}, {1011} twins and {1011}~
{1012} double twins were introduced after cold rolling. The {1011}-{1012} double twins, double twin - grain
boundary intersections and dense twin-twin intersections acted as the preferential nucleation sites for recrys-
tallization during annealing treatment, while the coarse and parallel {1012} twins were unfavorable for the
nucleation of recrystallized grains. Although {1012} tension twins are the most common twins in Mg alloys, the
interface of this type of twin has strong mobility and is easy to expand. Therefore, it is generally difficult for a
single {1012} twin to recrystallize. However, the {1011} compression twins and {1011}-{1012} double twins
are generally difficult to expand and can store high deformation energy, so they are conducive to becoming
nucleation sites for recrystallization. During the recrystallization process, the texture type (basal texture) of the
cold rolled sample remained unchanged, but the overall texture intensity was significantly reduced due to the
dispersion of grain orientations brought by new grains generated by twinning recrystallization.

Twinning
Texture

1. Introduction adjusting crystallographic orientation of grains during both deformation
and annealing treatments due to the limited number of independent slip

As the lightest structural metals, Magnesium (Mg) and its alloys, systems in hexagonal close-packed (HCP) metals [15-20]. The {1012}(
especially Mg alloys containing rare earth (RE) elements such as Mg-Gd, 1011 > tension twins, {1011}(1012> compression twins, and

Mg-Y and Mg-Gd-Y series alloys have drawn wide attention in the fields {1011} — {1012} double twins are the commonly observed twins in Mg
of aerospace and automotive industries due to their high strength and

good heat resistance [1-4]. Among various strengthening mechanisms,
grain refinement strengthening is considered to be a promising way to
improve the mechanical properties [5-8]. By combining plastic defor-
mation with subsequent annealing treatment can acquire fine grains and
weaken the texture via recrystallization in Mg alloys [9-11].

In deformed Mg alloys, deformation twins, grain boundaries, shear
bands and precipitates are the proposed nucleation sites for recrystalli-
zation [12-14]. Among which, deformation twins play critical roles in

alloys [21-24]. The twin types, twin variants, twin-twin and twin-grain
boundary intersections affect the recrystallization behaviors. Recrys-
tallization within {1011} compression twins and {1011} — {1012}
double twins has been frequently observed and reported due to the basal
dislocation slip which occurs easily within these twins and the high
stored energy [25-29]. The {1012}(1011 > tension twins can be acti-
vated easily at the early stage of deformation due to the low critical
resolved shear stress [22], but it is controversial whether the {10T2}
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Fig. 1. The EBSD results of the homogenized (a, b) and cold rolled (c—e) samples. (a) IPF map, (b) grain size distribution bar graph, (c) IPF map, (d) IQ map
superimposed with the boundary map, (e) the distribution of misorientation angles of grain boundaries.

twins can be the preferred nucleation sites for recrystallization. Some
researchers [23,25,30] reported that {1012} twins are unfavorable for
the nucleation and growth of recrystallized grains due to the low
Schmidt factor for basal slip within the twins and the low stored energy.
Guan et al. [30] reported that no recrystallization occurred in both
{1012} twins and twin-twin intersections, while double twins acted as
the preferred nucleation sites for recrystallization and contributed
greatly to the recrystallization process. However, Lu et al. [31] reported
that by activating a large number of randomly orientated and interacted
{1012} twins via multi-directional forging, these {1012} twins can also
serve as nucleation sites for static recrystallization after accumulating
sufficient strain energy.

Recrystallized grains originating from twins can scatter and
randomize the grain orientation, which is considered capable of
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weakening the deformed texture. However, the understanding on the
contribution of twin recrystallization to texture modification is still
controversial. Some researchers [25,32,33] reported that the recrystal-
lized grains nucleating inside twins did not grow beyond the twin size,
resulting a limited texture weakening effect on the original deformed
microstructure. Lu et al. [9] also reported that most recrystallized grains
maintained the original grain orientations and no obvious difference
was shown on the texture evolution during annealing treatment. How-
ever, other researchers [30] found that recrystallized grains, originating
from double twins made the main contribution to texture modification
and concluded that recrystallization from double twins and double twin
- grain boundary intersections exhibited a weak, non-basal texture. Liu
et al. [34] also reported a significantly weakened basal texture due to
strong orientation scattering by the recrystallized grains in compression
and double twins in a Mg-Zn alloy. It is therefore crucial to figure out the
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Fig. 2. (a, b) Typical bright-field TEM images of the cold rolled sample. (c, d) The bright-filed TEM images and the corresponding SAED patterns of the squared areas.

different recrystallization behaviors as a function of twin types and their
contribution to texture evolution.

In this work we examined the recrystallization process during
isothermal annealing of a cold-rolled Mg-5.9Gd-3.3Y-0.5Zr alloy. Opti-
cal microscope (OM), electron back-scatter diffraction (EBSD) and
transmission electron microscopy (TEM) characterizations were con-
ducted to reveal the recrystallization behaviors as a function of twin
types at multi-scales. Various types of twins were introduced after cold
rolling. The {1011}-{1012} double twins, double twin - grain boundary
intersections and dense twin-twin intersections acted as the preferential
nucleation sites for recrystallization during annealing treatment, while
the coarse and parallel {1012} twins were unfavorable for the nucle-
ation of recrystallized grains. The texture intensity was significantly
reduced due to the dispersion of grain orientations brought by new
grains generated by twinning recrystallization.

2. Experimental procedures

The material used in the present study was a Mg-Gd-Y-Zr alloy pre-
pared by casting method. The chemical composition was determined to
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be Mg-5.9Gd-3.3Y-0.5Zr (wt.%) by using inductively coupled plasma
mass spectroscopy (ICP-MS). Samples with dimensions of 10 mm x 60
mm x 70 mm were machined from the cast ingot by wire electrode
cutting, and then homogenized at 520 °C for 12 h and cooled in water.
These homogenized samples were cold rolled with a thickness reduction
of 0.5 mm for each pass. In favor of investigating the recrystallization
behaviors as a function of twin types, a total thickness reduction of 30 %
was employed to activate a certain number of twins in different types
and orientations. The rolled samples were annealed in air at 400 °C for 1
min, 3 min, 4 min, 5 min, 10 min and 20 min, respectively, followed by
rapid quenching in water.

An HVS-1000M2 Vickers micro-hardness tester was used to measure
the hardness of the cold-rolled and annealed samples with a load of 100
g holding for 15 s. The microhardness value for each sample was aver-
aged from every 5 points. The microstructure and texture evolution were
characterized using optical microscopy, scanning electron microscopy
(SEM, FEI Helios NanoLab G3 UC) equipped with an electron back-
scatter diffraction detector (EBSD) and transmission electron micro-
scopy (TEM, FEI Titan 60-300 operating at 200 KV). The surfaces along
the transverse direction of all samples were characterized. The TSL OIM
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Fig. 3. (a, b) An HRTEM image of a 38° {1011}-{1012} double twin and FFT patterns containing the interfaces of areas A and C, B and C, A and B, and the whole

area, (c, d) magnified HRTEM images along the twin boundary in (a).

software was used to acquire pseudo-colored orientation imaging mi-
croscopy. Specimens for OM observation were prepared by conventional
grinding with SiC papers from 400 to 2000 grit and diamond polishing
from W2.5 to WO0.5, followed by corroding in 4 % sodium citrate solution
for 40-60 s. Specimens for EBSD observation were prepared by grinding
and diamond polishing and then subjected to electrochemical polishing
in a mixed solution of perchloric acid (2 vol%) and ethanol (98 vol%) at
a voltage of 25 V and a temperature of —35 °C for 2 min. For TEM
analysis, foils after mechanical grinding with a thickness of 50 pm were
twin-jet electropolished in a mixture of perchloric acid (3 vol%) and
ethanol (97 vol%) at a voltage of 35 V and a temperature of —35 °C.

3. Results
3.1. Microstructure of the cold rolled Mg-Gd-Y-Zr alloy
Fig. 1 shows the microstructures of the homogenized (a, b) and cold

rolled (c-e) alloy samples. Fig. 1a and b are the inverse pole figure (IPF)
map and grain size distribution histogram of the homogenized sample.
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The average grain size was measured to be ~110.6 pm after homoge-
nization. Fig. 1c and d presents the IPF map and image quality (IQ) map
superimposed with the boundary map of the cold rolled sample. From
Fig. 1d, the {1012}, {1121}, {1122}, {1011} and {1011}-{1012} twin
boundaries marked with different colors were detected. Among them,
{1012}, {1011} twins and {1011}-{1012} double twins indicated by
red, yellow and cyan blue lines, respectively, were the dominant twin-
ning types. From Fig. 1e—a large number of high angle grain boundaries
existed in the cold rolled sample. The distribution peaks of misorienta-
tion angles at around 38°, 56° and 86° corresponded to the
{1011-{1012} double twins, {1011} compression twins and {1012}
tension twins, respectively.

Fig. 2 shows the typical bright-field TEM images of the cold rolled
sample. A high density of twins, double twins and twin-twin in-
tersections were observed in Fig. 2a and b. Fig. 2c and d are bright-filed
TEM images and the corresponding selected area electron diffraction
(SAED) patterns of the squared areas, which indicate the presence of a
86° {1012} twin and a 38° {1011}-{1012} double twin. The double twin
was further characterized via high-resolution TEM (HRTEM). Fig. 3a
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Fig. 4. The OM images of cold-rolled sample after annealing at 400 °C for (a) 1 min, (b) 3 min, (¢) 4 min, (d) 5 min, (e) 10 min, (f) 20 min.

shows an HRTEM image of a selected area along a typical 38°
{1011}-{1012} double twin boundary. It’s interesting that areas A, B
and C with different HCP lattice orientations were observed. Fig. 3b
shows the fast Fourier transformation (FFT) patterns containing the in-
terfaces of A and C, B and C, A and B, and the whole area, with the
diffraction spots of regions A, B and C marked by red, green and yellow
boxes, respectively, which show symmetric relations under [2110] zone
axis. The symmetric relations of the FFT patterns containing different
areas indicate different twinning relations, such as, a 86° {1012} twin
relation exists between A and C, a 56° {1011} twin relation exists be-
tween B and C, and a 38° {1011}-{1012} double twin relation exists
between A and B. Such twinning relations were further confirmed by the
magnified HRTEM images along the twin boundary, as shown in Fig. 3¢
and d. The lattices in A and C present a symmetric relation with {1012}
plane as the symmetric plane (as indicated by the red dotted line), and
the lattices in B and C show a symmetric relation about {1011} plane (as
shown by the cyan dotted line). Firstly, a 56° {1011} twinning occurred
between area B and area C, then a 86° {1012} twinning occurred be-
tween area A and area C, and area C was subsequently consumed, which
eventually resulted the formation of a 38° {1011}-{1012} double twin
relation between A and B. Zigzag steps can be observed along the double
twin boundaries to accommodate the orientation, as shown in Fig. 3¢
and d.

3.2. Microstructural evolution during annealing treatment

The cold rolled samples were annealed at 400 °C to different time to
investigate the effects of deformation twins on the static recrystalliza-
tion behaviors and texture evolution. Fig. 4 displays a series of OM
images of the cold rolled samples after annealing for different time. After
1 min and 3 min annealing, as shown in Fig. 4a and b, a high density of
deformation twins were retained and only a few recrystallized grains
were observed in local areas. After 4 min and 5 min annealing, obvious
recrystallization occurred, consuming the deformed twins gradually.
Some recrystallized regions and several regions without obvious
recrystallized grains were marked by red and yellow rectangles,
respectively. Notice that the unrecrystallized grains show relatively few
twins. When the annealing time reached 20 min, the original deformed
grains were completely transformed into recrystallized grains with the
average grain size of ~40-50 nm, as shown in Fig. 4f.
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Fig. 5 shows the EBSD IPF maps and grain orientation spread (GOS)
maps of the cold-rolled samples after annealing at 400 °C for different
time. In the GOS maps, fully recrystallized grains (GOS <2°), partially
recrystallized grains (2° < GOS <5°) and un-recrystallized grains (5° <
GOS) were defined by the different GOS values, and the area fractions of
them were indicated by the blue, yellow and red colors, respectively.
Very few fully recrystallized grains were detected in 1 min annealed
sample, as shown in Fig. 5b. As the annealing time increased to 5 min
(Fig. 5h), the fraction of fully recrystallized grains increased from 0.2 %
to 40.8 %.

Fig. 6 shows the further EBSD characterization results of the cold
rolled alloy after annealing for 5 min. It can be seen from the IPF image
that obvious recrystallization occurred in the sample. The {1012} twins
and {1011}-{1012} double twins were the main twins as seen from the
IQ map in Fig. 6b. Areas ¢, d and e in Fig. 6a were further enlarged in
Fig. 6c-e, respectively. Many 38° {1011}-{1012} double twins and a
few 86° {1012} twins were observed in Fig. 6¢ and d, while many 86°
{1012} twins and very few 38° {1011}-{1012} double twins were
observed in Fig. 6e. Recrystallized grains were observed at areas ¢ and
d but rarely observed at area e. It can be seen that the recrystallized
grains preferentially formed at the 38° {1011}-{1012} double twin
boundaries during the initial annealing treatment.

In order to further understand the relation between the deformed
microstructure, especially the deformation twins, and the recrystalliza-
tion behaviors, TEM analysis was conducted on the annealed specimens.
Fig. 7 shows TEM images of the annealed specimen, from which
recrystallized grains mainly distributed along twin boundaries were
observed. The diffraction pattern in Fig. 7a shows a tendency to ring,
indicating a large number of recrystallized grains in this region. Sym-
metric relations can be found between some spots, as indicated by the
rectangles. In Fig. 7b—a {1011}-{1012} double twin can be indexed from
the diffraction pattern taken from the pointed area and several recrys-
tallized grains were formed within the double twin. Besides, a high
density of dislocations and dislocation substructures were also observed
in Fig. 7a and b, which were formed due to the deformation induced
dislocation generation, accumulation and annealing induced recovery
effect.

The twinning recrystallization shown in Fig. 7b was further analyzed
in Fig. 8. Grains A-G were labeled in Fig. 8a. HRTEM images containing
interfaces of these grains as marked by squares and their corresponding
FFT patterns were shown in Fig. 8c-g. As shown in Fig. 8c, the matrix
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Fig. 5. The IPF and GOS images of cold-rolled sample after annealing at 400 °C for (a,b) 1 min, (c,d) 3 min, (e,f) 4 min, (g,h) 5 min.
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Fig. 6. EBSD results of the sample annealed for 5 min. (a) IPF map, (b) IQ map superimposed with the twin boundary map, (c—e) magnified IPF + IQ maps of areas c,

d and e, respectively.

Fig. 7. The bright-field TEM images of local areas containing many recrystallized grains in the annealed specimen. Diffraction patterns of the pointed areas were

inserted at the right up corners.

and grain A possess a 38° (with a 2° tolerance) {1011}-{1012} double
twin relation. And the diffraction spots of (0002) plane in grain A is
extended, which indicates the formation of small angle grain boundaries
due to the cumulative effect of dislocations during deformation and
annealing treatment. Fig. 8d-g shows that both the grain A and grain C
have a 38° (with a 1.8° tolerance) {1011}-{1012} double twin relation
with the matrix grain. But the grain B between grain A and grain C has a
distinct orientation with the matrix, indicating that grain B is a recrys-
tallized grain, nucleating at the boundary of {1011}-{1012} double
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twin. Fig. 8f shows that grain D has a {1011}-{1012} double twin
relation with the matrix grain, grain D has a {1012} twin relation with
the grain F, grain F has a {1011} twin relation with the matrix grain M,
and grain D has a small angle orientation difference (about 8°) with
grain E. The results indicate that the interface between grain D and grain
E is a sub-grain boundary, formed due to the large number of disloca-
tions accumulated in the twins during cold rolling and rearranged dur-
ing annealing process. Fig. 8g shows that grain G has a 38° (with a 2°
tolerance) {1011}-{1012} double twin relation with the matrix grain M,
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Fig. 8. (a) A bright-field TEM image showing twinning recrystallization. Grains A-G were labeled in a. (b) An SAED pattern showing the {1011}-{1012} double twin
relation. (c-g) HRTEM images containing interfaces of these grains as marked by squares and their corresponding FFT patterns.
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(c) RD

Fig. 9. The {0001} pole figure maps of the homogenized sample (a), cold rolled sample (b), and annealed samples at 400 °C for (¢) 1min, (d) 3 min, (e) 4 min and (f)

5 min.

and matrix grain M has a small angle orientation difference (about 6°)
with matrix grain M’, indicating that dislocation rearrangement also
occurred in the matrix forming a low angle grain boundary at the
interface of double twin boundary and matrix grain boundary. The re-
sults indicate that recrystallization occurs at the double twin boundary
and the interface between the double twin boundary and the matrix
boundary due to the dislocation movement during annealing.

3.3. Texture evolution during cold rolling and annealing

Fig. 9 shows the {0001} pole figure maps of the homogenized sample
(a), cold rolled sample (b), and annealed samples. The homogenized
sample has a random grain orientation with multiple peaks in the
{0001} pole figure map, as shown in Fig. 9a. Among these peaks, the
maximum intensity is about 4.25 mrd. After cold rolling, the {0001}
texture of the sample has two concentrated peaks, indicating that the
(0001) crystal plane is perpendicular to the normal direction and par-
allel to the rolling surface. The peak density of the sample after cold
rolling is ~11.76 mrd, which indicates a strong basal texture. With the
increase of annealing time, the maximum intensity gradually decreases
from ~11.76 mrd for the cold rolled sample to ~5.84 mrd for the sample
annealed for 5 min.

Fig. 10 shows the evolution of texture of the recrystallized grains for
samples annealed for 3 min (a, b), 4 min (c, d) and 5 min (e, f). Obvi-
ously, the maximum intensity of the textures is quite different from the
whole samples as shown in Fig. 9. It can be seen that the maximum
intensity is ~3.12 mrd of the recrystallized grains in the 3 min annealed
sample, which also belongs to the basal texture but has much lower
intensity than that for the whole grains. The intensity difference in-
dicates that the recrystallized grains weaken the texture of the deformed
grains. After annealing for 4 min, the peak intensity of recrystallized
texture decreases slightly to ~2.99, indicating that the orientation of
recrystallized grains is further dispersed. However, the texture intensity
of the recrystallized grains increased slightly in the 5 min annealed
sample. The texture evolution will be further analyzed in section 4.2.
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3.4. Hardness evolution during annealing treatment

Fig. 11 presents the evolution of hardness of the cold-rolled sample
after annealing at 400 °C for different time. Three stages (I, Il and III)
were defined according to the hardness variation trend with the
annealing time. The hardness of the cold rolled sample is ~90 HV. In
stage I (1-3 min), the hardness decreased slightly, indicating recovery
and a small amount of recrystallization nucleation occurred. In stage II
(3-20 min), the hardness decreased significantly, indicating the amount
of recrystallized grains increased greatly. In stage III (20-30 min), the
hardness decreased slightly. Fully recrystallization was achieved after
20 min annealing, and grain growth occurred with further increase of
the annealing time, resulting in the decrease of hardness.

4. Discussion
4.1. Recovery and recrystallization behavior during annealing

The deformed microstructures as shown in Figs. 1-3 indicate that 38°
{1011}-{1012} double twins, 56° {1011} twins and 86° {1012} twins
were activated during cold rolling deformation. Generally, {1012} twins
are produced easily due to a relatively lower critical resolved shear
stress of ~ 2-3 MPa [35], compared with a value of 114 MPa for {10T1}
twins [36]. Therefore, {1OT2} twins are the main deformation twins.
The driving force of recrystallization is related to the deformation en-
ergy. Although {1012} twins are the most common twins in Mg alloys,
the interface of this type of twin has strong mobility and is easy to
expand, making it hard to store high deformation energy within the
twins. Therefore, it is generally difficult for a single {1012} twin to
recrystallize [30]. However, compression twins and double twins are
generally difficult to expand and can store high deformation energy, so
they are conducive to becoming nucleation sites for recrystallization.
Basu et al. [37] found that the intersection of double twins is the most
common location where new recrystallized grains usually first nucleate
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Fig. 10. The evolution of texture of the recrystallized grains for samples annealed for 3 min (a, b), 4 min (c, d) and 5 min (e, f).

due to the inhomogeneous distribution of stress with a relatively high
deformation stored energy in localized areas. Therefore, the 38°
{1011}-{1012} double twin boundaries are conducive to becoming
nucleation sites of recrystallization.

The detailed HRTEM analysis further indicates that recrystallized
grains nucleate and grow at the {1011}-{1012} double twin boundaries
and the interface of double twin and the matrix by the dislocation
rearrangement during annealing treatment, as shown in Fig. 8. The high
residual stress introduced in the grains at the initial deformation stage
would be the major driving force for the nucleation and growth of
recrystallized grains. Nucleation of recrystallization occurs preferen-
tially inside double twins. The nucleation and growth of recrystallized
grains is proposed to take place with the help of dislocation slip,
whereby the high density of dislocations in double twins and the
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interface of the double twin and matrix are rearranged into low angle
grain boundaries and eventually evolve to high angle boundaries.
Moreover, in Mg-RE alloys, the rare earth elements can pin the grain
boundaries and twin boundaries, inhibiting the movement of the
boundaries, which is conducive to the accumulation of dislocations and
stress, and finally contribute to the occurrence of static recrystallization.
In addition, Lu et al. [9] found that the interaction of neighboring dis-
locations in twins and the matrix can pin the twin boundary, reducing
the mobility of {1012} twin boundaries. As a result, those pinned twin
boundaries can also effectively accumulate dislocations and may pro-
mote the nucleation of recrystallized grains at the {1012} twin bound-
aries during annealing treatment.
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Fig. 12. (a) IPF map with the grain boundary misorientations marked for the
un-recrystallized grains A and B, and recrystallized grains between grain A and
grain B, (b) orientation distributions in pole figures, (c) IPF map of recrystal-
lized grains, (d) orientation distributions in pole figures of recrystallized grains.
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4.2. Texture evolution

It is necessary to study the texture evolution during the deformation
and annealing treatments, considering that Mg alloys have limited slip
systems, and the texture greatly influences the mechanical properties. As
can be seen from Fig. 9, a strong basal texture existed in the cold rolled
alloy. Annealing treatment weakened the texture of the cold rolled
sample. The maximum texture intensity decreased with the increment of
annealing time, for the reason that the fine recrystallized grains pro-
duced during static recrystallization weakened the texture of the whole
grains, as can be seen from Fig. 10. The recrystallized grains exhibited a
much lower texture intensity than the deformed grains (un-recrystal-
lized grains). Yang et al. [38] studied the static recrystallization of
Mg-Gd-Y-Zr alloys and found that new fine grains weakened the texture
significantly.

To further analyze the texture evolution, the region marked by a
black dashed rectangle at the left bottom of Fig. Se was further enlarged
and analyzed in Fig. 12. Fig. 12a shows the IPF map with the grain
boundary misorientations marked for the un-recrystallized grains A and
B and recrystallized grains between grain A and grain B. Fig. 12b shows
the pole figures. Fig. 12c and d are the IPF image and pole figures of the
recrystallized grains. Note that there exists a certain number of misori-
entation angles close to 38° {1011}-{1012} and 86° {1012} twins, it is
therefore speculated that this region is a recrystallization band gener-
ated by nucleation of recrystallized grains at a double twin boundary
and a 86° {1012} twin boundary, and the recrystallized grains have low
angle misorientations with the original twin.

During the annealing treatment, the recrystallized grains preferen-
tially nucleate within the double twins and at the interfaces between the
double twin and the matrix. With the increment of annealing time, the
recrystallized grains may also nucleate and grow at the {1012} twin-
twin intersections with the help of the pinning effect caused by rare
earth elements, and eventually a group of grains with random orienta-
tions will be formed. Though some of the recrystallized grains at the
deformed twin band will retain close orientations to the original grains,
more recrystallized grains will grow along different orientations and
weaken the texture of the whole material.

5. Conclusion

In this study, cold rolling and annealing were conducted on a Mg-
5.9Gd-3.3Y-0.5Zr alloy to investigate the recrystallization behavior
and texture evolution. The deformed microstructures especially the
deformation twins and their effects on static recrystallization and
texture evolution were analyzed. The main conclusions can be summa-
rized as follows:

(1) A high density of {1012}, {1011} twins and {1011}-{1012}
double twins were introduced in the cold rolled alloy. Twinning
recrystallization occurred during subsequent annealing treat-
ment. Complete recrystallization and grain refinement were
realized after annealing for 20 min. The 38> {1011}-{1012}
double twins and the interfaces of double twins and parent grain
boundaries acted as the preferential nucleation sites for the
recrystallized grains due to the high stored energy.

(2) During the recrystallization process, the basal texture of the cold
rolled sample still existed, but the overall texture intensity was
significantly reduced due to the dispersion of grain orientation
brought by new grains generated by twin recrystallization. The
hardness did not change significantly after annealing for 1-3 min
because only recovery and partial recrystallization occurred at
this stage. After annealing for 3-20 min, obvious recrystallization
nucleation and growth occurred, resulting in significant decrease
on hardness.
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