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The effect of strain rates (έ) on the microstructure, texture, and mechanical properties of the Mg–5Zn–
0.6Mn alloys during high strain rate rolling at 300 °C are studied. Increasing έ promotes dynamic 
recrystallization (DRX). The DRX grain grows from 1.0 to 3.4 μm, and the DRX volume fraction increases 
from 76 to 93% with έ rising from 10 to 25  s–1. The maximum intensity values of basal texture decrease 
from 2.74 to 2.09 with increasing έ. The texture weakening is mainly attributed to the increase in DRX 
volume fraction and the number of tensile twins. The alloy sheets rolled at 10  s–1 possess optimal 
comprehensive mechanical properties (the tensile strength of 321 MPa, yield strength of 240 MPa, and 
elongation of 24.9%), attributing to the smallest DRX grain size, and the largest geometrically necessary 
dislocations density and precipitation density.

Introduction
The Mg–Zn alloys are easy to form a strong (0002) basal texture 
during rolling, which leads to anisotropic mechanical properties 
and increases the difficulty of secondary forming [1]. Therefore, 
texture modification is one of the critical way to develop high 
strength and high plastic wrought Mg–Zn alloy sheets. The process-
ing technology, deformation parameters, and alloying elements are 
the main factors affecting the texture characteristics of Mg alloys.

There are many reports about the influential mechanism of 
alloying elements on the texture characteristics in Mg alloys. 
Masoumi et al. [2] have found that the basal texture weaken-
ing in the as-deformed Mg–Zn–Sr alloys is mainly due to the 
particle excited nucleation (PSN) mechanism during dynamic 
recrystallization. However, some texture weakening phenomena 
cannot be explained clearly through the PSN mechanism. Even 
if there are large-sized phases existed in some Mg alloys, the tex-
ture weakening cannot be observed [3]. Stanford et al. [4] have 
proposed the shear band-induced nucleation (SBIN) mechanism 
to explain the formation of a new texture (i.e., < 111 > rare earth 
texture) in the as-extruded Mg–1.55Gd alloy.

The Mg alloy texture can be optimized by introducing 
appropriate shear deformation in the plastic forming process. 

Kim et al. [5] have reported that the basal texture is significantly 
weakened in the AZ31 alloy as induced repeated shear defor-
mation by combining the equal channel angular rolling and 
asynchronous rolling processes. Pan et al. [6] have found that 
the (0002) texture of the Mg–2Zn–2Gd alloy deviates about 40° 
along the normal direction after cross rolling.

The deformation parameters can also affect the texture 
characteristics. Chen et al. [7] have found that the DRX volume 
fraction increases with the increase of rolling temperature. The 
DRX volume fraction increase brings about more grains with 
random orientation, resulting in the basal texture weakening. 
Sanjari et al. [8] have found that the basal texture of Mg–Zn–xCe 
alloy plates splits along the rolling direction, and the maximum 
intensity values of basal texture in all alloys decrease with the 
rolling speed increases from 15 to 1000 m/min. Liu et al. [9] 
have found that the texture intensity of the Mg–4.5Zn–0.75Er 
(wt%) alloy increases first, then decreases, and then increases 
with the increase of strain at 200 °C, while it decreases with 
increasing the strain at 300 °C. Zheng et al. [10] have reported 
that the texture intensity of the Mg–5.25Zn–0.6Ca (wt%) alloy 
at extrusion temperatures of 270 °C, 300 °C,  and 330 °C  are 
7.6, 6.8, and 7.7, respectively. Liu et al. [11] have also observed 
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that the texture intensity of the Mg–3Zn–1Ca–0.5Sr (wt%) alloy 
decreases first and then increases as hot compression from 300 
to 390 °C. Comprehensive analysis of the existing literature, it 
is found that the influence of deforming technique parameters 
on texture characteristics is still controversial, and the main fac-
tors affecting texture and the correlation between texture and 
mechanical properties are still unclear.

Our previous study [12] has found that high strain rate roll-
ing (HSRR) can significantly weaken the basal texture intensity 
of the alloy sheets compared with traditional rolling, but the 
main factors affecting the formation of texture, as well as the 
effect of texture on the mechanical properties of the as-HSRRed 
alloy sheets have not been deeply studied. Given this, the 
Mg–5Zn–0.6Mn alloys are subjected to HSRR with the rolling 
temperature of 300 °C  and strain rates of 10  s–1, 15  s–1, 20  s–1, 
and 25  s–1 in this paper, the influence regularity and mechanism 
of rolling parameters on deformation microstructure charac-
teristics (dislocation, twinning, dynamic recrystallization, and 
precipitation) and texture, as well as the effect of texture on 
mechanical properties are studied, to provide the experimen-
tal evidence and scientific bases for the development of texture 
modification technology.

Result
The as‑rolled microstructures

Figure 1 illustrates the optical microscope (OM) images of 
the Mg–5Zn–0.6Mn alloy sheets HSRRed with different strain 
rates (έ) at 300 °C  (transverse direction–rolling direction, 
TD–RD). It can be seen from Fig. 1(a) that DRX occurs in 
the alloy, and a small number of twins exist in the un-DRXed 
region at έ of 10  s–1. HSRR could induce strong twin activ-
ity [13], high-density twins divide the original coarse grains 
into smaller parts, and the high-density dislocations in the 
twins can accelerate the DRX process [14]. When έ increases 
to 15  s–1 [Fig. 1(b)], the DRX grain size (dDRX) and the DRX 
volume fraction (fVDRX) increase as compared with Fig. 1(a). 
With έ increasing to 20  s–1 and 25  s–1, fVDRX further increases, 
only a small part of un-DRXed region can be observed, and 
some DRX grains grow up obviously.

Table 1 shows the statistical data of fVDRX and dDRX in the 
Mg–5Zn–0.6Mn alloy sheets under different έ. With έ rising 
from 10 to 25  s–1 at 300 °C, dDRX gradually grows from 1.0 to 
3.4 μm; and fVDRX gradually increases from 76 to 93%, indicat-
ing that fVDRX and dDRX both increase with the increases of έ.

Figure 1:  OM images of the alloy sheets rolled at 300 °C  with different έ. (a) 10  s–1; (b) 15  s–1; (c) 20  s–1; (d) 25  s–1.
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Texture evolution

Figure 2 shows the (0002) pole diagrams of the Mg–5Zn–0.6Mn 
alloy sheets HSRRed at 300 °C  with different έ (TD–RD direc-
tion). Strong basal texture can be observed on all the alloy 
sheets, that is, the c-axis direction of most grains is parallel with 
the normal direction of the alloy sheets. It can be also found that 
the distribution characteristics and intensity of basal texture are 
significantly affected by rolling strain rate.

The maximum intensity value of basal texture is 2.74, and 
basal texture separates in RD at 10  s–1. When έ continues to 
increase, the maximum intensity value decreases gradually, and 
the dispersion degree increases. The maximum intensity val-
ues of basal texture at 15  s–1, 20  s–1, and 25  s–1 are 2.46, 2.21, 
and 2.09, respectively. Bohlen et al. [15] have also reported 
that the intensity of (0002) basal component decreases and 

the basal plane orientation deflects 10° ~ 20° toward RD in the 
Mg–Zn–RE alloys. It is reported that the orientation of DRX 
grains is more random than that of deformed grains, and DRX 
degree is related to the strength of texture [16, 17]. As shown in 
Table 1, fvDRX increases with the increases of έ, resulting in the 
decrease of basal texture intensity with the increasing έ.

Mechanical properties

Figure 3 illustrates the room temperature tensile curves of the 
alloy sheets HSRRed at 300 °C  with different έ. In order to intui-
tively compare the variation trend of mechanical properties with 
έ, the specific values are given in Table 2. It can be seen that 
the alloy HSRRed at 10  s–1 possesses the optimal comprehen-
sive mechanical properties with the tensile strength (UTS) of 
321 MPa, yield strength (YS) of 240 MPa, and elongation (EL) 
of 24.9%. When έ increases from 15 to 25  s–1, UTS decreases 
from 315 to 296 MPa, while EL increases from 25.0 to 27.1%. In 
general, the increase of έ reduces the strength and yield ratio of 
the alloy sheets, while improving the plasticity, indicating that 
the secondary forming ability of the sheets will be improved 
with the increasing έ.

TABLE 1:  DRX grain sizes and volume fractions at different έ.

Strain rates  (s–1) 10 15 20 25

dDRX (µm) 1.5 ± 0.3 1.8 ± 0.4 2.5 ± 0.4 3.4 ± 0.6

fvDRX (%) 76 ± 3 81 ± 2 86 ± 1 93 ± 2

Figure 2:  (0002) pole figures of the as-rolled alloy sheets at different έ. (a) 10  s–1; (b) 15  s–1; (c) 20  s–1; (d) 25  s–1.
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Discussion
Effects of dislocations and twins on texture

During high έ deformation, twinning and sliding mecha-
nisms are coordinated and competed with each other, and it 
also affected by many other factors. Therefore, the relationship 
between twinning and sliding differs in different conditions, 
resulting in various texture features [18, 19]. Figure 4(a, b) 
shows the kernel average misorientation (KAM) maps of the 
alloy sheets HSRRed at 300 °C  with different έ. KAM map is 
used to describe the deformation degree of grains and is able 
to quantitatively calculate geometrically necessary dislocations 
(GND) [20]. According to the strain gradient theory derived 
by Kubin et al. [21], the GND density (ρGND) can be expressed 
as follows:

where θ is the average local misorientation, u represents the 
electron backscatter diffraction scan step size, and b is Burger’s 
vector (3.21 ×  10–10 m [22] for Mg).

The green lines in the KAM maps can be approximately 
regarded as dislocations. It can be seen from Fig. 4(a) that 
high-density dislocations and dislocation entanglement can 
be observed near the original grain boundary and sub-grain 
boundary at 10  s–1. When έ increases to 25  s–1 [Fig. 4(b)], many 
dislocations can still be detected. This is because the work 

(1)ρGND = 2θ/ub,

hardening effect is significant at high έ, a large number of dislo-
cations are formed, but cannot be fully rearranged and merged 
as the deformation time is shortened, resulting in dislocation 
pileup. However, the temperature rise at high έ deformation 
cannot be ignored, as it will reduce the work hardening effect, 
accelerate the dislocation movement and grain boundary migra-
tion, resulting in dislocation consumption and coarsening of 
DRX grain. Figure 4(c–d) illustrates the distribution of local 
misorientation at 10  s–1 and 25  s–1, the values of ρGND calculated 
according to Eq. (1) at 10  s–1 and 25  s–1 are 5.8 ×  1014  m–2 and 
4.3 ×  1014  m–2, respectively.

In general, twinning is the main coordinated deforma-
tion mechanism in the Mg alloys at high έ deformation. Twin-
ning can cause a sudden change of grain orientation [23], twin 
boundaries can also hinder dislocation slip [24], thus affecting 
the formation and strength of texture. In addition, twinning can 
also affect DRX, thereby affecting the texture [25]. Figure 4(e, f) 
shows the twin distribution, the red line represents the tensile 
twin, the blue line is the compression twin, and the purple line 
is the double twin. Hong et al. [26] have reported that {10

−
1 2} 

tensile twins can improve the base slip activity and modify the 
basal texture. It can be seen from Fig. 4(e, f) that the red lines 
representing tensile twins dominate at 10  s–1 and 25  s–1, which 
partly explains the phenomenon that high έ deformation can 
weaken the basal texture.

Effects of DRX on texture

The primary DRX grains with random orientation make a great 
contribution to the weakening of basal texture, while the DRX 
grains with a certain orientation grow rapidly at a higher tem-
perature, which greatly increases the texture strength and makes 
against to texture weaken [27]. Zeng et al. [28] have also found 
that the recrystallized nuclei with random orientation forms 
in the early stage are replaced by the selectively grown grains 
during growth in Mg–0.4Zn alloy, thus forming a strong basal 
texture. Therefore, DRX behavior has a great influence on tex-
ture strength.

Figure 5 illustrates the grain boundary maps, misorien-
tation angle distribution histograms, and grain size distri-
bution diagrams at different έ. The green lines in Fig. 5(a, 
b) represent low-angle grain boundaries (LAGBs, misori-
entation angles of 2° ⁓ 5°), the yellow lines are sub-grain 
boundaries (SGBs, misorientation angles of 5° ⁓ 15°), and 
the black lines are high-angle grain boundaries (HAGBs, 
misorientation angles higher than 15°). It can be seen that 
the proportion of HAGBs is smaller at 10   s–1 [Fig. 5(a)], 
while DRX proceeds more adequately as έ increases to 25  s–1 
[Fig. 5(b)]. A peak in the range of 85 ~ 90° which represents 
{10

−
1 2} tensile twin [29] can be observed in both Fig. 5(c and 

d), and the number of {10
−
1 2} tensile twins increases slightly 

Figure 3:  Room temperature tensile properties of the alloy sheets rolled 
under different έ.

TABLE 2:  Tensile properties of the alloy sheets rolled at 300 °C  with dif-
ferent έ.

Strain rate  (s–1) UTS (MPa) YS (MPa) YS/UTS EL (%)

10 321 ± 8 240 ± 6 0.75 24.9 ± 0.4

15 315 ± 6 227 ± 4 0.72 25.0 ± 0.2

20 305 ± 3 219 ± 3 0.72 25.2 ± 0.2

25 296 ± 5 206 ± 5 0.70 27.1 ± 0.4
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with the increase of έ. In addition, at έ of 10  s–1 and 25  s–1, 
the proportion of LAGBs is 6.2% and 6.7%, the proportion 
of SGBs is 13.9% and 8.2%, respectively. The average grain 
boundary misorientation (θAV) and the fraction of HAGBs 
are 32.4° and 75.6% at 10  s–1, respectively. When έ rises to 
25  s–1, θAV and HAGBs fraction values are 40.6° and 81.2%, 
respectively. As shown in Fig. 5(e), the DRX grain size is 
mainly concentrated in the range of 1.0 ~ 5.0 μm at 10  s–1, the 

grains of less than 5.0 μm account for about 77.8%, and the 
average grain size is 3.7 μm. At 25  s–1 [Fig. 5(f )], the average 
DRX grain size slightly increases to 4.2 μm with the grains of 
less than 5.0 μm accounting for about 73.6%. In conclusion, 
with the increase of έ from 10 to 25  s–1, the LAGBs fraction 
reduces, while the HAGBs fraction, the number of {10

−
1 2} 

tensile twins, the DRX degree, and average DRX grain size 
increase.

Figure 4:  (a–b) KAM maps, (c–d) local misorientation distribution histograms, and (e–f ) twins distribution maps of the alloy sheets HSRRed at different 
έ, (a, c, and e) 10  s–1; (b, d, and f ) 25  s–1.
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Figure 6 shows the inverse pole figure (IPF) and the pole 
figure at 10  s–1 and 25  s–1. The red color in IPF maps [Fig. 6(a, 
b)] represents the grain exhibiting (0001) basal plane. It can be 
seen that both samples exhibit strong (0001) basal texture, and 
the texture intensity decreases with the increase of έ. As shown 
in Fig. 6(c, d), the maximum intensity value of (0001) basal 
texture at 10  s–1 and 25  s–1 is 12.64 and 12.08, respectively.

The increase of έ accelerates the dislocation multiplication 
rate, increasing the dislocation density and the driving force 
of DRX nucleation, resulting in promoting the DRX progress 
[30]. Twinning is the main plastic deformation mechanism of 
Mg–Zn alloy during HSRR, and the number of twins increases 
with the increase of έ [31], twins are also conducive to DRX 
nucleation. Therefore, fVDRX increases with the increasing έ. 

Figure 5:  (a–b) Grain boundary maps, (c–d) misorientation angle distribution histograms, and (e–f ) grain size distribution diagrams of the alloy sheets 
HSRRed at different έ, (a, c, and e) 10  s–1; (b, d, and f ) 25  s–1.
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In addition, the temperature rise during HSRR accelerates the 
nucleation and grain boundary migration of DRX, resulting in 
dDRX increasing with the increase of έ. Previous studies have 
shown that the orientation of DRX grains is more random 
than that of the deformed grains [9, 10]. Therefore, when έ 
increases from 10 to 25  s–1, the texture strength decreases with 
the increase of fVDRX, while the growth of DRX grains is not 
obvious enough to form a new strong texture, so its contribu-
tion to the texture modification is not satisfactory.

Effects of precipitates on texture

The size, spacing, distribution, morphology of the precipitates 
and the orientation relationship with the matrix are the key 
factors that affect dislocation movement and grain orienta-
tion, and then deformation texture [32, 33]. Wang et al. [34] 
have also found that the widely distributed Ca-rich phase in 
Mg–1.0Zn–1.5Ca alloy after hot compression promotes the 
occurrence of DRX and weakens the texture.

Figure 6:  (a–b) IPF maps and (c–d) pole figures of the alloy sheets HSRRed at different έ, (a) (c) 10  s–1; (b) (d) 25  s–1.
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Figure 7 illustrates the transmission electron microscopy 
(TEM) images showing the morphology of precipitates in the 
alloy sheets HSRRed at different έ, the electron beam is approxi-
mately parallel to [11

−
20]α. An enormous number of precipitates 

are detected under both samples, and most of them are nearly 
spherical in shape. The average size of precipitates is (16 ± 4) nm 
at 10  s–1 [Fig. 7(a–b)]; the precipitate density decreases, while 
the average precipitate size increases slightly to (19 ± 4) nm at 

Figure 7:  (a), (c) BF-TEM images, (b), (d) STEM images, and (e) the corresponding EDS maps showing the distribution of the alloy sheets HSRRed at 
different έ, (a), (b) 10  s–1; (c), (d) 25  s–1.
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25  s–1 [Fig. 7(c–d)]. The deformation time shortens with increas-
ing έ, resulting in a shorter precipitation process. In addition, 
the temperature rise caused by deformation will not only hinder 
the precipitation, but also lead to the growth of the existing pre-
cipitates. Therefore, the precipitate density slightly decreases and 
the average precipitate size slightly increases with the increase 
of έ. These changes in the precipitate characteristics weaken the 
pinning effect of precipitates on DRX grain rotation. Hence, the 
texture strength slightly decreases with the joint action of twins, 
DRX and precipitates. A high-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) image and 
the corresponding energy-dispersive spectroscopy (EDS) maps 
in Fig. 7(e) further describe the composition of the precipitates. 
It can be seen that the fine near spherical precipitates are Zn-rich 
phases, and the coarse rod-shaped phases are Mn-rich particles.

Effects of texture on mechanical properties

The main strengthening mechanisms in the wrought Mg alloys 
are solution strengthening, fine grain strengthening, precipita-
tion strengthening, and work hardening [35]. According to the 
Hall–Petch formula [36], σ=σ0+kd−1/2 , where σ represents the 
strength of polycrystal, σo is the strength of the corresponding 
single crystal, d is the grain size, and k is a constant, the strength 
of the Mg alloys is obviously affected by the change of d, due to 
the K value of the Mg alloys is high up to 280 ~ 320 MPa μm1/2 
[37]. According to the Orowan mechanism [38], the increases 
in the precipitation density strengthen the hinder effect of the 
precipitates on dislocation, thus improving the strength of the 
alloy. Of course, the more precipitates, the solution strengthen-
ing effect will be relevantly weakened. In addition, it can be seen 
from Fig. 4 that there is still a certain density of dislocations at 
different έ, which could bring about work hardening and YS 
increasing. Therefore, the alloy sheets HSRRed at 10  s–1 possess 

the highest strength, due to the smallest dDRX (Table 1), the larg-
est ρGND (Fig. 4), and precipitation density (Fig. 7).

The influence of texture on the mechanical properties in 
the Mg alloys is realized by modifying the Schmid factor (SF) 
of the slip system (particularly basal slip system), which leads 
to the texture strengthening or weakening [20]. Figure 8 shows 
SFs of the basal slip system ( <a>(0001)[112̄0] ) with different 
έ. SFs ranged mostly from 0.1 to 0.3 at 10  s–1, with the aver-
age SF value of 0.24 [Fig. 8(a)], which increases to 0.29 as έ 
increases to 25  s–1 [Fig. 8(b)]. The higher the SF, the better the 
plastic deformation ability of the alloy. Due to the existence of 
texture in the alloy, the Schmid factor of grain slip differs in 
different directions. The slip system with lower critical resolved 
shear stress and higher SF starts first, resulting in the plasticity 
increase and the yield strength decrease in this direction, lead-
ing to texture softening [39]. Mabuchi et al. [40] have investi-
gated the yield strength of the Mg–9Al–1Zn alloys with same 
grain size through two different deformation process. It has 
been found that the conventional hot extrusion samples with 
higher yield strength of 364 MPa show a texture with the c-axis 
perpendicular to the extrusion direction, making the basal slip 
system hard to start. After equal channel angular extrusion, the 
yield strength of the sample decreases to 277 MPa as its c-axis 
deviates about 45° with the extrusion direction. The higher SF 
of the grain basal plane makes it easy to slip, which reduces the 
deformation resistance and yield strength. This further shows 
that the texture of the Mg alloy not only affects the mechani-
cal properties, but also has a greater impact on the subsequent 
secondary formability. Accordingly, the increases of έ reduced 
the yield strength and tensile strength, while improving the 
plasticity and the secondary processing formability of the 
Mg–5Zn–0.6Mn alloy sheets, which is consistent with the 
results in Table 2.

Figure 8:  Schmid factors in the alloy sheets HSRRed at different έ. (a) 10  s–1; (b) 25  s–1.
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Conclusion
The effects of strain rates (έ) on the microstructure, texture, and 
mechanical properties of the Mg–5Zn–0.6Mn alloy sheets dur-
ing HSRR at 300 °C were studied. The effects of dislocation, 
twinning, DRX and precipitation on texture, and the effect of 
texture on mechanical properties were also clarified. The conclu-
sions are as follows.

(1) When the Mg–5Zn–0.6Mn alloy is HSRRed at 10  s–1, 
15  s–1, 20  s–1, and 25  s–1, dDRX is 1.0 μm, 1.8 μm, 2.5 μm, 
and 3.4 μm, and fVDRX is 76%, 81%, 86%, and 93%, 
respectively. Increasing the rolling strain rate promotes 
DRX.

(2) The maximum intensity values of basal texture are 2.74, 
2.46, 2.21, and 2.09 at 10  s–1, 15  s–1, 20  s–1, and 25  s–1, 
respectively. The texture weakens with the increases of 
έ, which is mainly attributed to the increase in fVDRX 
and the number of tensile twins.

(3) With the increases of έ, the strength decreases, while 
the plasticity increases. The alloy sheets HSRRed at 
10  s–1 possess the optimal comprehensive mechanical 
properties with UTS of 321 MPa, YS of 240 MPa and 
EL of 24.9%, and the highest strength is attributed to 
the smallest dDRX, the largest ρGND, and precipitation 
density.

Experimental details
The Mg–5Zn–0.6Mn (wt%) were prepared by melting pure Mg, 
pure Zn, Mg–10 wt% Mn master alloy in an electrical resistance 
furnace followed by casting into a steel mold. The ingots were 
s u b j e c t e d  t o  a  t w o - s t e p  s o l u t i o n  t r e a t m e nt 
(330 °C/24 h + 400 °C/2 h). The as-solutionized alloy plates were 
machined into 100 mm × 100 mm × 10 mm, and then were rolled 
in a twin roll mill with the roller size of Φ 360 × 600 mm. The 
rolling temperature of 300  °C and four rolling strain rates 
(έ = 10  s−1, 15  s−1, 20  s−1, and 25  s−1) were selected in this study. 
The plates were pre-heated at 300 °C for 15 min before rolling 
and were rolled with the reduction (λ) of 80% from 10 mm (H) 
to 2 mm (h) by a single pass. ̇έ was calculated by the equation 
έ = H−h

H

V√
R(H−h)

 (see Ref. [41] for detail), where V was the roll 

circumferential speed (430 mm  s−1) and R was the roller radius 
(180 mm). After rolling, the plates were quenched into water 
immediately to retain the microstructures.

The as-rolled microstructures were examined on the 
sections perpendicular to TD and RD. The samples were 
etched in picric acid solution (0.4 g picric acid + 1 mL acetic 
acid + 1.5 mL water + 10 mL alcohol) for about 10 s, and then 
observed on the LeitzMM–6 optical microscope (OM). The 
average grain size was measured by the intercept methods 
(ASTM E1382–97, 2015), and Image-Pro Plus 6.0 software 

was used to calculate the DRX volume fractions. About 
30 fields of view were observed and 8 typical images were 
acquired for each sample. The DRX volume fraction was cal-
culated in the following manner. First, the total pixel points 
(A) of an image were obtained by Image-Pro Plus 6.0 soft-
ware. Second, the pixel points (a) of the deformation area 
in the image were obtained. Then, the DRX volume fraction 
V of the alloy was calculated by the following equation, i.e., 
V = (A − a)/A. Finally, the DRX volume fraction of each sam-
ple was the average value taken from eight different images 
(see Ref. [42] for detail). The macro-texture analysis for the 
as-rolled alloys was performed using X-ray diffraction (XRD; 
D8 Discover) instrument with  CuKα at a scanning rate of 5°/
min. The samples for XRD were ground with 2000# water-
proof abrasive paper and etched in acetic picral (0.3 g oxalic 
acid, 1 mL acetic acid, 1.5 mL water, and 10 mL ethanol) for 
macro-texture measurements. The (0002) pole diagrams of 
samples were examined on the sections perpendicular to TD 
and RD, and the TexEval software was used for data analysis. 
The electron backscatter diffraction (EBSD) analysis was car-
ried out by field emission scanning electron microscopy with 
a LEO Supra 35 operated at an acceleration voltage of 20 kV 
and an emission current of 3.0 nA. An Oxford Instruments 
Nordlys Nano EBSD system equipped with Channel 5 data 
acquisition and analysis software was used for data collection 
and analysis. The samples for EBSD measurement were pre-
pared by mechanical polishing and then electropolished in an 
electrolyte (70% phosphoric acid and 30% distilled water) with 
a voltage of − 12 V and at a temperature of − 15 °C for 60 s. 
The precipitates were observed in a Titan G2 60–300 spheri-
cal aberration-corrected transmission electron microscopy. 
The samples were thinned by the abrasive paper to ~ 40 µm 
in thickness, and then were ion thinned on a Gatan precision 
ion polishing system. In addition, the position of the sample 
observed by XRD was also used for EBSD and TEM analysis. 
The mechanical properties were measured on Instron 3369 
electronic universal testing machine. The tensile specimens 
were cut from the as-rolled sheets along RD with 15 mm in 
gauge length and 4 mm × 2 mm in cross section. Three tensile 
samples were measured in each strain rate group to ensure the 
reliability of the data.
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