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ABSTRACT
The effect of differential roller temperature (DTR) (low and high roller temperature difference: 60 and
180 K) on the microstructure evolution, deformation mechanism, and mechanical properties were
investigated in a commercial AZ31B alloy sheet. Compared with the LDTR sample, a considerable
shear strain (>0.4) in the HDTR sample led to a multiple-twinning system, especially the forma-
tion of contraction twins (CTWs) and double twins (DTWs). After annealing, the HDTR-annealing
(HDTR-A) sample achieved an excellent ductility (∼ 33.6%) as a result of a higher recrystallization
fraction (∼ 71.75%) and more optimized texture component (max basal texture intensity decrease
from 36.13–8.06).

IMPACT STATEMENT
A new method, differential temperature rolling, was used in AZ31B Mg alloy to induce multiple-
twinning systems, which strongly influences the recrystallization mechanism and texture evolution,
leading to a high ductility.
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1. Introduction

Magnesium (Mg) and its alloys are attractive as green
engineering materials, especially in vehicles, due to their
low density, high strength to weight ratio, and electro-
magnetic shielding capacity [1–5]. Unfortunately, the
application of Mg alloy sheets in the industry remains
limited predominantly due to its low ductility and strong
mechanical anisotropy, which is caused by insufficient
independent slip systems and strong basal texture at
room temperature. Thus, the primary structure strategy
aims to act more deformation modes and weaken or ran-
domize the detrimental basal texture, which is crucial to
manufacturingMg alloywith a good combination of high
specific strength, good ductility, and excellent formability
[1, 6].

Numerous works have been performed to introduce
and control dynamic recrystallization (DRX) for texture
optimization. Generally, the DRX mechanisms can be
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specially divided into continuous DRX (CDRX) and dis-
continuous DRX (DDRX) based on the nucleation and
growth mechanisms [7–10]. The newly-recrystallized
grains formed by rearranging dislocations in the CDRX
process inherit parent orientations [8,11–13]. However,
the DDRXed grains, which show distinct rotational ori-
entations, mainly nucleate at serrated high angle grain
boundaries (HAGBs) by bulging and growing through
grain boundary migration [8,14–16], and thus, it is ben-
eficial for the randomization of texture. Regrettably, the
activation of theDDRXmechanism is difficult [10,17,18].
Moreover, deformation twinning [19,20] is crucial to
accommodate the plastic strain along the c-axis of Mg
alloys for generalized plastic deformation. It has been
widely reported that the promoted twins can influ-
ence the recrystallization behavior and texture develop-
ment, referred to as twin-induced recrystallization (TRX)
[21–27]. Generally, the {101̄1} contraction twins (CTWs)
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and {101̄1} − {101̄2} double twins (DTWs) [23,24,28,29]
are thought as effective nucleation sites for recrystalliza-
tion since its high internal stored energy for the subse-
quent recrystallization and growth [22,23,26,27,30–32].
In S.M.Fatemi, et al. recent study [27], the twin-related
DRX can promote texture rotating along the normal
direction at 250 °C. Moreover, Guan D, et al. reported
that twin–twin and twin–grain boundary (GB) intersec-
tions could provide effective recrystallization sites and
weaken basal texture [24,25,27]. Therefore, it ismeaning-
ful to study how to activate more twinning systems and
their interactions for the favorable recrystallization ofMg
alloys, provided that premature failure does not happen..

It is well known that conventional rolling (the isother-
mal and constant speed conditions) inevitably causes a
robust basal texture of Mg at room temperature. Differ-
ential speed rolling (DSR) can enhance the mechanical
properties of Mg by introducing an additional amount
of strain [28,33,34]. Recently, a new method, differen-
tial temperature rolling (DTR), is successfully used to
improve themechanical anisotropy and optimize the tex-
ture of 3xx aluminum [35]. However, the report about
DTR is limited, especially in Mg. In this work, the
DTR method has been adopted in this studied AZ31B
Mg alloys to introduce the shear strain for manipula-
tion of twinning, recrystallization, and randomization of
texture. The influence of roller temperature difference
(low and high) on the microstructure characteristics,
including the deformed substructure, recrystallization
behavior, and texture evolution, was analyzed by elec-
tron backscatter diffraction (EBSD). Especially, this work
focused on the role of multiple-twinning systems on the
recrystallization mechanism and its contribution to the
mechanical properties. Finally, the relationship between
differential temperature rolling procedure, microstruc-
ture, andmechanical properties was investigated in detail
to provide a new guide for designing Mg alloys sheets
with good ductility.

2. Materials andmethods

Thematerials used in this study were commercial AZ31B
Mg alloy sheets with a chemical composition of 3.1Al-
0.9Zn-0.32Mn-0.012Si-0.0021Fe-Mg (wt. %). The sheets
were machined into samples with a dimension of 50mm
in the rolling direction (RD), 30mm in the trans-
verse direction (TD), and 5mm in the normal direc-
tion (ND). The temperature of the upper roller was held
on 513K, and the lower roller was set as two differ-
ent temperatures: 453K (the difference of the rollers’
temperature was 60K, named as low differential tem-
perature rolling (LDTR)) and 333K (the difference
of the rollers’ temperature was 180K, named as high

differential temperature rolling (HDTR)), respectively.
Before rolling, the sheets were preheated at 673K for
30min. After the first rolling step, the sheets were
reduced from 5mm to 3mm and then were heated
at 673K for 5min. Subsequently, the TR rolling route
was used [33] to perform the second step rolling (the
sheets were reduced from 3mm to 2mm) to avoid
the microstructure difference between the top and bot-
tom half part of the rolling samples and get homoge-
neous microstructure. Finally, the rolled-samples were
annealed at 573K for 10min, and the as-rolled and
annealed samples were marked as LDTR, HDTR, LDTR-
A and HDTR-A, respectively. Particularly, parallel marks
were carved on the RD-ND surface to semi-quantify and
evaluate the shear stress component.

A room temperature tensile test was employed using
a SANS test machine with a strain rate of 3.33×10−3

s−1, and an extensometer was used during the tensile
strains. The uniaxial tensile specimens with a gauge of
10 ±0.1mm and a width of 14 ±0.1mm were cut along
the RD. The scanning areas were the middle part of sam-
ples since the top and bottom half part of the rolling
samples did not show a noticeable difference. The opti-
cal microscope (OM) observation, X-ray diffractometer
(XRD), and EBSD were used to investigate the over-
all microstructure morphology and grain orientation.
The cross-sectional OM samples were mechanically pol-
ished and etched with a solution of 1 g oxalic acid, 1ml
nitric acid, 1ml acetic acid, and 150ml deionized water.
The XRD samples were progressively smoothed using
600–2000-grit silicon carbide paper and mechanical pol-
ished. The macro-texture of the samples was determined
using an X-ray diffractometer (D/max 2200PC) with Cu
Kα radiation at 40 kV and 30mAand analyzed by LABO-
TEX Analysis software. The EBSD samples were pre-
pared by ion etching and then observed within an FEI
Quanta200 FEG scanning electron microscope equipped
with Oxford Instruments Nordlys Nano EBSD system
(acceleration voltage 20 kV, step size 0.07 μm). Textures,
grain sizes, and other related microstructural features
were acquired from EBSD data using HKL CHANNEL5
analysis software. The recrystallized grains were dis-
tinguished by the internal average misorientation angle
within the grain [24,36]. The kernel average misorienta-
tion (KAM) values were used to indicate geometrically
necessary dislocations (GNDs) [37,38].

3. Results

3.1. OMandmechanical properties

The overall optical microstructure and corresponding
mechanical properties of LDTR, LDTR-A, HDTR, and
HDTR-A samples are shown in Figure 1. Table 1 shows
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Figure 1. The OM graphs of the (a) LDTR, (b) HDTR, (c) LDTR-A and (d) HDTR-A samples; (e) correspondingmechanical properties and (f )
comparison of ultimate tensile strength versus ductility for processed Mg alloys [33,39–44].

Table 1. The engineering mechanical properties of the different
samples.

Yield Ultimate Tensile Total
Sample Strength/MPa Strength/MPa Elongation/%

LDTR 173.3±1.0 293.0±1.2 13.4±0.2
LDTR-A 131.3±4.0 280.0±2.4 20.4±0.4
HDTR 201.7±2.2 314.3±2.8 8.1±0.4
HDTR-A 119.7±4.3 275.0±2.4 33.6±0.3

the statistic tensile properties, including the YS, UTS, and
TEL values of the as-rolled and annealed samples after
different DTR procedures. Both the LDTR and HDTR
samples showhigh yield strengths (YS) but low total elon-
gations (TEL) values (Figure 1e). But after annealing,
the HDTR-A sample exhibits a more significant ductility
enhancement (from 8.1% to 33.6%). For overall opti-
cal microstructure, the LDTR and HDTR samples show
inhomogeneous microstructure features, which consist
of coarse grains, newly-recrystallized grains, and defor-
mation twins (Figure 1a-b). However, the HDTR sample
exhibits significantly larger amounts of twin boundaries
with different directions and finer twin spacing than the
LDTR sample. Moreover, some twin-twin intersections
are observed in theHDTR samples, which is hardly found
in the LDTR sample. After annealing, the overall mor-
phology of the LDTR-A sample remains inhomogeneous,
and there exist a high volume fraction of twin bound-
aries inside the coarse grains (Figure 1c) than that of the
HDTR-A sample. A more homogeneous microstructure

and finer recrystallized microstructure are obtained in
the HDTR-A sample (Figure 1d).

3.2. Texture evolution

Figure 2(a-d) exhibits the inverse pole figure (IPF) and
pole figure (PF) maps of LDTR, LDTR-A, HDTR, and
HDTR-A samples. For the LDTR sample, the occur-
rence of multi-orientations can demonstrate the exis-
tence of dynamic recrystallization (DRX, ∼9.77%) after
rolling (Figure 2a). However, many coarse grains (about
13∼34μm) still exist inheriting the parent orientation
even after annealing (Figure 2c). For the HDTR sample, a
higher number density of twins and a lower number frac-
tion of DRX (4.03%) are observed in the HDTR sample
after rolling. Its texture component tilts toward RD and
TD (Figure 2b) with maximum intensity (MI) of 36.13.
However, it seems that the deformation twins in the
HDTR-A sample have disappeared after annealing, and
instead, it is found that plenty of homogeneous recrys-
tallized grains with an average grain size of ∼5.25μm
exhibit random orientations. This contributes to the low-
est basal texture intensity of 8.06 (Figure 2d). In addition,
the macro-texture of LDTR-A and HDTR-A samples,
including (0001), (101̄0), and (101̄1) pole figure (PF)
is tested by XRD (Figure 2 e-f). The formation of the
double-peak pole figure within (0001) PF indicates that
there exist partly twins in the LDTR-A sample (Figure
2e) [29]. Differently, in the HDTR-A sample, some extra
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Figure 2. The EBSD maps including inverse pole figure (IPF) map and pole figure of (a) LDTR, (b) HDTR. (c) LDTR-A and (d) HDTR-A; and
the XRDmaps of (e) LDTR-A and (f ) HDTR-A samples.

non-basal texture can be found apart from the typical
(0001) basal texture (Figure 2f).

4. Discussion

4.1. The role of shear strain on the deformation
mechanism during the DTR process

In our present work [35,45], it has been demon-
strated that the DTR can generate temperature gradient
and shear stress. According to elastic-plastic mechan-
ics [46,47], the equivalent strain (εeq) and shear strain
(γ ) was calculated to quantitatively analyze the shear
strain under different DTR processes after first pass. The
detailed data is shown in Table 2. The tilted angle of
the HDTR sample is higher than that of the LDTR sam-
ple. A large part of the overall equivalent strain in the
HDTR sample, while the compression strain dominates
the deformation of the LDTR process. Clearly, increasing

the temperature gradient, the HDTR process can intro-
duce a higher shear strain (0.40∼0.57) than that of the
LDTR process (0.05∼0.15).

For the LDTR process, some non-basal slip, shear
bands (Figure 1a), and twinning modes (especially
TTWs) can be motivated. The narrow shear bands pro-
vide areas for DRX. Moreover, the limited extra shear
strain, high temperature, and large driving force lead-
ing to a higher degree of DRX. Two specific regions,
R1 and R2 of the LDTR sample, are selected to investi-
gate the DRX mechanism, as shown in Figure 3a. The
typical CDRX mechanism and DDRX mechanism can
be observed in R1 and R2, respectively. The orienta-
tion of new CDRXed grains (Figure 3g) is similar to
the parent grains. However, the new DDRXed grains
exhibits random orientations, which agree with Zhang
et al. reports [7,8,10,48]. The CDRX and DDRX coex-
ist in the LDTR sample. According to numerous studies
reported [13,49–52], traditional Mg alloys are thought

Table 2. The shear strain and equivalent strain of LDTR and HDTR processes.

Process d0/mm d/mm Reduction/% Tilted angle/° γ εeq

LDTR 5 2 40 5∼ 15 0.05∼ 0.15 0.59∼ 0.60
HDTR 5 2 40 35∼ 45 0.40∼ 0.57 0.63∼ 0.68
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Figure 3. The EBSD maps of LDTR sample((a) IPF, (b) KAM map, (c) BC) and HDTR sample ((d) IPF, (e) KAM map, (f ) BC); and the
corresponding line graph of the misorientation angle along line1 (g), line2 (h); and TEM image showing twins (i).

to recrystallize uniformly at high temperature (i.e. con-
tinuous dynamic recrystallization (CDRX)). Our results
(Figure 2a and Figure 3a) show agreement with them as
well. Differently, in the HDTR sample, a combination of
various deformation modes, including shear bands and
the multiple twinning system is activated under a more
considerable shear strain (0.40∼0.57), which can be only
occur during the severe plastic deformation (SPD) pro-
cess, such as ECAP and DSR [28,33,53], or under an
enormous compression strain [54,55]. A more signif-
icant number of twins, including CTWs and DTWs,
than that of shear bands, are observed (Figure 3f and
i), while the DRX process is suppressed, which may be
attributed to a low driving force due to a lower defor-
mation temperature even if the stored strain energy is
very high. The HDTR sample shows a meager recrystal-
lization degree (4.03%) and a high average KAM value
(1.724°). Although some shear band nucleation could be
found in Figure 1b, almost total twins disappear after
annealing indicating the occurrence of twin-introduce
recrystallization and the effect of multiple twin systems
on grain nucleation and texture modification. More-
over, according to S.M.Fatemi, et al. report [26], those
triangle-shaped grains (Figure 3f) may be attributed at
least partly to the occurrence of ‘twin-assisted’ recrystal-
lization. The part of the twin in parent grain is suggested
to be affected by extended dynamic recovery resulting

in either consuming the twinning texture or partly new
grains. Those newly TDRXed grains have non-basal ori-
entations, but the contribution to texture optimization is
meager due to a limited amount. As the limitedDRXpro-
cess cannot consume enough dislocations and the extra
dislocations are continuously piled up and accommo-
dated by twins (Figure 3i), the average KAM value of
the HDTR sample (1.724°) is significantly higher than
that of the LDTR sample (1.528°). The HDTR process
can provide sufficient stored energy for the subsequent
SRX. Also, the (0001) basal texture of the HDTR sample
is tilted away ND with a higher pole density (Figure 2b).

Briefly, the difference in the shear strain contributes
to the change of deformation mechanisms from basal
slip to multiple twinning. For the LDTR process, a high
roller temperature (180°C and 240°C) contributes to
dynamic recrystallization and dislocation recovery. In
contrast, a larger roller temperature difference can lead
to a higher shear strain due to a higher temperature gra-
dient, which results in a more significant deformation
incompatibility between the upper and lower surface.
A higher shear strain not only leads to the activation
of non-basal slip and twinning modes, which become
the main nucleating site of static recrystallization for
grains with random orientations, but also contributes to
the inhibition of DRX and increasing of stored strain
energy.
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Figure 4. The IPF maps (left) and corresponding highlighted recrystallized grains in IPF maps (right) of (a) LDTR; (b) LDTR-A; (c) HDTR;
(d) HDTR-A; (e) HDTR with high magnification.

4.2. The role of recrystallization on texture
optimization andmechanical properties

After the rolling procedure, subsequent annealing is
adopted for stress relief and dislocation recovery. Espe-
cially, static recrystallization (SRX) occurs during the
annealing process, which strongly influences the final
grain size, orientation distribution, and texture compo-
nent. The orientations distribution of identified recrys-
tallized grains of LDTR, LDTR-A, HDTR, and HDTR-A
samples is shown in Figure 4. For the LDTR sample, only
some DRXed grains exhibit random orientations, indi-
cating DDRX can be activated under the shear stress;
however, its number fraction is meager. Although the
recrystallization fraction has increased a lot after anneal-
ing, the new recrystallized grains formed inside parent
grains by rearranging dislocations always inherit the par-
ent grains’ orientations and exhibit few random distri-
butions (Figure 4c). A higher density of (0001) <10-
10 > basal texture is achieved and reveals thatmost basal
planes lie parallel to the RD with their 〈<10-107gt;〉

directions aligned parallel to the RD. Moreover, the
double peak (0001) basal PF (Figure 2c) is related to
the remained twins [29]. In contrast, although the DRX
is hardly observed during the HDTR process, the grain
orientation of new recrystallized grains formed at twin-
twin intersections [24,25,27] and DTWs boundaries is
not limited to the parent grains’ orientations. Thus, after
annealing, the HDTR-A sample achieves a more homo-
geneous microstructure with random orientations, and
most basal planes lie parallel to the RD but spread along
the RD, leading to the optimized and weakened basal
texture. (Figure 4d).

Compared to the mechanical properties of as-rolled
and as-annealed samples, the as-rolled sample exhibits
higher YS and UTS but lower ductility. For the HDTR
sample, due to the impeding of dislocation gliding for
twin boundary strengthening effects, a large number of
multiple twins leads to a higher YS than that of the
LDTR sample. However, a high strain hardening rate
cannot be sustained because the dislocation would be
quickly saturated due to the limited space for moving,
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thus leading to the lowest ductility. While multiple twin
systems can provide practical nucleated areas for subse-
quent annealing. Thus, after annealing, a homogeneous
fully-recrystallized microstructure can avoid the local
stress concentration and premature failure is achieved in
the HDTR-A sample. Most of those new recrystallized
grains formed atDTWs andCTWs boundaries and twin-
twin intersection with random orientations contribute to
weakening basal texture and the activation of additional
non-basal slip modes during deformation. Moreover, a
smaller grain size can be beneficial for the activation of
non-basal dislocations, which can accommodate strain
along the c-axis and improve the uniform elongation
[56]. However, some dislocations and twins are retained
in the LDTR-A sample due to the insufficient recrystal-
lization [57], contributing to a combination of dislocation
strengthening, twin and grain boundary strengthening.
Thus, the YS of the LDTR-A is higher than that of the
HDTR-A sample, while the HDTR-A sample exhibits a
higher ductility (compared with the LDTR-A sample and
[33,39–44]) and a sustainable high work hardening rate
[58].

5. Conclusion

(1) There is a competition between DRX and the evo-
lution of deformation substructure during the DTR
process. One hand, a low shear strain (<0.15) in the
LDTR process leads to the accumulation of disloca-
tion and extension twins (TTWs), thus resulting in a
high CDRX degree. In contrast, a considerable shear
strain (>0.4) in the HDTR sample contributes to
a multiple-twinning system including double twins
(DTWs), contraction twins (CTWs), and the inter-
section of twin-twin boundaries while the DRX was
hardly observed.

(2) After annealing, the recrystallization fraction has
increased in the LDTR-A sample, but the orien-
tations of recrystallized grains always inherit the
parent grains and exhibit few random orientations.
However, a more homogeneous microstructure with
a higher recrystallization fraction (∼71.75%) was
observed in the HDTR-A sample. The DTWs
boundaries and twin-twin intersections can provide
potential nucleation sites for recrystallization due
to their high local stored energy, at where the new
recrystallized grains exhibited random orientations.

(3) Compared with the as-rolled samples, the annealed
samples exhibit a similar UTS but higher total elon-
gation values. The significant ductility enhance-
ment from ∼8.1% to ∼33.6% of the HDTR-A
sample is mainly correlated with the homogeneous

fully-recrystallized microstructure, weakened basal
texture, and the activation of non-basal slip.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by National Natural Science Founda-
tion of China: [Grant Number No.52001213]; Natural Science
Foundation of Shanghai: [Grant Number 20ZR1455300].

References

[1] Sun S, Deng N, Zhang H, et al. Microstructure and
mechanical properties of AZ31 magnesium alloy rein-
forcedwith novel sub-micron vanadiumparticles by pow-
der metallurgy. J Mater Res Technol. 2021;15:1789–1800.

[2] Xu T, Yang Y, Peng X, et al. Overview of advancement and
development trend on magnesium alloy. J Magnesium
Alloys. 2019;7(3):536–544.

[3] Chen X, Liao Q, Niu Y, et al. Comparison study of hot
deformation behavior and processing map of AZ80 mag-
nesiumalloy castedwith andwithout ultrasonic vibration.
J Alloys Compd. 2019;803:585–596.

[4] Alsubaie SA, Bazarnik P, Lewandowska M, et al. Evolu-
tion of microstructure and hardness in an AZ80 magne-
siumalloy processed by high-pressure torsion. JMater Res
Technol. 2016;5(2):152–158.

[5] Liu K, Dong X, Xie H, et al. Asymmetry in the hot defor-
mation behavior of AZ31B magnesium sheets. Mater Sci
Eng A. 2016;659:198–206.

[6] Trang T, Zhang J, Kim J, et al. Designing a magnesium
alloy with high strength and high formability. Nat Com-
mun. 2018;9(1):1–6.

[7] Zhang Q, Li Q, Chen X, et al. Dynamic precipitation and
recrystallization mechanism during hot compression of
Mg-Gd-Y-Zr alloy. J Mater Res Technol. 2021;15:37–51.

[8] Gui Y, Ouyang L, Cui Y, et al. Grain refinement and
weak-textured structures based on the dynamic recrys-
tallization of Mg–9.80Gd–3.78Y–1.12Sm–0.48Zr alloy. J
Magnesium and Alloys. 2021;9(2):456–466.

[9] Sani SA, EbrahimiG, RashidAK.Hot deformation behav-
ior and dynamic recrystallization kinetics of AZ61 and
AZ61+ Sr magnesium alloys. J Magnesium and Alloys.
2016;4(2):104–114.

[10] Huang K, Logé R. A review of dynamic recrystal-
lization phenomena in metallic materials. Mater Des.
2016;111:548–574.

[11] Jiang M, Yan H, Chen R. Twinning, recrystalliza-
tion and texture development during multi-directional
impact forging in an AZ61 Mg alloy. J Alloys Compd.
2015;650:399–409.

[12] Jiang M, Xu C, Yan H, et al. Unveiling the formation of
basal texture variations based on twinning and dynamic
recrystallization in AZ31 magnesium alloy during extru-
sion. Acta Mater. 2018;157:53–71.

[13] Qin D, Wang M, Sun C, et al. Interaction between tex-
ture evolution and dynamic recrystallization of extruded
AZ80magnesiumalloy during hot deformation.Mater Sci
Eng A. 2020;788:139537.



MATER. RES. LETT. 325

[14] Meng Y, Yu J, Zhang G, et al. Effect of circumferen-
tial strain rate on dynamic recrystallization and texture
of Mg-13Gd-4Y-2Zn-0.5Zr alloy during rotary backward
extrusion. JMagnesiumandAlloys. 2020;8(4):1228–1237.

[15] Kaibyshev R. 5-Dynamic recrystallization in magne-
sium alloys. Advances in Wrought magnesium alloys;
Woodhead Publishing; 2012. p. 186–225. DOI:10.1533/
9780857093844.1.186

[16] Hao M, Cheng W, Wang L, et al. Texture evolution
induced by twinning and dynamic recrystallization in
dilute Mg-1Sn-1Zn-1Al alloy during hot compression. J
Magnesium Alloys. 2020;8(3):899–909.

[17] Galiyev A, Kaibyshev R, Gottstein G. Correlation of plas-
tic deformation and dynamic recrystallization in magne-
sium alloy ZK60. Acta Mater. 2001;49(7):1199–1207.

[18] Wong TW, Hadadzadeh A, Wells MA. High temperature
deformation behavior of extruded AZ31B magnesium
alloy. J Mater Process Technol. 2018;251:360–368.

[19] Mishra RK, Brahme A, Sabat RK, et al. Twinning and tex-
ture randomization in Mg and Mg-Ce alloys. Int J Plast.
2019;117:157–172.

[20] Son H-W, Hyun S-K. Periodic formations of deformation
twins and dislocation arrays via grain boundary sliding
at serrated grain boundary in cold-shear-strained AZ31
alloy. Int J Plast. 2020;135:102815.

[21] Al-Samman T, Molodov KD, Molodov DA, et al. Soft-
ening and dynamic recrystallization in magnesium sin-
gle crystals during c-axis compression. Acta Mater.
2012;60(2):537–545.

[22] Molodov KD, Al-Samman T, Molodov DA, et al. Mech-
anisms of exceptional ductility of magnesium single
crystal during deformation at room temperature: multi-
ple twinning and dynamic recrystallization. Acta Mater.
2014;76:314–330.

[23] Levinson A, Mishra RK, Doherty RD, et al. Influence of
deformation twinning on static annealing of AZ31 Mg
alloy. Acta Mater. 2013;61(16):5966–5978.

[24] Guan D, Rainforth WM, Le M, et al. Twin recrystalliza-
tion mechanisms and exceptional contribution to texture
evolution during annealing in a magnesium alloy. Acta
Mater. 2017;126:132–144.

[25] Guan D, Rainforth WM, Gao J, et al. Individual effect
of recrystallisation nucleation sites on texture weakening
in a magnesium alloy: Part 1- double twins. Acta Mater.
2017;135:14–24.

[26] Fatemi S, Zarei-Hanzaki A. Microband/twin recrystal-
lization during back extrusion of AZ31 magnesium.
Mater Sci Eng A. 2017;708:230–236.

[27] Fatemi S, Asl AK, Paul H. Effects of pretwins on texture
andmicrostructural evolutions of AZ31magnesium alloy
during high temperature deformation. J Alloys Compd.
2022;894:162412.

[28] Luo D, Wang H-Y, Zhao L-G, et al. Effect of differen-
tial speed rolling on the room and elevated temperature
tensile properties of rolled AZ31 Mg alloy sheets. Mater
Charact. 2017;124:223–228.

[29] Catorceno LLC, De Abreu HFG, Padilha AF. Effects of
cold and warm cross-rolling on microstructure and tex-
ture evolution of AZ31B magnesium alloy sheet. J Mag-
nesium and Alloys. 2018;6(2):121–133.

[30] Hirsch J, Al-Samman T. Superior light metals by tex-
ture engineering: optimized aluminum and magne-
sium alloys for automotive applications. Acta Mater.
2013;61(3):818–843.

[31] Basu I, Al-Samman T. Twin recrystallization mech-
anisms in magnesium-rare earth alloys. Acta Mater.
2015;96:111–132.

[32] Yoo M. Slip, twinning, and fracture in hexagonal close-
packed metals. Metall Trans A. 1981;12(3):409–418.

[33] Ko YG, Hamad K. Structural features and mechanical
properties of AZ31 Mg alloy warm-deformed by differ-
ential speed rolling. J Alloys Compd. 2018;744:96–103.

[34] Kaseem M, Chung BK, Yang HW, et al. Effect of defor-
mation temperature on microstructure and mechanical
properties of AZ31 Mg alloy processed by differential-
speed rolling. J Mater Sci Technol. 2015;31(5):498–503.

[35] Fan X, Li Y, Xu C, et al. Improved mechanical anisotropy
and texture optimization of a 3xx aluminum alloy
by differential temperature rolling. Mater Sci Eng A.
2021;799:140278.

[36] Wang X, Mao P, Wang R, et al. Role of 101 2 twinning
in the anisotropy and asymmetry of AZ31 magnesium
alloy under high strain rate deformation. Mater Sci Eng
A. 2020;772:138814.

[37] Yan C, Feng A, Qu S, et al. Dynamic recrystallization
of titanium: effect of pre-activated twinning at cryogenic
temperature. Acta Mater. 2018;154:311–324.

[38] Jiang J, Britton T, Wilkinson A. Evolution of dislocation
density distributions in copper during tensile deforma-
tion. Acta Mater. 2013;61(19):7227–7239.

[39] Chun X, Xiaohua R, Xingzhou A, et al. Effect of rolling
mode on texture evolution of CP-Ti TA2 rolled sheets.
Rare Met Mater Eng. 2019;48(4):1195–1201.

[40] Zuo F-Q, Jiang J-H, Shan A-D, et al. Shear deformation
and grain refinement in pure Al by asymmetric rolling.
Trans Nonferrous Met Soc China. 2008;18(4):774–777.

[41] Sakai T, Saito Y, Hirano K, et al. Deformation and recrys-
tallization behavior of low carbon steel in high speed hot
rolling. Trans Iron Steel Inst Jpn. 1988;28(12):1028–1035.

[42] Dieter GE. Mechanical metallurgy. New York: Mc Graw
Hill Book; 1986.

[43] Barett C, Massalski T. Crystallographic methods princi-
ples and data. Struct∼ !/’Met, Int Ser Mater Sci Technol.
1996;35:3.

[44] Sitdikov O, Kaibyshev R, Sakai T, editor. Dynamic
recrystallization based on twinning in coarse-grained
Mg. Materials science forum. Vol. 419–422. Trans Tech
Publications, Ltd.; 2003. p. 521–526. DOI:10.4028/www.
scientific.net/MSF.419-422.521

[45] Chun X, Xiaohua R, Xingzhou A, et al. Effect of rolling
mode on texture evolution of CP-Ti TA2 rolled sheets.
Rare Metal Mat Eng. 2019;48(4):1195–1201. (in China)

[46] Doherty R, Hughes D, Humphreys F, et al. Current
issues in recrystallization: a review. Mater Sci Eng A.
1997;238(2):219–274.

[47] Sakai T, Jonas JJ. Overview no. 35 dynamic recrystal-
lization: mechanical and microstructural considerations.
Acta Metall. 1984;32(2):189–209.

[48] Zheng L, Zhang X, Wang H, et al. Synergistic effect
of LPSO and eutectic phase on mechanical properties

https://doi.org/DOI:10.1533/9780857093844.1.186
https://doi.org/10.4028/www.scientific.net/MSF.419-422.521


326 R. PENG ET AL.

of Mg-Gd-Nd-Zn-Zr alloy during equal channel angu-
lar pressing. J Mater Res Technol. 2021;15:2459–2470.
DOI:10.1016/j.jmrt.2021.09.058.

[49] Lu S, Wu D, Chen R, et al. Microstructure and texture
optimization by static recrystallization originating from
10-12 extension twins in a Mg-Gd-Y alloy. J Mater Sci
Technol. 2020;59:44–60.

[50] Chao H, Sun H, Chen W, et al. Static recrystalliza-
tion kinetics of a heavily cold drawn AZ31 magne-
sium alloy under annealing treatment. Mater Charact.
2011;62(3):312–320.

[51] Wang X, Deng K, Liu T, et al. Excellent ductility and
stretch formability ofMg-2Zn-1Mn-0.5Ca-0.1Gd sheet at
room temperature. Mater Lett. 2020;276:128239.

[52] Seipp S, Wagner MF-X, Hockauf K, et al. Microstructure,
crystallographic texture and mechanical properties of the
magnesium alloy AZ31B after different routes of thermo-
mechanical processing. Int J Plast. 2012;35:155–166.

[53] Yu X, Li Y, Wei Q, et al. Microstructure and mechanical
behavior of ECAP processed AZ31B over a wide range

of loading rates under compression and tension. Mech
Mater. 2015;86:55–70.

[54] Pan F, Zeng B, Jiang B, et al. Enhanced mechani-
cal properties of AZ31B magnesium alloy thin sheets
processed by on-line heating rolling. J Alloys Compd.
2017;693:414–420.

[55] Cho J-H, Jeong SS, Kim H-W, et al. Texture and
microstructure evolution during the symmetric and
asymmetric rolling of AZ31B magnesium alloys. Mater
Sci Eng A. 2013;566:40–46.

[56] Wei K, Hu R, YinD, et al. Grain size effect on tensile prop-
erties and slip systems of pure magnesium. Acta Mater.
2021;206:116604.

[57] Zhang P, Xin Y, Zhang L, et al. On the texture memory
effect of a cross-rolled Mg-2Zn-2Gd plate after unidirec-
tional rolling. J Mater Sci Technol. 2020;41(06):100–106.

[58] Cheng W, Wang L, Zhang H, et al. Enhanced stretch
formability of AZ31 magnesium alloy thin sheet by pre-
crossed twinning lamellas induced static recrystalliza-
tions. J Mater Process Technol. 2018;254:302–309.

https://doi.org/DOI:10.1016/j.jmrt.2021.09.058

	1. Introduction
	2. Materials and methods
	3. Results
	3.1. OM and mechanical properties
	3.2. Texture evolution

	4. Discussion
	4.1. The role of shear strain on the deformation mechanism during the DTR process
	4.2. The role of recrystallization on texture optimization and mechanical properties

	5. Conclusion
	Disclosure statement
	Funding
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [609.704 794.013]
>> setpagedevice


