
Materials and Design 193 (2020) 108793

Contents lists available at ScienceDirect

Materials and Design

j ourna l homepage: www.e lsev ie r .com/ locate /matdes
Evolution of twinning and shear bands in magnesium alloys during
rolling at room and cryogenic temperature
Kai Zhang a, Jing-Hua Zheng a,⁎, Yan Huang b, Catalin Pruncu a, Jun Jiang a

a Department of Mechanical Engineering, Imperial College London, Exhibition Road, London SW7 2AZ, UK
b BCAST, Institute of Materials and Manufacturing, Brunel University London, Uxbridge UB8 3PH, UK
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• A new twinning sequence, namely pri-
mary twin-twin interactions→ second-
ary twin-twin interactions, was
discovered.

• The rolling at cryogenic temperature
was accommodated by tension twins
→ twin-twin interactions → twinning
sequence.

• Regarding rolling at room temperature,
the deformation was governed by dou-
ble twins→ shear bands.

• The geometrically necessary dislocation
density was high in twin-twin interac-
tions, twinning sequence and shear
bands.
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Twinning and shear bands are twomain deformation structures inmagnesium alloys at low temperatures, how-
ever, the relationship between these two deformation structures is still under debate. To clarify their relationship
and behaviours at low temperatures, rolling tests to various thickness reductions at room temperature (RT) and
liquid nitrogen temperature (LNT) were conducted for AZ31 magnesium alloys. The evolutions of shear bands
and twinning, and their interactions with geometrically necessary dislocation (GND), were observed during
the RT- and LNT-rolling process. Abundant shear bands, evolving from {1011}-{1012} double twins (DTWs),
were observed in the RT-rolled samples, while a high quantity of twins, including {1012} tension twins
(TTWs), twin-twin interactions and twinning sequence, were observed in the LNT-rolled samples. More impor-
tantly, a rarely observed twinning sequence behaviour, namely primary TTW-TTW interactions→ secondary
TTW-TTW interactions, creating a 45° b2021N misorientation peak, was studied. Abundant GNDs accumulated
around these twin-twin interactions, twinning sequence, DTWs and shear bands, while the GND density was
low around TTWs. This research delivers a systematic investigation into the deformation structures in Mg alloys
during the rolling process from RT to cryogenic temperature and provides insights into the newly discovered
twinning sequence and twin-twin interactions.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Magnesium alloys attract substantial interests from automotive in-
dustries due to its low density and high specific strength [1–4]. How-
ever, the application of magnesium alloys plates is limited due to their
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Chemical composition (wt%) of AZ31.

Mg Fe Mn Zn To Al Ca Ni Si Cu

AZ31 Bal. 0.004 0.32 0.95 b0.3 3.1 b0.005 0.0006 0.02 b0.0005
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poor formability and high cost during the rolling process. Thismotivates
the needs to understand their deformation behaviours and microstruc-
tures in the rolling process of Mg alloys. Shear bands and deformation
twins are the dominant deformation features of themicrostructure dur-
ing the rolling process [5]. The twins and shear bands behaviours can
have profound effects on plastic anisotropy and flow stress, and are
also considered as the primary factors that trigger cracking, void forma-
tion and coalesce to failure, limiting the formability of Mg alloys plates
[6–8]. Therefore, a deep understanding of the deformation structures,
especially the relationships and evolution of shear bands and twins dur-
ing the rolling process, is essential to reveal the deformation essence of
Mg alloys.

Shear bands generally show non-crystallographic orientations,
could pass through several grains or even extend through the specimen
[9]. The shear bands contain intense shear strains, resulting in localiza-
tion, and it could be related to the persistent and coarse slips bands at
micro-scale localised deformationwhile it could result inmaterial insta-
bility at macro-scale [10–12]. The generation of shear bands may be as-
sociatedwith localiseddislocation slip, [13,14], or the localised twinning
and grain boundary sliding [9]. The formation of shear bands in magne-
sium alloys was generated from the deformation twins [7,15] or the dy-
namic recrystallisation (DRX) near grain boundaries [16,17].
Compression twin (CTW) and DTW will reorient the grains to more
favourable orientations for basal slips by 56° and 38°, respectively, and
further deformationwill result in the connection of these newly formed
twins and form the shear bands [7,18]. The dislocation density is gener-
ally high around the shear bands as shear bands contain intensive shear
strains providing extensive internal misorientations [19]. However, be-
cause of the complexity of dislocations and deformation twins, the ori-
gin of shear bands formation in magnesium alloys is still unclear.

Due to the lack of sufficient slip systems inmagnesium, deformation
twins are often generated to accommodate homogeneous plastic defor-
mation [20–22]. TTWs are easily activated to accommodate plastic de-
formation, as its critical resolved shear stress (CRSS) is commonly
lower than that of non-basal slip systems [5,23,24]. TTW can be gener-
ated on any one of six {1012} planes in a grain. These twin variants on
different planes would impinge on one another to form three types of
twin boundaries, including (1012)-(0112), (1012)-(1012), (1012)-(01
12) [21], identified as twin-twin interactions. The interactions were
classified into two types: (i) co-zone twin-twin interactions for two
twin variants sharing the same b1120N zone axis [25] and (ii) non-
cozone twin-twin interactions for two twin variants with different
zone axes [26,27]. A 3D full-field crystal plasticity model and large-
scalemolecular dynamics indicated that the local stress fieldswere gen-
erated after the initial formation of the twin-twin interactions. This
stressfield promotes the twin thickening and also contributes to the nu-
cleation of new twins [25]. Additionally, the stress fields of the twin-
twin interactions are suggested to have a higher strengthening effect
on the material [25,26] compared to the grains containing a single
twin [28]. Currently, it has been found that changing the strain paths
canmaximise the volume of twin-twin interactions, providing clear de-
velopment of twin-twin interactions [26,27]. While it is not known
whether there are other effective methods to maximise the generation
of twin-twin interactions.

Twinning sequence, forming subsequent twins in existing twins,
may also occur to accommodate the imposed plastic deformation. For
magnesium, the frequent twinning sequence is {1011}-{1012} DTWs,
i.e. secondary TTWs form in primary compression twins (CTWs)
[29,30]. However, the formation of sequential TTWswas rarely reported
in Mg alloys due to the difficulty in activating the secondary TTW in the
primary TTW [31]. Until now, only few research have observed a se-
quential TTW in Mg-0.3 at.%Al alloy and AZ31 [32–34], which was acti-
vated by multiaxial deformation, e.g. a compression at RT in the rolling
direction followed by a subsequent compression in transversion direc-
tion [31]. However, the relationships between the sequential TTWs
and TTW-TTW interactions, and the concurrent interactions with dislo-
cations, were still not clearly studied. Additionally, it is unclear whether
other processing conditions can also trigger the formation of both se-
quential TTWs and TTW-TTW interactions.

Cryogenic rolling (cryo-rolling) would be a potential way to pro-
mote twinning activities and trigger some rare twinning behaviours,
such as twin-twin interactions, twinning sequence in Mg alloys. At
lower temperatures, the CRSS for dislocation slip, especially prismatic
and pyramidal slip, increases substantially, while the CRSS for twinning
is almost independent of temperature [35–40]. Hence, deformation
twins will be the important plastic deformation structure at the cryo-
genic temperature [41–43]. This will enable a clear identification on
the twinning formation, evolution and their relationships with disloca-
tion during thedeformation. As a comparison, themicrostructure evolu-
tion during the rolling at RTwas also studied to explore the origin of the
shear bands formation.

In this study, AZ31 samples are rolled to various thicknesses at room
and cryogenic temperatures (i.e. liquid nitrogen temperature). The mi-
crostructures are characterised using the Electron Backscatter Diffrac-
tion (EBSD) technique and optical microscopy. The main aims are:
(i) investigate the relationship between shear bands and deformation
twins in the RT- and LNT-rolling process; (ii) identify and analyse the
rarely observed twin-twin interactions, twinning sequence and their in-
teractions in LNT-rolling process in details, integrating the
understanding.

2. Experimental method

2.1. Materials

AZ31 cast billets were provided by Magnesium Elektron. The AZ31
alloy is a commonly used magnesium alloy, mainly containing alumin-
ium and zinc. The chemical composition of the AZ31 is presented in
Table 1. The as-received AZ31 samples are in T4 heat-treated condition.
The T4 heat treatment consisted of heating the samples for 4 h at 385 °C
followed by 12 h at 420 °C.

2.2. Rolling at room and cryogenic temperature

A schematic illustration of the RT and LNT-rolling process is given in
Fig. 1. Rectangular samples with a thickness, width and length of 3, 8
and 25 mm, respectively, were manufactured from the as-received
AZ31 alloys. These samples were rolled at a moderate rolling speed of
~4.9–6.9 m/min, using a DRM C130 or Durston FSM200 rolling mill ma-
chine, for 1, 2 and 3 passes to achieve a total thickness reduction (TR) of
3%, 9% and 13%, respectively. For the LNT-rolling process, the samples
were immersed in liquid nitrogen for at least 30min to ensure the entire
sample reaches the target liquid nitrogen temperature (i.e. 77 K) before
each pass. Then, the immersed samples were rapidly transferred to the
rolling mill machine to achieve the designed TR for each pass.

2.3. Microstructure characterisation

The 3% and 13% rolled samples with the surface of RD × ND were
prepared for microscopic examination. In preparation for the micro-
structure observation, the rolled samples were mechanically polished
using P4000 SiC grinding papers and OPS suspension. Then, the samples
were chemically-etched using a mixed solution of 1 ml nitric acid, 1 ml
acetic acid, 1 ml oxalic acid and 150ml water for about 30 s. The optical



Fig. 1. Schematic diagram of the experimental rolling processes.

Fig. 2. (a) EBSD IPF image, (b) {0001} pole figure and (c) the grain size distributionmap of
the as-received AZ31 sample.
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metallographic examination was performed on the etched samples
using the Zeiss microscope, aiming to obtain large microstructure
maps, with respect to various deformation levels and temperatures.

A Hitachi SEM microscope with a Bruker e-Flash HR detector con-
nected to a smart Quantax Esprit 2.1 system was used for the EBSD ob-
servation, aiming to thoroughly examine the crystallographic
morphology, identifying the twinning types, misorientation distribu-
tions, etc., and revealing the evolved deformation structures. Due to
the large grain size formed in casting, a 16 μm step size was selected
to characterise the grain size and texture of the as-received sample,
while a 2 μm step size was used to examine the more detailed micro-
structures in the rolled samples.

The obtained EBSD data was subsequently analysed using HKL
CHANNEL 5 software. The grain size was calculated with a critical mis-
orientation of 5° and a minimum grain area of 10 pixels, excluding
grain boundaries. Different twin boundaries were highlighted with var-
ious colours. The Kernel Average Misorientation (KAM) was calculated
using the average misorientation between the probed pixel and its
5 × 5 surrounding pixels [44].

The as-received cast AZ31 sample was characterised by the EBSD
technique. Fig. 2(a) shows the inverse pole figure (IPF) map, the grain
size is relatively large but homogeneously distributed. The statistic
grain size analysis is shown in Fig. 2(c). The average grain size of
~279 μm was measured. The associated texture is shown in Fig. 2
(b) in which, as expected, a weak and scattered texture is observed in
this cast sample.

3. Experimental results

3.1. Microstructures of AZ31 during RT-rolling and LNT-rolling process

Fig. 3(a) and (b) shows the optical microscope characterised micro-
structure of AZ31 samples after the RT-rolling process. Abundant black
bands were observed, and those that crossed the grain boundaries
(GBs)were identified as shear bands (annotated in Fig. 3(b)). The quan-
tity of these black bands notably increased with the increase in the de-
formation levels from 3% to 13%, which is in good agreement with that
in the literature [5,45]. With a TR =3% (Fig. 3(a)), these black bands
were short and thin, and were mainly found inside of the grains.
When TR increased to 13%, these black bands became thickened and
bent, which crossed the GBs and, thus, considered as shear bands. It is
clearly demonstrated in Fig. 3(a) and (b) that the density of the shear
bands increased with higher TR values.

Fig. 3(c) and (d) present the microstructures of the AZ31 during the
LNT-rolling process. The short and straight grey lines could be deforma-
tion twins, which are further confirmed by the EBSD observations in
Figs. 4–9. At TR=3%,more twins were observed in the LNT-rolled sam-
ple in Fig. 3(c), compared to that in the RT-rolled sample (Fig. 3(a)). As
TR increased to 13%, (Fig. 3(d)), the density of twins in the LNT-rolled
sample increased, and these twin boundaries intersected and tangled
with each other. Almost no shear bands were observed in the LNT-
rolled sample. It may be noted that few micro-cracks were observed
near the grain boundaries in the LNT-deformed sample (Fig. 3(d)),
which may be attributed to the stress concentration around the grain



Fig. 3. Optical images and the corresponding enlarged images of the (a-b) RT-rolled and (c-d) LNT-rolled AZ31 samples. The total TRs of the samples are (a, c) 3% and (b, d) 13%.
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boundaries and twin boundaries at LNT [35]. Similar results were also
reported in the high strain-rate plane strain compression tests [46]
and rolling tests [47].

Fig. 4 provides a detailed analysis of the twin types in the 3% RT-
rolled and the 3% LNT-rolled samples. As shown in Fig. 4(a–d), three
types of twins, i.e. {1012} TTWs, {1011}-{1012} DTWs and {1011}
CTWs, were observed in the 3% RT-rolled sample. These twins were
visualised in Fig. 4(b), where the green, blue and yellow lines represent
{1011}-{1012} DTWs, {1012} TTWs and {1011} CTWs, respectively. Ac-
cording to Fig. 4 (b) and (c), it can be concluded that the black bands in
Figs. 4(c) and 3(a) were {1011}-{1012} DTWs, indicating that DTWs are
themajor deformation structure at the early stage of the RT-rolling pro-
cess (i.e. TR= 3%). These three twin types were also identified from the
peaks in the misorientation distributions in Fig. 4(d). The misorienta-
tion axes and angles of these twins were plotted in the corresponding
axis distribution in Fig. 4(d), and labelled with boxes and circles in
Fig. 4. EBSD analysis on the (a–d) RT-rolled and (e-h) LNT-rolled AZ31 samples with a total TR
(c) and (g) enlarged optical images, (d) and (h)misorientation distributionmaps. Note that the
and circles in (d) and (h) with the corresponding colours.
corresponding colours. According to these axis distributions, themisori-
entation peak at 38°, 56° and 86° all shared the b1120N axis and
corresponded to {1011}-{1012} DTWs, {1011} CTWs, and {1012}
TTWs, respectively.

Fig. 4(e–h) shows the analysed twinning behaviour in the 3% LNT-
rolled sample. Abundant TTWswere observed in the3% LNT-rolled sam-
ple in Fig. 4(f) and (h), confirming that the short black lines, presented
in Figs. 4(g) and 3(c), were TTWs, whichwere themajormicrostructure
at LNT. The 3% LNT-rolled sample had a much higher density of twins
(Fig. 4(f)) than those in the 3% RT-rolled sample (Fig. 4(b)). As observed
in Fig. 4(f) and (h), themain twin type in LNT-rolled sample was {1012}
TTWs. A small fraction of (1012)-(0112) twin-twin interactions at 60°
was also presented. The (10 1 2)-(01 1 2) twin-twin interaction
forms when a grain twins on both the (1012) and (0112) planes, and
60 b1010N is the relationship between these two tension twin variants.
Table 2 listed three different misorientation relationships between two
of 3%. (a) and (e) EBSD IPF images, (b) and (f) band contrast map with twin boundaries,
characteristic misorientation axes and angles of the twins have been labelled using boxes



Fig. 5. EBSD analysis on the (a-d) RT-rolled and (e-h) LNT-rolled AZ31 samples with a total TR of 13%. (a) and (e) EBSD IPF images, (b) and (f) band contrast map with twin boundaries,
(c) and (g) enlarged optical images, (d) and (h)misorientation distributionmaps. The characteristicmisorientation axes and angles of the twins have been labelled using boxes and circles
in (d) and (h) with corresponding colours. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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different tension twin variants [21]. From the axis distributions in the
insets of Fig. 4(h), the peak at 86° around a b1120N axis was TTWs,
and the peak at 60° around a b1010N axis was the (1012)-(0112)
twin-twin interactions. However, a rarely reported peak at 45° shared
Fig. 6. KAM maps of the RT-rolled samples with a total TR of (a) 3% and (b) 1
a b2021N axis, as seen in Fig. 4(h). This peak is associatedwith the twin-
ning sequence, whichwill be analysed in detail in the following section.

EBSD analysis was also performed on the 13% RT-rolled and 13%
LNT-rolled samples as shown in Fig. 5. By comparing Fig. 5 to Fig. 4,
3%, and of the LNT-rolled samples with a total TR of (c) 3% and (d) 13%.



Fig. 7.Microstructures in (a–d) Zone A and (e–h) Zone B of the 13% RT-rolled sample in Fig. 5 (a). Note that the locations of Zone A and Zone B are annotated in Fig. 5 (a). (a, e) EBSD IPF
images, (b, f) band contrast maps with twin boundaries, (c, g) KAM maps and (d, h) {0001} pole figures.
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the insights into the evolution of twinning and shear bands can be
gained. Abundant shear bands with few twins were observed in the
RT-rolled samples. The grey colour represents the low band contrast
(Figs. 5(b) and 7(b)), indicating the low degree of lattice perfection
and high GND density in the area. This would be attributed to the inten-
sive shear strains and deformation localization in shear bands [5,19].
Therefore, the thick lines with grey colour were identified as shear
bands. This can also be confirmed by comparing the EBSD map with
the optical image in Fig. 5(c), where bent and thickened lines that
crossed GBs were shear bands, which were also reported in [48] under
dynamic loading conditions. Considering the twin types, {1012} TTWs,
{1011} CTWs and {1011}-{1012} DTWs were observed in the 13% RT-
rolled sample in Fig. 5(b) and (d), which are similar to that in the 3%
RT-rolled sample (Fig. 4(b)). Comparing the 3% and 13% RT-rolled sam-
ples in Figs. 4(a–d) and 5(a–d), respectively, it can be concluded that,
during the RT deformation, the formation of shear bands is one of the
Fig. 8.Microstructures in (a–d) Zone C and (e–h) Zone D of the 13% LNT-rolled sample in Fig. 5
images, (b, f) KAM maps, (c, g) {0001} pole figures, (d, h) misorientation distribution maps.
important deformation mechanisms. Supplementary Fig. S1 plots
more detailed features of the microstructures in RT-deformed samples
at 3% and 13%. It is found that DTWs, as evidenced as the straight lines
in Fig. S1, dominate at 3%, while shear bands, which are slightly bent
and cross the grain boundaries, dominate at 13%.

Fig. 5(e–h) presents the microstructure analysis in the 13% LNT-
rolled sample. More twin boundaries and fewer shear bands were ob-
served in Fig. 5(e) and (f). Additionally, a considerable amount of {101
2} TTWs and twin-twin interactions, mainly including (1012)-(0112)
and (1012)-(1012), were identified in the 13% LNT-rolled sample, as
shown in Fig. 5(f–h). Also, it is interesting to see that the 45° twin-
twin misorientation around the b2021N axis are presented. Comparing
the 3% and 13% LNT-rolled samples in Figs. 4(e–h) and 5(e–h), as the
plastic strain increased, the major twinning types were similar, but
twinning activities weremore commonly seen. For example, more (101
2)-(0112) twin-twin interactions and 45° b2021N twin boundaries were
(e). Note that the locations of Zone C and Zone D are annotated in Fig. 5(e). (a, e) EBSD IPF



Fig. 9. Detailed microstructure analysis of (a-d) grain E and (e-h) grain F in the 9% LNT-rolled sample. (a, e) EBSD IPF images, (b, f) KAM maps, (c, g) {0001} pole figures and (d,
h) misorientation distribution maps.
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observed. 77° b1120N boundaries, which could be generated by the
TTW, were also seen in the LNT-rolled sample, and these twin bound-
aries were also reported in the AZ80 alloy under dynamic impact load-
ing [49].

The KAMmaps of the RT-rolled and LNT-rolled samples with a TR of
3% and 13%, which can reflect the geometrically necessary dislocation
(GND) density distributions [50,51], were summarised in Fig. 6. Gener-
ally, the KAM value progressively increased with the increase in defor-
mation levels from 3% to 13% in both RT-rolled and LNT-rolled
samples, indicating that the higher GND density was generated in a
higher TR. As shown in Fig. 6(a) and (c), the GND density was low
around TTWs, but was high around the DTWs and twin-twin interac-
tions in the RT-rolled and LNT-rolled samples, respectively. For the
13% RT-rolled sample, more shear bands with high GND density were
presented in Fig. 6 (b), while more twin-twin interactions with high
GND density were presented in the 13% LNT-rolled sample in Fig. 6(d).

3.2. Typical zone analysis in 13% RT- and 13% LNT-rolled AZ31 samples

Four typical zones, previously annotated as Zone A, Zone B, Zone C
and Zone D in Fig. 5(a) and (e), were selected and analysed in detail
to further reveal the twin and shear bands distributions in RT- and
LNT-rolled samples. The detailed analyses, including EBSD IPF images,
band contrast, pole figure, KAM and misorientation distribution maps,
are presented in Figs. 7 and 8. Zone G in Fig. 5(e) was also analysed in
details and presented in Appendix III, Fig. S4.
Table 2
Misorientations generated between different {1012} twin variants [21]

Type of twin

(1012)-(1012)
(1012)-(0112)
(1012)-(0112)
Fig. 7(a–d) shows the microstructures in Zone A, which contained
significant shear bands in the 13% RT-rolled sample. Shear bands were
narrow zones of intensive shear strains and hence high KAM values.
From a careful observation of Fig. 7(a–c), high KAM values were ob-
served, especially around the shear bands, indicating that shear bands
contained a wide range of internal misorientations and high GND den-
sity, as also reported in [19].

Fig. 7(e–h) presents themicrostructures in Zone B, aiming to under-
stand the relationship between twins and shear bands in the RT-rolling
process. According to Fig. 7(e) and (h), twin variant B2 is {1012} TTWs,
and twin variant B3 and B4 are {1011}-{1012} DTWs. As shown in Fig. 7
(e) and (f), {1012} TTWs are located outside the shear bands while {101
1}-{1012} DTWs are located in the shear bands, indicating that DTWs
would contribute to the shear bands formation. This is also evidenced
in the corresponding KAM maps in Fig. 7(g), where the GND density is
low in the {1012} TTWs, while is relatively high in the {1011}-{1012}
DTWs. The high GND density in DTWs would be related to the high
GND density in shear bands. Similar shear bands and twinning behav-
iours were also observed in the RT-rolled sample with a TR of 9%,
where abundant DTWs were located along the shear bands with high
GND density in Supplementary Figs. S2 (a–c) and S3 (a–b), confirming
that DTWs are the major contributors to the shear bands formation.

Compared to the RT-rolled sample, the major deformation structure
in the LNT-rolled sample is twinning. There are abundant (1012)-(0112)
twin-twin interactions observed in the 13% LNT-rolled sample. Fig. 8(a–
d) gives a detailed microstructure analysis in Zone C from Fig. 5(e). The
Misorientation angle/axis

7.4° b1210N
60.0° b1010N
60.4° b8170N



8 K. Zhang et al. / Materials and Design 193 (2020) 108793
main twin types in Zone C were {1012} TTWs and (1012)-(0112) twin-
twin interactions. As shown in Fig. 8(a), three tension twin variants, i.e.
C2, C3 and C4, were generated from the parentmatrix CM1 and themis-
orientations between the matrix and these twin variants were ~86°, as
identified in Fig. 8(c) and (d). The (1012)-(0112) twin-twin interactions
weregeneratedbetween twinvariantC2andC3.A60°b1010Nmisorien-
tation between twin variant C2 andC3wasobserved in Fig. 8(c) and (d).
Fig. 8(b) presents the KAMmap, where high GND density was observed
around the boundaries of the twin-twin interactions.

Fig. 8(e–h) illustrates the analysis of themicrostructure in Zone D of
the 13% LNT-rolled sample. The analysis of Zone D is used to clearly
show the (1012)-(0112) twin-twin interaction. As shown in Fig. 8(e),
(g) and (h), the (1012)-(0112) twin-twin interaction was observed be-
tween twin variant D1 with D2. The misorientation between twin vari-
ant D1 andD2was approximately 60° around an b1010 N axis, where an
apparent single peak was observed in Fig. 8(h). The matrix was almost
consumed by these two twin variants. This indicates that twinning is
an effectivemeans to accommodate plastic deformation in the LNT con-
dition. Also, the twin-twin interaction is an effective dislocation barrier
as demonstrated by the high KAM values, in Fig. 8(f).
3.3. Twinning sequence analysis

In the LNT-rolled sample, a new twinning sequence is found. Pri-
mary TTWs formed first and, subsequently, a set of secondary TTWs
formed within them. To thoroughly study this twinning behaviour,
two single grains, namely grain E and F, were taken from the 9% LNT-
rolled sample, and analysed in details in Fig. 9. For clarity, the full
EBSDmaps of the 9% LNT-rolled sample are presented in Supplementary
Figs. S2 and S3.

Fig. 9(a–d) presents the analysis of grain E. It is difficult to use the
captured EBSD map to distinguish the matrix with the twin variant
and the sequence of the twin variants. Hence, the most possible twin-
ning behaviours were described in this work, based on the misorienta-
tion and axes of the typical twins. Fig. 9(a) and (c) plot the IPF map
and the corresponding orientations of matrix and twin variants in the
{0001} pole figure. Three primary tension twin variants E2, E5 and E8
were generated from the matrix EM1, as observed in Fig. 9(a) and (c).
The primary tension twin variants, E2, E5 and E8 interacted and formed
the (1012)-(0112) twin-twin interactions. The tension twin variant E8
consumed the majority of the matrix EM1, and no secondary twin was
generated in twin variant E8. However, secondary tension twin variants,
E3 and E4, were generated from primary twin variant E2. The two sec-
ondary tension twin variants, E3 and E4, also formed the secondary
(1012)-(0112) twin-twin interactions. It is worth noting that the pri-
mary twin variant E2 and secondary twin variants E3 and E4 were dis-
tributed along a line which was parallel to the red dotted line in Fig. 9
(a). Secondary tension twin variants E6 and E7 were also generated
from primary twin variant E5 and formed the secondary (1012)-(011
2) twin-twin interactions. These twin variants, E5, E6 and E7, were dis-
tributed along a line whichwas parallel to the black dotted line in Fig. 9
(a). Therefore, a new twinning sequence of primary TTW-TTW interac-
tion→ secondary TTW-TTW interaction can be established. This special
twinning sequence would result from the suppression of dislocation
slips, in order to accommodate the plastic strain at cryogenic
temperature.

The secondary twin variants, i.e. E3, E4, E6 and E7, interacted with
the primary twin variant E8 to generate a special ~45° misorientation
around an b2021N axis (45° b2021N). As shown in Fig. 9(c), in addition
to the misorientation peak of 86° {1012} TTWs and 60° (1012)-(0112)
twin-twin interaction, a ~45° misorientation peak was observed,
resulting from the interactions between the secondary and the primary
twin variants. Fig. 9(b) presents the KAM distributions around these
twin-twin interactions. High KAM values were observed around the
interactions, indicating that the boundaries of these twin-twin interac-
tions would block the dislocation slips and result in high GND density.
In addition, the twinning sequence would result in twinning-induced
grain refinement.

Fig. 9(e–h) provides a similar microstructure analysis on grain F to
confirm this twinning structure. As shown in Fig. 9(e–f), a similar twin-
ning sequence was observed. The primary tension twin variants F2, F5,
F8 were generated from the matrix FM1. Although the volume fraction
of F8 is high, F8 is more likely to be a twin variant. As the c-axis of F8 is
almost parallel to ND and the compression direction in the pole figure, it
would be more difficult to activate the TTWs in this orientation of F8
than FM1, where its c-axis is almost perpendicular to the compression
direction [52]. It is also reasonable to observe the high volume fraction
of F8, because TTWs can form a profuse structure and consume thema-
jority of the parent structure at 9% deformation [53]. The primary twin
variant F2 and F5 interacted with the twin variant F8 to form 60° b101
0N boundaries, namely (1012)-(0112) twin-twin interactions. The sec-
ondary tension twin variants F3 and F4 were generated from the pri-
mary twin variant F2, and these three twin variants were distributed
parallel to the red dotted line in Fig. 9(e). These two secondary tension
twin variants F3 and F4 interacted and formed the secondary (1012)-
(0112) twin-twin interaction. The secondary twin variants F6, F7 and
primary twin variant F5 also showed the similar relationship to the sec-
ondary twin variants F3, F4 and primary twin variant F2, but the twin
variants F5, F6 and F7 were distributed parallel to the black dotted
line in Fig. 9(e). According to Fig. 9(e) and (g), the secondary tension
twin variants F3, F4, F6 and F7 interacted with the primary tension
twin variant F8 to form 45° b2021N boundaries. Three misorientation
distribution peaks, including 86°{1012} TTWs, 60° (1012)-(0112)
twin-twin interactions, and 45° b2021N boundaries were observed in
Fig. 9(h). As shown in Fig. 9(f), higher GND density was observed
around boundaries of these twin-twin interactions, compared to other
areas in grain F, indicating that these boundaries of twin-twin interac-
tions would block and accumulate GNDs easily. The detailed analysis
of grain E and F concluded that there was a special twinning sequence
behaviour in the LNT-rolled sample, where secondary TTWs formed
on the primary TTWs and interacted with another set of primary
TTWs to form 45° b2021N boundaries. The detailed analysis of the
grain E and F confirmed the occurrence of the specific twinning se-
quence and twin-twin interactions in the LNT-rolled sample, addition-
ally, thoroughly explained the configurations of the lattice orientations.
4. Discussion

4.1. Illustration of microstructure evolution during RT-rolling and LNT-
rolling process

An integrated schematic illustration of themicrostructure evolutions
during the RT- and LNT-rolling process with respect to deformation
levels was presented in Fig. 10. At the early stage of the RT-rolling
(from Fig. 10 (a) to (b)), some {1011}-{1012} DTWs, few TTWs and
shear bands were generated. With the increase in the deformation
levels (from Fig. 10(b) to (c)), more shear bands were generated,
which were transformed from the existing DTWs, to accommodate
the plastic deformation. A small amount of TTWs and DTWs were still
left in the matrix. Abundant GNDs were observed in the RT-rolled sam-
ple and accumulated around the shear bands and DTWs (Figs. 6–7 and
10).

During the LNT-rolling process, themain deformation structures are
twins, including TTWs, twin-twin interactions and twinning sequence.
At the initial deformation stage, a significant amount of thin and indi-
vidual twins, especially the TTWs, were generated in the LNT-rolled
sample, as shown in Fig. 4(e–h), Fig. 10(d) and (e). With the increase
in deformation levels, unlike the RT-rolled sample, where DTWs are



Fig. 10. Schematic illustration of the microstructure evolution during (a–c) RT and (d–f) LNT-rolling process. Insets plot the formation process of twin-twin interactions and twinning
sequence.
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transformed into shear bands, active twin behaviours occur to accom-
modate further plastic strains during the LNT-rolling process. As
shown in Figs. 5(e–h) and 10(f), the TTWs were interacted to form
(1012)-(0112) twin-twin interactions. Additionally, the secondary
TTWs were generated from the primary TTWs to form {1012}-{1012}
double tension twins, which is the so-called twinning sequence. More
importantly, the secondary twin-twin interaction in primary twin-
twin interaction was observed for the first time, creating a specific mis-
orientation of ~45° between the primary TTW variant and another sec-
ondary TTW variant, as shown in Figs. 9 and 10(f). The detailed
twinning behaviours including twinning sequence are shown in the in-
sets below. Primary twin variants T1 and T2 form the twin-twin interac-
tion, and then the secondary twin variant T3 in the primary twin variant
T1 would meet with another primary twin variant T2 to form the spe-
cific boundaries, namely 45° b2021N boundaries. GND accumulations
are mainly located around the boundaries of twin-twin interactions
and twinning sequence in the LNT-rolled sample, according to
Figs. 6–10.
4.2. Twinning behaviours during LNT-rolling process

The active twinning behaviours during LNT-rolling processwould be
attributed to the limited dislocation slips to accommodate the strain at
LNT. It is well-known that the temperature almost has no effect on the
CRSS for twinning, but the CRSS for dislocation slip stress increases
with decreasing temperature [39,54]. Hence the dislocation slip would
be suppressed at a lower temperature while twinning becomes more
active. Fewer slip activities reduced the ability to relieve the strainmisfit
between the neighbour grains at a lower temperature, resulting in low
deformation compatibility and hence high local stress near GBs in the
LNT-rolled sample [35]. Twin nucleation commonly requires the large
stress or stress concentration [55–57], for example, grain boundaries
in which stress concentrations and source defects are located [58,59].
Therefore, active twinning behaviours are expected in the LNT-rolled
sample, due to limited dislocation slips and high local stress near
boundaries.

The formation of abundant TTWs and twin-twin interactions at LNT
could result from the significant local stress in the cryogenic deforma-
tion. Abundant twins were also reported in cryo-rolling of titanium, it
is speculated that it is easier to activate the twin nucleation at cryogenic
temperature, compared to at RT, which would be attributed to the sig-
nificant local stress concentrations near GBs [35]. Therefore, significant
local stress in the LNT-rolled sample would trigger the formation of
abundant TTWs. These twins would grow and interact with each other
to form twin-twin interactions [21,26,28].

The rare {1012}-{1012} double tension twins were also observed
during the LNT-rolling process, and the twins are different from {101
1}-{1012} DTWs, which were commonly observed in the deforma-
tion process at RT [29,30]. {1012}-{1012} double tension twins
were generally observed in multiaxial stress fields [31,34] or low
temperature [42]. The reason for the formation of the unusual {101
2}-{1012} double tension twins could also be attributed to the high
local stress. It was proposed that the formation of {1012}-{1012} dou-
ble tension twins were caused by difficult non-basal slips at low tem-
peratures [42], which could result in stress concentrations, as no
sufficient dislocation slips are effectively generated to relieve the
local stresses. In addition, the twin transformations, such as ~13%
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shear induced by TTWs, could induce local stress near the twins [60],
and the high local stress near TTWs would provide the stress for the
nucleation of secondary TTWs.

Regarding the formation of the special twinning sequence, i.e. the sec-
ondary twin-twin interaction in the primary twin-twin interaction, it
couldbe attributed to the following reasons. (i) Theprimary twin-twin in-
teraction would generate high local stress around the boundaries [25],
which could promote secondary twin nucleations. (ii) At lower tempera-
tures, as the required stress for dislocation slip is higher, more secondary
twins are generated to accommodate the further plastic strain. Finally,
these secondary twins would grow and meet to form the secondary
twin-twin interactions in the primary twin-twin interactions.

GND density accumulations were observed around the boundaries
of twin-twin interactions and twinning sequence. Some dislocation
slips are activated at LNT, demonstrated indirectly by the KAM maps.
However, the dislocation density at LNT is expected to be lower than
RT, due to the increasing CRSS for dislocation slipswith decreasing tem-
perature [35,36]. This would be attributed to the following reasons.
Firstly, the structures of twin-twin interactions and twinning sequence
are generally fine, so the dislocation slips will be blocked effectively by
their twin boundaries, according to the boundary hardening effects
[61]. Secondly, the twin variants would show different orientations
and provide various paths for dislocation slips, resulting in abundant
dislocation accumulations. In addition, twin-twin boundaries in twin-
twin interactions would react to form boundary dislocations [26,27].

4.3. Shear bands formation during RT-rolling process

According to Figs. 3, 5–7, and Supplementary Fig. S1, the bent bands in
13% RT-rolled sample pass through the grain boundaries, contain shear
layers and accumulate abundant GNDs. These phenomena are the typical
features in shear bands and a result of the plastic instability, confirming
that these bands in 13% RT-rolled sample are shear bands [9].

Shear bands formation in magnesium alloys generally results from
the evolvement of twinning and dynamic recrystallisation. As these
rolling tests were conducted at room and liquid nitrogen temperature,
recrystallisation phenomenon was not expected. Therefore, the forma-
tion of shear bands would be mainly related to the deformation twins.
As shown in Figs. 4(a–d) and 7, the main microstructures in the RT-
rolled sample with a TR of 3% are {1012} TTWs, {1011}-{1012} DTWs
and {1011} CTWs. In Figs. 5(a–d) and 7, with TR increasing to 13%, abun-
dant shear bands were generated in the RT-rolled AZ31 sample, and
some {1011}-{1012} DTWs and {1011} CTWs were observed. Only
DTWs were located within the shear bands with high GND density, in-
dicating that these DTWs accommodated the large plastic strain and
could contribute to the formation of shear bands.

DTWs in shear bands provide a favoured path for basal slips, and
substantial dislocation slips would pile up around these twin bound-
aries, resulting in stress concentration and distortion of these twin
boundaries (Fig. 7(g)). The GND density was generally high inside
shear bands, which could be related to the high GND density in DTWs,
as observed in Fig. 7(c) and (g) and also in [62]. In addition, the basal
plane in DTWs is reoriented to be well oriented for slips, this could
also result in crystallographic softening in these twins [30]. Therefore,
these phenomena in DTWs are strongly linked to the shear bands
where abundant dislocation slips and softening occur, confirming that
the shear bands are originated from DTWs in the RT-rolled sample.
This result is in good agreement with some research on the formation
of shear bands [5–7], for example, the shear bands developed from
{1011}-{1012} DTWs in compression tests of Mg alloys sheets [15].

TTWswere located outside these shear bands with low GND density
in Fig. 7(f) and (g), indicating that TTWsmay not play an important role
in the formation of shear bands. TTWswere generally unfavourably ori-
ented for basal slips, while basal slips were frequently observed in
DTWs [3]. Hence higher GND density is expected around DTWs
compared to TTWs. It is found that basal slip can be easily transmitted
through TTWs boundaries [63], so the dislocation pile-ups along TTWs
boundaries could be low, resulting in difficulty in accumulating GNDs
around these boundaries and contributing to the shear bands formation.

5. Conclusions

In this study, a detailed microstructure analysis was performed on
the RT- and LNT-rolled AZ31magnesium alloys. The deformation struc-
tures at RT and LNT were examined, delivering comprehensive under-
standings of the evolved deformation twins, shear bands, GNDs and
their dynamic interactions. More importantly, a rarely observed twin-
ning sequence formed at LNT to accommodate the plastic deformation.
The following conclusions were made:

(i) A new deformation behaviour (i.e. twinning sequence): primary
TTW-TTW interactions → secondary TTW-TTW interactions,
with a 45° b2021N misorientation peak, was discovered in the
LNT-rolling process. This 45° b2021N misorientation peak was
created between the secondary and another primary tension
twin variant.

(ii) The major deformation structure during the RT-rolling process
was identified as {1011}-{1012} DTWs → shear bands, during
which highGNDdensity accumulated aroundDTWs and contrib-
uted to the formation of shear bands.

(iii) Abundant twins, starting from {1012} TTWs to twin-twin interac-
tions and twinning sequence, were observed during the LNT-
rolling process. These active twinning behaviours would mainly
result from the limited dislocation slips and high local stress at
LNT.

(iv) The boundaries of twin-twin interactions and twinning sequence
are the preferential sites for high GND density accumulations,
while the GND density is low in TTWs.
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