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Abstract 

Twinning and detwinning behavior of a commercial AZ31 magnesium alloy during cyclic compression–tension deformation with a total 
strain amplitude of 4% ( ±2%) was evaluated using the complementary techniques of in-situ neutron diffraction, identical area electron 
backscatter diffraction, and transmission electron microscopy. In-situ neutron diffraction demonstrates that the compressive deformation was 
dominated by twin nucleation, twin growth, and basal slip, while detwinning dominated the unloading of compressive stresses and subsequent 
tension stage. With increasing number of cycles from one to eight: the volume fraction of twins at -2% strain gradually increased from 

26.3% to 43.5%; the residual twins were present after 2% tension stage and their volume fraction increased from zero to 3.7% as well as 
a significant increase in their number; and the twinning spread from coarse grains to fine grains involving more grains for twinning. The 
increase in volume fraction and number of residual twins led to a transition from twin nucleation to twin growth, resulting in a decrease in 
yield strength of compression deformation with increasing cycles. A large number of < c > -component dislocations observed in twins and 
the detwinned regions were attributed to the dislocation transmutation during the twinning and detwinning. The accumulation of barriers 
including twin boundaries and various types of dislocations enhanced the interactions of migrating twin boundary with these barriers during 
twinning and detwinning, which is considered to be the origin for increasing the work hardening rate in cyclic deformation of the AZ31 
alloy. 
© 2022 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Basal slip and { 10 ̄1 2} twinning are well known to be the
asic deformation modes in magnesium (Mg) and its alloys.
asal slip is the principal deformation mode, however, it can-
ot accommodate the strain along the c -axis. { 10 ̄1 2} twinning,
he so-called tension twinning or extension twinning, whose
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ritical resolved shear stress (CRSS) is slightly higher than the
asal slip [1 , 2] , can accommodate the tensile strains along the
 -axis. Therefore, { 10 ̄1 2} twinning is considered to be a key
actor in improving the ductility of Mg alloys [1–3] . { 10 ̄1 2}
winning can be readily activated in the grains subjected to a
ensile stress parallel to the c -axis [3] or a compressive stress
erpendicular to the c -axis [3 , 4] , but is absent in the oppo-
ite stress state. This polar feature of deformation twinning is
he reason for the high plastic anisotropy in Mg and its al-
oys, especially in wrought conditions because of the texture
3–8] . Another important feature of { 10 ̄1 2} twinning is its re-
ersibility, in which the orientation of deformation twins can
evert to the initial orientation by reversing the applied stress
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c-nd/4.0/ ) Peer review under responsibility of Chongqing University 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jma.2022.02.002&domain=pdf
http://www.sciencedirect.com
https://doi.org/10.1016/j.jma.2022.02.002
http://www.elsevier.com/locate/jma
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:gong.wu@jaea.go.jp
mailto:zhengruixiao@buaa.edu.cn
https://doi.org/10.1016/j.jma.2022.02.002
http://creativecommons.org/licenses/by-nc-nd/4.0/


W. Gong, R. Zheng, S. Harjo et al. / Journal of Magnesium and Alloys 10 (2022) 3418–3432 3419 

[  

i  

B  

h  

i  

(  

w  

d  

[  

[
 

t  

t  

[  

M  

b  

b  

t  

s  

m  

h  

t  

t  

m  

m  

n  

s  

i  

i  

o  

l  

f  

f  

f  

b  

b  

w  

<  

c  

h  

w  

T  

b  

M  

c  

r  

O  

i  

t  

t  

f  

o  

t  

p
 

a  

t  

b  

B  

N  

s  

s  

f  

f  

[  

[  

[  

p  

d  

f  

h  

f  

t  

i
 

s  

l  

a  

u  

t  

c  

a  

t  

s

2

2

 

t  

s  

r  

e  

a  

r  

s  

i  

“  

p  

o  

t  

−  

t  

+  

t  

w  

L  

l  

5  

i  

i  

c  

n  
4 , 8–12] or even a reversal of internal stress during unload-
ng [13–15] , which is known as detwinning (or untwinning).
ecause of the reversible feature, twinning and detwinning
ave been confirmed as the main plastic deformation modes
n a variety of Mg alloys including pure Mg [8] , Mg-7.7Al
at.%) [14] , AZ31 [4 , 9 , 12] , ZK60 [10 , 11] , and AZ91 [8] ,
hen the specimens were subjected to alternate loading con-
itions, such as cyclic deformations with compression–tension
4 , 9–11] , tension–compression [4] , or loading–unloading
13–15] . 

In general, work hardening in plastic deformation of struc-
ural metallic materials is caused by the interactions be-
ween plastic deformation and barriers such as grain boundary
16–20] , dislocations [21 , 22] , and second-phase particles [14] .

oreover, plastic deformation generally introduces various
arriers in the microstructure, including dislocations, phase
oundaries (i.e., transformation-induced plasticity [23] ), and
winning boundaries (TBs) [18 , 24–26] , which are important
trengthening mechanisms in the development of structural
etallic materials. It has been reported that the TBs as the co-

erent boundaries with low excess energies contribute strength
hrough interaction with dislocation motion and increase duc-
ility through creating local sites for nucleating and accom-
odating dislocations [18 , 24 , 26] . The TBs in Mg alloys are
ovable through twin growth or twin shrinkage, i.e., detwin-

ing [8 , 25] . The pinning effect of TBs by the segregation of
olute atoms can increase the strength of Mg alloys [25] . Sim-
larly, the motion of TBs can be suppressed by dislocations
ntroduced by pre-strains, leading to changes in morphology
f twins and the stress-strain response [27–30] . Actually, dis-
ocations are allowed to penetrate the TBs [2 , 31–34] . There-
ore, the interactions between dislocations and TBs, and the
eature of dislocations after penetration of TBs are a concern
or the mechanical properties. A dislocation transmutation has
een reported in interactions between dislocations and TBs
ased on the experimental evidence, where the dislocations
ith Burgers vector of < a > were found to transmute into
 a > or < c + a > after penetration of TBs [33 , 35] . More re-

ently, I 1 stacking faults, lying on the basal planes of twins,
ave been observed, and were considered to be associated
ith the glissile-to-sessile transition during twinning [36 , 37] .
he reaction between dislocations and TBs would establish a
asis for work hardening during twinning deformation [38] .
oreover, the hardening of twins by the increase in dislo-

ation multiplicity (i.e., dislocation type) within twins was
eported through simulations by Kadiri and Opeddal [31] and
ppedal et al. [32] . These studies mainly focused on the

nteraction between dislocations and motion of TBs during
winning, whereas in the detwinning process the effect of
hese interactions on the mechanical properties are still far
rom being understood. Therefore, to track the evolutions
f twins and dislocation structures during cyclic deforma-
ion in Mg alloys is crucial for understanding the mechanical
roperties. 

Because of the unique crystallographic feature, twinning
nd detwinning behavior matches well with the informa-
ion provided by diffraction techniques, such as electron
ackscatter diffraction (EBSD) and neutron diffraction (ND).
oth techniques have their respective advantages. In-situ
D provides the bulk averaged crystallographic information

uch as volume fraction of twins [10 , 13 , 14 , 39] and lattice
train [11 , 13 , 14 , 39 , 40] for interpretation of macroscopic de-
ormation behavior. Conversely, EBSD provides information
ocusing on local details such as area fraction of twins
8 , 12 , 27–29] , morphology [12 , 27 , 27–29] , variant selection
8 , 12 , 41] , and crystallographic features of various boundaries
8 , 41 , 42] . The obtained EBSD results can be used to inter-
ret the work hardening behavior with respect to grain size
ependence [12] , orientation dependence [43] , and boundary
eature dependence [8 , 41] of twinning. Although great efforts
ave been made on the deformation mechanisms of low cycle
atigue properties in Mg and alloys, the relationship between
he deformation mechanisms and the mechanical responses
s yet to be fully understood. 

In the present study, the deformation mechanisms with re-
pect to twinning, detwinning, and their interaction with dis-
ocations during compression–tension cyclic deformation in
 commercial AZ31 Mg alloy were evaluated systematically
sing a combination of in-situ ND, identical area EBSD, and
ransmission electron microscopy (TEM) techniques. The me-
hanical responses in compression–tension cyclic deformation
re discussed with bulk averaged twin volume fraction (TVF),
he local details of twinned microstructure, and the dislocation
tructures. 

. Experimental methods 

.1. In-situ neutron diffraction 

Commercial AZ31 alloy (Mg-3 wt.%Al-1 wt.%Zn) ex-
ruded rods with a diameter of 52 mm were used in this
tudy. The rods were extruded at 623 K with an extrusion
atio of 9. Cylindrical tensile specimens with a gage diam-
ter of 6 mm and a length of 17 mm were cut from the
s-extruded rod for in-situ ND experiment. The loading di-
ection was parallel to the extrusion direction (ED). The in-
itu ND experiment during deformation was performed us-
ng a time-of-flight (TOF) engineering neutron diffractometer
TAKUMI” at the Japan Proton Accelerator Research Com-
lex (J-PARC) Fig. 1 a shows the geometrical arrangement
f the in-situ ND experiment. The specimen was set up on
he loading frame horizontally, with its loading axis angled

45 ° relative to the incident neutron beam. TAKUMI has
wo detector banks, south bank and north bank, positioned at
 90 ° and −90 ° relative to the incident beam. As a result,

he diffraction vectors observed by the south and north banks
ere parallel to the loading direction (hereafter, labeled as
D//) and perpendicular to the loading direction (hereafter,

abeled as LD ⊥ ), respectively. The incident beam was set as
 mm in width and 5 mm in height. A combination of the
ncident beam size and 5 mm-width radial collimators placed
n front of the detector banks defined that a 5 mm cubic lo-
ated at the gage center of the specimen was measured. The
eutron wavelength range of 0.094–0.471 nm (i.e., d-range
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Fig. 1. Multiscale experimental methods. (a) Diffraction geometry of the in-situ neutron diffraction experimental arrangements, (b) sequence of the cyclic 
compression–tension deformation applied to the AZ31 alloy. Ci and Ti represent the compression and tension steps of the i th cycle, and (c) schematic 
showing the dog-bone-shaped specimen for electron backscatter diffraction analysis cut from prestrained cylindrical tensile specimens (For interpretation of 
the references to color in this figure, the reader is referred to the web version of this article). 
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f 0.067–0.333 nm) was selected for the present experiment.
etails of the diffractometer have been described elsewhere

44] . 
Fully reversed strain-controlled cyclic compression–tension

eformation with a total strain amplitude of 4% ( ± 2%) at
 strain rate of 2 × 10 

−5 s −1 was applied to the cylindrical
ensile specimens. All steps of the cyclic deformation were
onducted with strain control through the strain gage attached
o the specimen. The KFEM series strain gages (Kyowa Elec-
ronic Instruments Co. Ltd.) having a strain limit of 20% were
sed Fig. 1 .b shows the sequence of cyclic deformation. Af-
er each unloading step, an interruption of 10 min was set for
ollecting more statistics of diffraction profile. Eight cycles
ere performed for the in-situ ND experiment. After the in-

itu ND experiment, an additional compression to −2% strain
as performed on the specimen as to be the initial condi-

ion for the identical area EBSD observation. As marked in
ig. 1 b, hereafter, the compression and tension steps of the
 th cycle are denoted as Ci and Ti , respectively. 

Diffraction profiles were analyzed using the Z-Rietveld
ode to obtain integrated intensities of selected diffraction
eflections via a single-peak fitting procedure [45] . Evolu-
ion of the TVF was analyzed using the Material Anal-
sis Using Diffraction program [46] combined with the
TEX program [47] ; the details are described elsewhere
39] . 

.2. Identical area electron backscatter diffraction 

bservation 

Two cylindrical tensile specimens, Sample 1 and Sample
 (marked as red dots in Fig. 1 b), were prepared accord-
ng to the following procedures. Sample 1 was compressed
o −2% strain from the initial condition (i.e., C1 ), and Sam-
le 2 was compressed to −2% strain after eight cycles of
ompression–tension with ±2% (i.e., C9 ). As illustrated in
ig. 1 c, a small dog-bone-shaped specimen with a gage length
f 2 mm and a gage cross section of 1 × 0.5 mm was cut
rom the prestrained specimen for EBSD analyses. The spec-
mens for EBSD analysis were mechanically polished using
 fine grade sandpaper followed by a final polish using a
olloidal silica suspension (OP-S, Struers). The microstruc-
ures were characterized using a TSL EBSD system equipped
n a JEOL JSM-7100F scanning electron microscope (SEM).
he EBSD analyses at the identical areas were performed on
amples after providing step-by-step tension to various strains.
ensile tests were conducted using a Shimadzu tensile test-

ng machine at ambient temperature outside of SEM equip-
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Fig. 2. Initial microstructure. (a) Inverse pole figure (IPF) map of the cross section of the extruded AZ31 magnesium alloy, (b) corresponding IPF showing 
initial basal texture (standard stereographic triangle showing extrusion direction), and (c) related bimodal grain size distribution. The initial diffraction profiles 
of (d) axial (extrusion) and (e) radial directions. 
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ent. The EBSD data were postprocessed using the commer-
ial TSL OIM analysis software. 

.3. Transmission electron microscopy measurement 

The foil specimens for TEM observation were cut from the
forementioned cylindrical tensile specimen along the longitu-
inal section. TEM specimens were prepared by mechanical
rinding, followed by twin-jet electropolishing. TEM char-
cterization of microstructure was conducted using a JEOL
EM-2010 and was operated at 200 kV. 

. Results 

.1. Initial microstructure characteristics 

The microstructure characteristics of the as-received ex-
ruded AZ31 alloy sample (denoted by Sample 0 ) are shown
n Fig. 2 . The inverse pole figure (IPF) map in Fig. 2 a was
bserved on the longitudinal section of the extruded rod, in
hich the colors correspond to the crystallographic orienta-

ions parallel to the ED. The IPF map and IPF ( Fig. 2 b) of
he ED demonstrate a typical basal texture generated by ex-
rusion, i.e., c -axes perpendicular to the ED [8 , 9 , 12 , 48] . As
hown in the grain size distribution chart in Fig. 2 c, the IPF
ap shows a twin-free and bimodal grain structure, which

onsists of fine and coarse equiaxed grains with average grain
ize of 11.7 μm and 40.2 μm, respectively. The average
rain size of all grains is approximately 18 μm. Bimodal mi-
rostructures consisting of fine and relatively coarse DRXed
rains have been frequently observed in magnesium alloys
ubjected to extrusion at relatively low temperatures [49 , 50] ,
hich are related to the pinning of grain boundary by pre-

ipitates and also the sequence of precipitation and recrystal-
ization [51] . The extrusion parameters of the present material
ay be in the critical region for forming the bimodal grain

tructure. 
The ND profiles of the initial condition in LD// ( Fig. 2 d)

nd LD ⊥ ( Fig. 2 e) exhibit different intensities. The { hkil }
attice planes close to the basal plane such as {0002},
 10 ̄1 2} , and { 10 ̄1 3 } were absent in the LD// diffraction pat-
ern, whereas they were intense in the LD ⊥ pattern. The ND
atterns show an initial texture consistent with that obtained
y the EBSD analysis. 
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Fig. 3. Twinning and detwinning behavior during cyclic deformation tracked using in-situ neutron diffraction (ND). Evolution of ND profiles along an axial 
direction corresponding to the cyclic compression–tension test, which shows alternate changes of diffraction reflections. Change in macroscopic strain was 
superimposed for reference. 

Fig. 4. (a) Detailed changes of the macroscopic strain, diffraction profiles, and integrated intensity of the 0002 diffraction reflection along the axial direction 
in cycle 1 showing the twinning and detwinning behavior directly and (b) evolutions of the integrated intensities of representative hkil diffraction reflections 
along the axial direction during cycle compression–tension deformation. 
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.2. Twinning and detwinning behavior tracked by in-situ 

eutron diffraction 

Using a pulsed neutron source and the TOF diffraction
ethod, a wide range of wavelengths can be used to detect

arious { hkil } lattice planes simultaneously Fig. 3 shows the
volution of the ND patterns along LD// corresponding to
he cyclic compression–tension test. Note that several lines at
round 17, 25, and 41 ks showing no intensity were caused
y the accidental stop of beam. As mentioned above, initial
xtrusion texture led to the absence of Bragg reflections such
s {0002}, { 10 ̄1 3 } , and { 10 ̄1 4} before deformation. In the sub-
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Fig. 5. (a) Axial distributions of basal poles in the sample subjected to var- 
ious deformation cycles and (b) Evolution of twin volume fraction during 
cyclic deformation evaluated using in-situ neutron diffraction. 
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equent deformation, the evolution of the diffraction pattern
hows alternate increase and decrease in the aforementioned
bsent Bragg reflections corresponding to the cyclic loading. 

Fig. 4 a demonstrates the detailed changes of the diffrac-
ion patterns in cycle 1. The intensities of the { 10 ̄1 0} reflec-
ion decreased accompanied with an increase in the {0002}
eflection in compression, while the tendency changed con-
ersely during unloading after compression and in the sub-
equent tensile deformation. It coincides with the lattice re-
rientation by { 10 ̄1 2} twinning and detwinning in Mg and its
lloys [10 , 11 , 13] . Under the present initial texture, compres-
ive loading parallel to ED promoted { 10 ̄1 2} twinning but was
nfavorable for basal slip. In subsequent tension after com-
ression, tensile stress applied on the c -axis of twins favored
he activation of detwinning. A slight decrease in the inte-
rated intensity of the {0002} reflection also appeared during
nloading after compression, which shows the occurrence of
etwinning (see bottom graph in Fig. 4 a). The intergranular
tress was considered as the origin of detwinning [11 , 13] . 

Evolutions of the integrated intensity of representative
 hkil } Bragg reflections along LD// are compared in Fig. 4 b.
he grains with { 10 ̄1 0} and { 11 ̄2 0} Bragg reflections whose

ntegrated intensities decreased during twinning and partially
eversed during detwinning, were defined as “matrix.” In con-
rast, the grains with {0002} Bragg reflection (together with
 10 ̄1 3 } and { 10 ̄1 4} Bragg reflections) that exhibited the oppo-
ite tendency of integrated intensity change were defined as
twins.” The integrated intensity for grains with { 10 ̄1 1 } Bragg
eflection showed less variation, which shows that twinning
as unfavorable in them, but is known to be dominated by
asal slip [11 , 13] . 

The axial distribution function (ADF) of the basal pole has
een proved to be reliable for determining the TVF in Mg al-
oys having axisymmetric texture [7 , 39 , 48 , 52] . The ADF of
he basal pole at unloading conditions of each step is plotted
n Fig. 5 a. The 0 ° and 90 ° of the horizontal axis represent
hat the c -axes of the grains are parallel and perpendicular to
he loading direction, respectively. As seen, the intensity of
he basal pole distributed around 0 ° after compression is evi-
ently higher than that after tension, and gradually increases
ith cycle number. This coincides with the texture changes

aused by the twinning in the compression deformation and
he detwinning in the tensile deformation. Assuming that ex-
ension twinning is the only origin for texture changes, the
VF can be calculated from the variation of the ADF of the
asal pole using the following equation [52] : 

f twin = 

∫ 

χ=50 ◦
χ=0 { I ( χ) − I 0 ( χ) } Sinχ dχ (1)

here χ is the tilt angle between the c -axis and the compres-
ion direction, I ( χ ) is the intensity at angle χ , and I 0 ( χ ) is
he initial intensity of the twin-free condition. In the previ-
us study, 45 ° and 57 ° were selected as the dividing points
or separating the matrix and the twin orientations [48 , 52] .
hese dividing points may differ depending on the chemical
omposition and the initial texture. In the present study, 50 °
as selected as the dividing point according to which I (50 °)

emains constant throughout the deformation ( Fig. 5 a). 
Fig. 5 b shows that TVF evaluated from the ADF of the
asal pole, and it increased with the compressive strain. More-
ver, the TVF at the largest value of compressive strain
 −2%) increased with the increase in cycle number. It was
bserved that the TVF of 26.3% at the first cycle increased
o 43.5% at the eighth cycle. In tension, the TVF increment
aused by twinning during compression was almost removed
ut partly remained although the tensile deformation reached
he largest strain value ( + 2%). This indicates the presence of
esidual twins. Similar to the trend in TVF, the volume frac-
ion of residual twins after each tension step increased with
ncreasing number of cycles; that is, almost zero at the first
ycle increased to 3.7% at the eighth cycle. 

.3. Detwinning behavior tracked by identical area electron 

ackscatter diffraction 

The evolutions of TVF and volume fraction of residual
wins during cyclic deformation were quantitatively evaluated
y in-situ ND, and their trends are in agreement with the
ualitative results in rolled AZ31B Mg alloy [4] and extruded
K60A [10] . The morphological details of the twins in pre-
ious studies, however, are insufficient. 

Here, the identical area EBSD analysis was performed on
ample 1 and Sample 2 to investigate how twins introduced by
ifferent deformation histories evolve when a tensile loading
s applied Fig. 6 a1 and b1 shows the positions in the stress–
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Fig. 6. Detwinning behavior during tensile deformation tracked by identical area electron backscatter diffraction analysis. (a1) Measurement positions on the 
stress–strain curve of the a2–a5 in Sample 1 ( −2% strained), (a2–a5) twin maps showing the microstructure evolution due to detwinning in Sample 1 , (b1) 
measurement positions on the stress–strain curve of the b2–b5 in Sample 2 ( −2% strained after eight cycles of deformation), and (b2–b5) twin maps showing 
the microstructure evolution due to detwinning in Sample 2 . Twins are highlighted in red (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article). 
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train curves where the EBSD analses were carried out, and
ig. 6 a2–a5 and b2–b5 shows the corresponding twin maps,
here the twins were highlighted in red. Before tension de-

ormation, Sample 1 exhibited lower area fractions of twins
16.0%) than that of Sample 2 (47.5%). Moreover, the number
ercentage of the grains containing twins was 20% for Sam-
le 1 and 44% for Sample 2 , indicating that not only the twin
raction increased, but also additional grains were involved in
winning with increasing cycles. In the subsequent step-by-
tep tension, the twins gradually shrank with tensile strain in
oth samples Fig. 7 a shows the misorientation angle distri-
utions along the yellow lines (A–A 

′ ) in Fig. 6 a2–a5. The
isorientation angles of the TBs are close to 86.3 °. As the

eformation progresses, the twins become narrower. Basically,
he narrowing of each twin was realized by the movement of
ne-sided TB. This needs to be verified by further studies. 

Fig. 7 b shows a comparison of area fractions of the twins
btained using EBSD analyses with TVF evaluated by in-
itu ND. There are some differences, which may be related
o the relatively small statistical area of the EBSD analysis.
evertheless, it can be seen that the area fraction of twins
ropped from 16.0% to 1.4% in Sample 1 and 47.5% to 5.8%
n Sample 2 by tension. The EBSD results also confirmed the
resence of residual twins similar to that evaluated using in-

itu ND. a  
Despite the inhomogeneity of grain size, the texture was
omogeneous in the whole sample. The average Schmid fac-
ors for { 10 ̄1 2} twinning calculated by TSL OIM software
re 0.444 and 0.451 for fine and coarse grains, respectively,
uggesting the equivalent favorability for twinning in crystal-
ographic aspect Fig. 7 c shows the different evolution in the
rea fraction of twins between coarse and fine grains. The
wins were mainly observed in the coarse grains in Sample
 and Sample 2 , indicating that twinning prefers to occur in
he coarse grains rather than in the fine grains. This confirms
he findings of many studies on the grain size dependence
f deformation twinning [12 , 19 , 20 , 53 , 54] . In Sample 2 , ad-
itional fine grains were also involved in twinning, suggest-
ng that cyclic compressive–tensile deformation promoted the
winning activity in fine grains Fig. 7 d shows that the decre-
ent rates of the area fraction of twins in coarse and fine

rains were almost similar with each other in the same sam-
le. As we know, twinning can generally be divided into two
teps, namely, twin initiation and twin growth through mov-
ng TBs. Detwinning is similar to the process of grain growth,
ut the TBs move in the opposite direction to shrink the twins
42 , 55] . The EBSD results indicate that twinning had a grain
ize effect, while detwinning exhibited a weak sensitivity to
he grain size. It may be understood that the grain size has
 significant effect on twin initiation but hardly affects the
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Fig. 7. (a) Profiles present misorientation angles relative to the orientations along A–A 

′ lines in Fig. 6a2–a5 showing the motion of twin boundaries due to 
detwinning, (b) comparison of area fraction of twins with volume fraction of twins evaluated using electron backscatter diffraction and neutron diffraction, 
respectively. Comparison of (c) evolution of area fraction of twins and (d) corresponding decrement caused by tensile deformation between coarse and fine 
grains. The coarse grains (highlight) and fine grains (without highlight) of Sample 1 and Sample 2 for evaluation are shown in the inset of (c) and (d). 

Fig. 8. Comparison of grain size distributions of residual twins between Sam- 
ple 1 and Sample 2 after tension. 
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ovement of TBs, because the latter occurs inside the grains
nd results in less interaction with grain boundaries. 

Fig. 8 shows the number of residual twins as a func-
ion of their equivalent grain diameter in Sample 1 and
ample 2 after tension. As the number of cycles in-
reased from T1 to T9 , the equivalent grain diameter of
he residual twins became slightly coarser (average grain
ize: 0.7 μm → 1.0 μm) and the number density (num-
er/indexed area) of residual twins increased significantly
1.60 × 10 

4 mm 

−2 → 3.15 × 10 

4 mm 

−2 ). 
Fig. 9 presents the boundary maps and Kernel average mis-

rientation (KAM) maps to express the changes in bound-
ry density and dislocation density with cyclic deformation,
espectively. The boundary maps of Sample 1 and Sample
 , including low angle grain boundaries (LAGBs: 2 °∼15 °),
igh angle grain boundaries (HAGBs: > 15 °), and { 10 ̄1 2}
win boundaries (TBs: 86.3 °± 5 °) combined with the { 10 ̄1 2}
wins highlighted in red, are shown in Fig. 9 a and b, re-
pectively. Considerably more TBs in Sample 2 than Sam-
le 1 can be observed. The LAGBs mainly distributed in
wins (see inset of Fig. 9 b) similar to the previous study
8 , 30] . The quantitative comparison of various boundaries was
xpressed by boundary density (length of boundary/indexed
rea) in Fig. 9 c. The sample before deformation (i.e., Sample
 ) was added for reference. As seen, the boundary densi-
ies of all boundaries (LAGBs + HAGBs) are 350 mm 

−1 ,
61 mm 

−1 , and 1205 mm 

−1 for Sample 0, Sample 1 , and
ample 3 , showing a remarkably increasing tendency with
ncreasing number of cycles. The increment in boundary den-
ity of all the boundaries is mainly contributed by those of
Bs (0 mm 

−1 → 345 mm 

−1 → 509 mm 

−1 ) and LAGBs
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Fig. 9. Grain boundaries on image quality maps of (a) Sample 1 and (b) Sample 2 showing low angle grain boundaries (LAGBs), high angle grain boundaries 
(HAGBs), and { 10 ̄1 2} twin boundaries (TBs: 86.3 °±5 °), and (c) the corresponding changes in boundary density after different cycles (S0, S1, and S2 refer to 
Sample 0, Sample 1 , and Sample 2 ). The inset in (b) enlarged the frame area to show the distribution of LAGBs. KAM maps of (d) Sample 1 and (e) Sample 
2 , and (c) the corresponding changes in average KAM value of matrix and twins after different cycles (For interpretation of the references to color in this 
figure, the reader is referred to the web version of this article). 
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80 mm 

−1 → 164 mm 

−1 → 305 mm 

−1 ). Interestingly, the
AGBs with excluding the TBs also exhibited a slight in-

rease with increasing cycles, which may be contributed by
he twin-twin boundaries or LAGBs to HAGBs transition
ig. 9 d and e show the KAM maps of Sample 1 and Sample 2 ,
espectively. The KAM value, as a parameter representing the
islocation density, is obviously higher in Sample 2 than that
f Sample 1 . The average KAM values of matrix and twins
ere separated and compared in Fig. 9 f. The KAM value of
atrix increased slightly (0.5 ° → 0.55 °) after a − 2% com-

ressive strain, and then increased to 0.79 ° in Sample 2 . The
AM values of twins exhibited a similar tendency to that of
atrix, but were consistently higher than the latter. In brief,

he cyclic deformation introduced various barriers including
Bs, LAGBs, and dislocations in matrix and twins. Combined
ith the volume fraction and number density of residual twins
escribed above, these microstructure parameters are crucial
o influence the mechanical responses. 

.4. Mechanical responses in cyclic deformation 

The stress–strain curves of the cyclic compressive–tensile
eformation shown in Fig. 10 a demonstrate a strong asym-
etry between compression and tension, which is quite sim-
lar to those typically found in wrought Mg alloys [4 , 10] . In
he first compression stage, there was a plateau with weak
ork hardening after yielding. Such a plateau is a typical
echanical response when { 10 ̄1 2} twinning is dominant in

extured Mg alloys [13 , 48] . The plateau was caused by the
valanche-like formation of twinning [13] . A pseudo-elastic
ehavior that appeared during unloading after compression is
requently associated with the detwinning driven by the inter-
ranular stress [11 , 13] . In the subsequent tensile deformation,
he stress–strain relationship shows a curved shape that con-
inues from the unloading after compression without a linear
lastic region. It can be considered that the occurrence of de-
winning accommodating strain resulted in the absence of an
lastic region in the tension stage. When the absolute strain
n tension exceeded zero strain, an inflection point that was
ollowed with a work hardening stage appeared. This inflec-
ion point is considered to be a transition from detwinning
ominant deformation to dislocation slip dominant deforma-
ion. Note that there are some stress drops in the stress-strain
urves, which are the products of strain gage control method.
ecause when the twins formed at the surface where the strain
age attached, a sudden increase in strain led to a rapid de-
rease in crosshead speed, and then resulted in a stress drop
n stress strain curve. 
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Fig. 10. Stress–strain curves in cyclic deformation. (a) Engineering stress–strain curves of cyclic deformation showing a strong asymmetry between compression 
and tension, (b) stress–strain curves of compression, and (c) stress–strain curves of tension. 
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For simplicity, the stress–strain curves were separated into
 compressive stress part in Fig. 10 b and a tensile stress part
n Fig. 10 c. In Fig. 10 b and c, stress and strain values of
ompression curves were plotted in positive values, and the
train values at unloaded conditions were shifted to zero. With
ncreasing the loading cycles, the stress–strain curves in com-
ression and tension evolved as follows: 

• In compression, the yield strength defined by the deviation
from the linear elastic response decreased gradually, but in
the following plastic deformation, the work hardening rate
increased gradually, resulting in an increase in the absolute
peak stress at the largest compressive strain. 
• In tension, the stress increased at the beginning of defor-

mation, but the inflection point of the slope of the work
hardening gradually shifted to a high strain level, resulting
in a decrease in the peak stress at the largest tensile strain.

.5. Interaction between dislocations and twin boundaries 

In the present study, plastic deformation was dominated by
winning and detwinning through the motions of TBs, and ac-
ommodated partly by dislocation movement. Therefore, the
nteractions between dislocation and TBs may play a crucial
ole in controlling the plastic deformation behavior. In this
ection, special attention was focused on the interactions be-
ween the dislocations and the TBs, and the relevant results
btained by TEM analysis were summarized. 

Sample 1 with abundant { 10 ̄1 2} twins introduced by a −2%
ompressive strain was selected for TEM analysis Fig. 11 a
hows the microstructure of a typical grain containing a de-
ormation twin. The compression direction (i.e., the ED) is
lmost parallel to the horizontal direction. According to the
elected area electron diffraction (SAED) patterns ( Fig. 11 b–
), the matrix, twinned, and detwinned regions were deter-
ined and labeled in Fig. 11 a. The SAED patterns in Fig. 11 b

nd c show that the matrix and twins share the common
one axis (ZA) of < 11 ̄2 0 > but their c -axes are oriented
pproximately perpendicular to each other. An accurate crys-
allographic orientation relationship between matrix and twin
as determined from the SAED pattern obtained at the ma-

rix/twin interface ( Fig. 11 d). The matrix and twins shared
 common ZA < 11 ̄2 0 > , a common { 10 ̄1 2} (i.e., the twin
lane), and a deviation of 86.3 ° between their c -axes. The
rystallographic orientation relationship is consistent with the
lassic { 10 ̄1 2} twin mode ( Fig. 11 e), although recent studies
ave reported that the basal planes of the matrix and twin
ave a perpendicular relationship in a single crystal of Mg
56] . 

Under the diffraction condition that ZA is parallel to
 11 ̄2 0 > of both matrix and twin as illustrated by Fig. 11 e,

bundant straight dislocations are visible in both matrix and
win ( Fig. 11 a). Most of the dislocations are aligned parallel
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Fig. 11. (a) Transmission electron microscopy image showing straight dislocations within the matrix and the twin parallel to basal plane traces. SAED patterns 
of (b) matrix, (c) twin, and (d) both the matrix and the twin on < 11 ̄2 0 > ZA. (e) Schematic illustration showing orientation relationship of { 10 ̄1 2} twinning. 
(f) Schematic illustration showing dislocation distributions in the matrix, twin, and the detwinned region. TB1 and TB2 mean the twin boundaries. 
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o the basal planes in both the matrix and twin; therefore,
hey are likely to be the basal dislocations. 

Because the incident beam was parallel to the twin plane,
he matrix/twin interface should be narrow under this obser-
ation condition. As can be seen, only the lower left side of
he interface (see TB1 in Fig. 11 a) was observed clearly, but
 dark band exists between the twin and matrix on the higher
ight side of the interface (near TB2 in Fig. 11 a). By compar-
ng the SAED patterns between the dark band region and the
djacent matrix, it was found that they had almost the same
rientation with a misorientation angle of approximately 1.5 °
s mentioned above, detwinning already started during un-

oading in compression. The dark band is considered as the
etwinned region, and a similar morphology of the detwinned
egion was also observed using EBSD ( Fig. 6 ). The disloca-
ions in the detwinned region are highly dense and have a
traight shape being parallel to the basal plane of the matrix.
ccording to the results shown in Fig. 11 a and a schematic
rawn in Fig. 11 f, the dislocations in the matrix, twinned, and
etwinned regions show differences in orientation and density.

The well-known “g • b = 0 

′′ invisibility criterion (where g
nd b are the diffraction vector and the Burgers vector, re-
pectively) was used to distinguish the types of dislocations
ig. 12 a shows a TEM image when the specimen was tilted
o a two-beam condition with g = 0002 reflection of the ma-
rix. Under this diffraction condition, the < a > dislocations
ith b = 1/3 < 11 ̄2 0 > are invisible. In contrast, the disloca-

ions with < c > -component in the Burgers vector have good
ontrast for this condition. As can be seen, the matrix part is
lank, suggesting that the dislocations in the matrix observed
n Fig. 11 a are < a > dislocations. Interestingly, abundant dis-
ocations are visible in the detwinned region, indicating that
hese dislocations have a < c > -component in the Burgers vec-
or. In the same way, a strong diffraction contrast from the
 c > -component can be observed in the twinned region under
 = 0002 reflection in twins ( Fig. 12 b). 

. Discussion 

.1. Formation of < c > -component dislocations during 

winning and detwinning 

< c > -component dislocations in Mg alloys are generated
ase on two independent mechanisms. One is pyramidal slip
5 , 57 , 58] and the other is dislocation transmutation. The so-
alled dislocation transmutation during twinning was reported
n various HCP metals such as Mg and Zr [31–33 , 35 , 59] .

hen the < a > dislocations introduced by a basal slip or pris-
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Fig. 12. Dislocation transmutation. (a) Bright-field image of the matrix with g = 0002 showing dislocations having < c > -component Burgers vector in the 
detwinned region, (b) bright-field image of the twin with g = 0002 showing dislocations having < c > -component Burgers vector within the twin, and (c) 
schematic illustration showing the generation of < c > -component Burgers vector dislocations in the detwinned region. The observation areas of (a) and (b) 
are the rectangles shown in Fig. 11a. 
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atic slip in the matrix of Mg or Zr penetrate to the { 10 ̄1 2}
Bs, the Burgers vector of < a > in the matrix will be trans-

ormed into < c + a > or < a > in twins. Moreover, abundant
tacking faults lying in the basal planes of twins have been
requently observed in various hcp metals such as Be [60] ,
r [59 , 61] , Ti [61] , and Mg [36 , 37] . Recently, these stack-

ng faults in Mg have been determined to be the I 1 stacking
aults formed by glissile-to-sessile transition during twinning
nalogous to the Basinski mechanism [36 , 37] . Therefore, the
resent observed < c > -component dislocations aligned paral-
el to the basal planes in twins are possibly sessile partial
islocations of I 1 stacking faults formed by the reaction be-
ween the basal dislocations and TBs. 

Considering that the basal plane of the matrix in Fig. 11 a
as not completely parallel to the compression direction and

hen the Schmid factor for basal slip cannot be neglected.
ndoubtedly, the straight < a > dislocations lying in the basal
lane in the matrix were introduced by a basal slip at an early
tage of compressive deformation. The dislocations in twins
ith < c > -component also lying in the basal plane may inherit

rom the < a > dislocations in the matrix through dislocation
ransmutation. With further compressive deformation, < a >
islocations may also be introduced in twins by basal slip
3] . 

Detwinning is similar to twin growth, both of which are
ompleted through motion of TBs but in opposite directions.
herefore, the dislocation transmutation that occurred during

winning may also occur during detwinning. When < a > dis-
ocations were introduced in twins by basal slip during com-
ressive deformation, these dislocations had a chance to be
ransmuted into < c > -component dislocations during detwin-
ing, as that occurred during twinning. It has been reported
hat basal slip can be active in twins [3] , and the basal slip
as feasible in the twins observed in Fig. 11 because its
asal plane-normal were not parallel to the loading direction.
n brief, the generation of < c > -component dislocations in the
etwinned region can be comprehended by the illustration in
ig. 12 c. First, the { 10 ̄1 2} twins formed in the matrix un-
er the compressive deformation, then the < a > dislocations
ere introduced by basal slips in twins when the resolved

hear stress applied on the basal plane exceeded the CRSS.
n the subsequent unloading and tension stages, detwinning
ccurred to shrink the twins, and interactions between the dis-
ocations in twins and the motion of TBs led to the dislocation
ransmutation. As a result, dislocations with < c > -component
emained in the detwinned region. 

.2. Mechanical response and microstructure evolution 

uring cyclic deformation 

The present material has a strong extrusion texture. This
ondition favors extensive { 10 ̄1 2} twinning in compressive
eformation and detwinning in subsequent tensile deforma-
ion [4 , 10] . The evolutions of twinning and detwinning play
ey roles during cyclic loading deformation. Here, the stress–
train curves and variations of the TVF of the second and
eventh cycles were picked up as shown in Fig. 13 a and b
or discussion. 
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Fig. 13. Relationship between deformation mechanisms and stress–strain behavior. Comparison of stress–strain curves and variations of the twin volume 
fraction between the second and seventh cycles in (a) compression and (b) tension, respectively. (c) Schematic showing the comparison of twinning and 
detwinning behavior in the second and seventh cycles. 
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In C2 , an apparent elastic region with a linear relation-
hip between the stress and strain can be observed, but not in
7 . Correspondingly, an increase in the TVF was observed

rom the beginning of C7 . The early yielding may be at-
ributed to the growth of residual twins because the CRSS
or twin growth is significantly lower than that for twin initi-
tion [4 , 55] . As illustrated in Fig. 13 c, the fraction of resid-
al twins in the sample before C7 is higher and distributed
n more grains than that before C2 , which can be predicted
rom the EBSD results shown in Fig. 6 . As has been re-
iewed systematically, numerous studies related to the effect
f pre-strain on twinning and detwinning behavior have been
onducted in recent years [62] , and they concluded that the
win boundary mobility associated with mechanical properties
epends on the size of twins and dislocation density in the
re-strained sample [27–29] . Small twins with less disloca-
ions introduced by a light pre-strain showed an improvement
n twin boundary mobility, whereas a heavy pre-strain sup-
ressed the motion of twin boundary significantly due to the
igh dislocation density [27] . Here, the higher KAM value in
wins than that in matrix may lead the twin shrinkage more
ifficult than twin growth, and then resulted in more residual
wins with increasing number of cycles. The residual twins
rovide sufficient sites for accommodating the strain via twin
rowth, and thus reduces the yield strength. In the subsequent
lastic compressive deformation, the increasing rates of TVF
ith the strain became nearly linear ( Fig. 13 a). The higher

raction of initial residual twins and early yielding led to a
igher fraction of twins at the end of C7 than that of C2 . 

The stress–strain curve indicates that C7 exhibits higher
ork hardening behavior than that of C2 , resulting in higher

tress at the end of compression. As supported by the EBSD
nalysis ( Fig. 9 ), various barriers were introduced in mi-
rostructure during cyclic deformation, which are considered
o be the reasons for the enhanced work hardening with in-
reasing number of cycles as follows: 

• The accumulation of dislocations in matrix and twins; 
• An increase in the number of TBs and dislocation density

in the matrix enhanced the interactions between the TBs
and dislocations; 
• The twinning spreading from coarse grains toward fine

grains increased the interactions between the grain bound-
aries and the TBs. 
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The stress–strain curves of T2 and T7 in tension shown
n Fig. 13 b demonstrate a similar shape in the detwinning
ominant stage where the linear relations between the stress
nd strain were not observed from the beginning of tensile
eformation. According to the evolution of TVF, the stress-
train curve can be subdivided into two regimes. For strain
egion of 0 ∼ 0.027 (regime 1), TVF decreased linearly with
train indicating the detwinning-dominated regime. For strain
 0.027 (regime 2), the decrease rate of TVF slows down

nd to saturate indicating the exhaustion of detwinning. As
escribed above, more grains were involved in twinning at
7 than at C2 . In regime 1, the twinned regions being fa-
orable for detwinning act like soft grains in comparison
ith the twin-free grains. Accordingly, stresses during the de-

winning stage at T7 are expected to be lower than at T2 ,
ue to the increase in TVF with increasing cycles. How-
ver, the stress–strain curves exhibited an opposite behav-
or, where the stress in regime 1 at T7 is higher than that
t T2 ( Fig. 13 b). This implies that significant work harden-
ng is accompanied by detwinning. To interpret this, we fo-
used on the shrinkage of twins and the barriers in twins.
umerous LAGBs are observed in twins and their bound-

ry density as well as the KAM value increased with cy-
le number. The LAGBs (i.e., dislocation walls) and disloca-
ions in twins can serve as barriers to suppress the motion of
Bs. 

As revealed by TEM observation shown in Fig. 12 , abun-
ant dislocations with < c > -component in the twinned region
nd detwinned region generated by dislocation transmutation
uring twinning and detwinning were confirmed. The cyclic
eformation not only increased the number of TB and disloca-
ion density but also increased the degree of dislocation mul-
iplicity, i.e., dislocation type. Kadiri and Oppedal [31] and
ppedal et al [32] . have reported that the dislocation multi-
licity can provide extra hardening through modeling studies.
iu et al [63] . conducted in-situ TEM observation on Mg
ingle crystal during tension-compression cyclic deformation
nd found that the stress for detwinning was higher than that
f twinning. More types of defects in twins than that in ma-
rix could be responsible to the observed twinning-detwinning
symmetry. Here, the increase in TBs and dislocation density
nd multiplicity led to the enhanced interaction between dislo-
ations and motion of TBs, and this is considered to increase
he stress during the detwinning stage in regime 1. 

In regime 2, there is no deformation mode accommodat-
ng the strain due to the exhaustion of detwinning, and then
he stress-strain curve behaves more elastically. The reduced
eak stress at the largest tensile strain in a large number
f cycles was due to larger strain needed for detwinning a
arger amount of twinned region, which squeezed the strain
f regime 2 for elastic strain hardening. 

From the above discussion, the activities of twinning and
etwinning during cyclic deformation are closely related to
he microstructure parameters including grains size and dislo-
ation structures. Moreover, the favorability of twinning and
etwinning is also strongly depended on the crystallographic
rientation of the grains, but was not deeply discussed in
resent work and will be investigated and reported in the
ear future. 

. Conclusions 

In summary, in-situ ND, identical area EBSD, and TEM
echniques were employed to systematically evaluate the
yclic compression–tension deformation behavior of the ex-
ruded AZ31 alloy. The specific conclusions are as follows: 

(1) The compressive deformation was dominated by twin-
ning. Detwinning occurred during unloading after com-
pression and dominated the tensile deformation. A basal
slip was also activated in both the matrix and twins. 

(2) With increasing number of cycles, the TVF at −2%
strain gradually increased from 26.3% (1st cycle) to
43.5% (8th cycle). Meanwhile, the twinning spread
from coarse grains to fine grains involving more grains
for twinning. 

(3) The lattice defects including TBs, LAGBs and disloca-
tions were introduced by cyclic deformation and their
densities increased with cyclic number. 

(4) After the tension step, the volume fraction and number
of residual twins increased with cycle number, which
led to the decrease in yield stress in the subsequent
compression. 

(5) Dense < c > -component dislocations observed in twins
and matrices near the TBs were generated by the dis-
location transmutation during twinning and detwinning,
respectively. 

(6) The accumulation of dislocations and the increase in
the number of TBs did not contribute to work hardening
independently, but through the interaction between them
during twinning and detwinning to enhance the work
hardening, which is believed to play a crucial role in
cyclic deformation of the commercial AZ31 alloy. 
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