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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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1. Introduction 

Basal slip and { 10 ̄1 2} twinning are well known to be the 
basic deformation modes in magnesium (Mg) and its alloys. 
Basal slip is the principal deformation mode, however, it can- 
not accommodate the strain along the c -axis. { 10 ̄1 2} twinning, 
the so-called tension twinning or extension twinning, whose 
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critical resolved shear stress (CRSS) is slightly higher than the 
basal slip [1 , 2] , can accommodate the tensile strains along the 
c -axis. Therefore, { 10 ̄1 2} twinning is considered to be a key 

factor in improving the ductility of Mg alloys [1–3] . { 10 ̄1 2} 
twinning can be readily activated in the grains subjected to a 
tensile stress parallel to the c -axis [3] or a compressive stress 
perpendicular to the c -axis [3 , 4] , but is absent in the oppo- 
site stress state. This polar feature of deformation twinning is 
the reason for the high plastic anisotropy in Mg and its al- 
loys, especially in wrought conditions because of the texture 
[3–8] . Another important feature of { 10 ̄1 2} twinning is its re- 
versibility, in which the orientation of deformation twins can 

revert to the initial orientation by reversing the applied stress 
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[4 , 8–12] or even a reversal of internal stress during unload- 
ing [13–15] , which is known as detwinning (or untwinning). 
Because of the reversible feature, twinning and detwinning 

have been confirmed as the main plastic deformation modes 
in a variety of Mg alloys including pure Mg [8] , Mg-7.7Al 
(at.%) [14] , AZ31 [4 , 9 , 12] , ZK60 [10 , 11] , and AZ91 [8] , 
when the specimens were subjected to alternate loading con- 
ditions, 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- 

tural metallic materials is caused by the interactions be- 
tween plastic deformation and barriers such as grain boundary 

[16–20] , dislocations [21 , 22] , and second-phase particles [14] . 
Moreover, plastic deformation generally introduces various 
barriers in the microstructure, including dislocations, phase 
boundaries (i.e., transformation-induced plasticity [23] ), and 

twinning boundaries (TBs) [18 , 24–26] , which are important 
strengthening mechanisms in the development of structural 
metallic materials. It has been reported that the TBs as the co- 
herent boundaries with low excess energies contribute strength 

through interaction with dislocation motion and increase duc- 
tility through creating local sites for nucleating and accom- 
modating dislocations [18 , 24 , 26] . The TBs in Mg alloys are 
movable through twin growth or twin shrinkage, i.e., detwin- 
ning [8 , 25] . The pinning effect of TBs by the segregation of 
solute atoms can increase the strength of Mg alloys [25] . Sim- 
ilarly, the motion of TBs can be suppressed by dislocations 
introduced by pre-strains, leading to changes in morphology 

of twins and the stress-strain response [27–30] . Actually, dis- 
locations are allowed to penetrate the TBs [2 , 31–34] . There- 
fore, the interactions between dislocations and TBs, and the 
feature of dislocations after penetration of TBs are a concern 

for the mechanical properties. A dislocation transmutation has 
been reported in interactions between dislocations and TBs 
based on the experimental evidence, where the dislocations 
with Burgers vector of < a > were found to transmute into 

< a > or < c + a > after penetration of TBs [33 , 35] . More re- 
cently, I 1 stacking faults, lying on the basal planes of twins, 
have been observed, and were considered to be associated 

with the glissile-to-sessile transition during twinning [36 , 37] . 
The reaction between dislocations and TBs would establish a 
basis for work hardening during twinning deformation [38] . 
Moreover, the hardening of twins by the increase in dislo- 
cation multiplicity (i.e., dislocation type) within twins was 
reported through simulations by Kadiri and Opeddal [31] and 

Oppedal et al. [32] . These studies mainly focused on the 
interaction between dislocations and motion of TBs during 

twinning, whereas in the detwinning process the effect of 
these interactions on the mechanical properties are still far 
from being understood. Therefore, to track the evolutions 
of twins and dislocation structures during cyclic deforma- 
tion in Mg alloys is crucial for understanding the mechanical 
properties. 

Because of the unique crystallographic feature, twinning 

and detwinning behavior matches well with the informa- 
tion provided by diffraction techniques, such as electron 

backscatter diffraction (EBSD) and neutron diffraction (ND). 
Both techniques have their respective advantages. In-situ 

ND provides the bulk averaged crystallographic information 

such as volume fraction of twins [10 , 13 , 14 , 39] and lattice 
strain [11 , 13 , 14 , 39 , 40] for interpretation of macroscopic de- 
formation behavior. Conversely, EBSD provides information 

focusing 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- 
pret the work hardening behavior with respect to grain size 
dependence [12] , orientation dependence [43] , and boundary 

feature dependence [8 , 41] of twinning. Although great efforts 
have been made on the deformation mechanisms of low cycle 
fatigue properties in Mg and alloys, the relationship between 

the deformation mechanisms and the mechanical responses 
is yet to be fully understood. 

In the present study, the deformation mechanisms with re- 
spect to twinning, detwinning, and their interaction with dis- 
locations during compression–tension cyclic deformation in 

a commercial AZ31 Mg alloy were evaluated systematically 

using a combination of in-situ ND, identical area EBSD, and 

transmission electron microscopy (TEM) techniques. The me- 
chanical responses in compression–tension cyclic deformation 

are discussed with bulk averaged twin volume fraction (TVF), 
the local details of twinned microstructure, and the dislocation 

structures. 

2. Experimental methods 

2.1. In-situ neutron diffraction 

Commercial AZ31 alloy (Mg-3 wt.%Al-1 wt.%Zn) ex- 
truded rods with a diameter of 52 mm were used in this 
study. The rods were extruded at 623 K with an extrusion 

ratio of 9. Cylindrical tensile specimens with a gage diam- 
eter of 6 mm and a length of 17 mm were cut from the 
as-extruded rod for in-situ ND experiment. The loading di- 
rection was parallel to the extrusion direction (ED). The in- 
situ ND experiment during deformation was performed us- 
ing a time-of-flight (TOF) engineering neutron diffractometer 
“TAKUMI” at the Japan Proton Accelerator Research Com- 
plex (J-PARC) Fig. 1 a shows the geometrical arrangement 
of the in-situ ND experiment. The specimen was set up on 

the loading frame horizontally, with its loading axis angled 

−45 ° relative to the incident neutron beam. TAKUMI has 
two detector banks, south bank and north bank, positioned at 
+ 90 ° and −90 ° relative to the incident beam. As a result, 
the diffraction vectors observed by the south and north banks 
were parallel to the loading direction (hereafter, labeled as 
LD//) and perpendicular to the loading direction (hereafter, 
labeled as LD ⊥ ), respectively. The incident beam was set as 
5 mm in width and 5 mm in height. A combination of the 
incident beam size and 5 mm-width radial collimators placed 

in front of the detector banks defined that a 5 mm cubic lo- 
cated at the gage center of the specimen was measured. The 
neutron 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). 

of 0.067–0.333 nm) was selected for the present experiment. 
Details of the diffractometer have been described elsewhere 
[44] . 

Fully reversed strain-controlled cyclic compression–tension 

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

−5 s −1 was applied to the cylindrical 
tensile specimens. All steps of the cyclic deformation were 
conducted with strain control through the strain gage attached 

to the specimen. The KFEM series strain gages (Kyowa Elec- 
tronic Instruments Co. Ltd.) having a strain limit of 20% were 
used Fig. 1 .b shows the sequence of cyclic deformation. Af- 
ter each unloading step, an interruption of 10 min was set for 
collecting more statistics of diffraction profile. Eight cycles 
were performed for the in-situ ND experiment. After the in- 
situ ND experiment, an additional compression to −2% strain 

was performed on the specimen as to be the initial condi- 
tion for the identical area EBSD observation. As marked in 

Fig. 1 b, hereafter, the compression and tension steps of the 
i th cycle are denoted as Ci and Ti , respectively. 

Diffraction profiles were analyzed using the Z-Rietveld 

code to obtain integrated intensities of selected diffraction 

reflections via a single-peak fitting procedure [45] . Evolu- 
tion of the TVF was analyzed using the Material Anal- 
ysis Using Diffraction program [46] combined with the 

MTEX program [47] ; the details are described elsewhere 
[39] . 

2.2. Identical area electron backscatter diffraction 

observation 

Two cylindrical tensile specimens, Sample 1 and Sample 
2 (marked as red dots in Fig. 1 b), were prepared accord- 
ing to the following procedures. Sample 1 was compressed 

to −2% strain from the initial condition (i.e., C1 ), and Sam- 
ple 2 was compressed to −2% strain after eight cycles of 
compression–tension with ±2% (i.e., C9 ). As illustrated in 

Fig. 1 c, a small dog-bone-shaped specimen with a gage length 

of 2 mm and a gage cross section of 1 × 0.5 mm was cut 
from the prestrained specimen for EBSD analyses. The spec- 
imens for EBSD analysis were mechanically polished using 

a fine grade sandpaper followed by a final polish using a 
colloidal silica suspension (OP-S, Struers). The microstruc- 
tures were characterized using a TSL EBSD system equipped 

on a JEOL JSM-7100F scanning electron microscope (SEM). 
The EBSD analyses at the identical areas were performed on 

samples after providing step-by-step tension to various strains. 
Tensile tests were conducted using a Shimadzu tensile test- 
ing machine at ambient temperature outside of SEM equip- 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



W. Gong, R. Zheng, S. Harjo et al. / Journal of Magnesium and Alloys 10 (2022) 3418–3432 3421 

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. 

ment. The EBSD data were postprocessed using the commer- 
cial TSL OIM analysis software. 

2.3. Transmission electron microscopy measurement 

The foil specimens for TEM observation were cut from the 
aforementioned cylindrical tensile specimen along the longitu- 
dinal section. TEM specimens were prepared by mechanical 
grinding, followed by twin-jet electropolishing. TEM char- 
acterization of microstructure was conducted using a JEOL 

JEM-2010 and was operated at 200 kV. 

3. Results 

3.1. Initial microstructure characteristics 

The microstructure characteristics of the as-received ex- 
truded AZ31 alloy sample (denoted by Sample 0 ) are shown 

in Fig. 2 . The inverse pole figure (IPF) map in Fig. 2 a was 
observed on the longitudinal section of the extruded rod, in 

which the colors correspond to the crystallographic orienta- 
tions parallel to the ED. The IPF map and IPF ( Fig. 2 b) of 

the ED demonstrate a typical basal texture generated by ex- 
trusion, i.e., c -axes perpendicular to the ED [8 , 9 , 12 , 48] . As 
shown in the grain size distribution chart in Fig. 2 c, the IPF 

map shows a twin-free and bimodal grain structure, which 

consists of fine and coarse equiaxed grains with average grain 

size of 11.7 μm and 40.2 μm, respectively. The average 
grain size of all grains is approximately 18 μm. Bimodal mi- 
crostructures consisting of fine and relatively coarse DRXed 

grains have been frequently observed in magnesium alloys 
subjected to extrusion at relatively low temperatures [49 , 50] , 
which are related to the pinning of grain boundary by pre- 
cipitates and also the sequence of precipitation and recrystal- 
lization [51] . The extrusion parameters of the present material 
may be in the critical region for forming the bimodal grain 

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

and LD ⊥ ( Fig. 2 e) exhibit different intensities. The { hkil } 
lattice planes close to the basal plane such as {0002}, 
{ 10 ̄1 2} , and { 10 ̄1 3 } were absent in the LD// diffraction pat- 
tern, whereas they were intense in the LD ⊥ pattern. The ND 

patterns show an initial texture consistent with that obtained 

by 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. 

3.2. Twinning and detwinning behavior tracked by in-situ 

neutron diffraction 

Using a pulsed neutron source and the TOF diffraction 

method, a wide range of wavelengths can be used to detect 
various { hkil } lattice planes simultaneously Fig. 3 shows the 

evolution of the ND patterns along LD// corresponding to 

the cyclic compression–tension test. Note that several lines at 
around 17, 25, and 41 ks showing no intensity were caused 

by the accidental stop of beam. As mentioned above, initial 
extrusion texture led to the absence of Bragg reflections such 

as {0002}, { 10 ̄1 3 } , and { 10 ̄1 4} before deformation. In the sub- 
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sequent deformation, the evolution of the diffraction pattern 

shows alternate increase and decrease in the aforementioned 

absent Bragg reflections corresponding to the cyclic loading. 
Fig. 4 a demonstrates the detailed changes of the diffrac- 

tion patterns in cycle 1. The intensities of the { 10 ̄1 0} reflec- 
tion decreased accompanied with an increase in the {0002} 
reflection in compression, while the tendency changed con- 
versely during unloading after compression and in the sub- 
sequent tensile deformation. It coincides with the lattice re- 
orientation by { 10 ̄1 2} twinning and detwinning in Mg and its 
alloys [10 , 11 , 13] . Under the present initial texture, compres- 
sive loading parallel to ED promoted { 10 ̄1 2} twinning but was 
unfavorable for basal slip. In subsequent tension after com- 
pression, tensile stress applied on the c -axis of twins favored 

the activation of detwinning. A slight decrease in the inte- 
grated intensity of the {0002} reflection also appeared during 

unloading after compression, which shows the occurrence of 
detwinning (see bottom graph in Fig. 4 a). The intergranular 
stress 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. 
The grains with { 10 ̄1 0} and { 11 ̄2 0} Bragg reflections whose 
integrated intensities decreased during twinning and partially 

reversed during detwinning, were defined as “matrix.” In con- 
trast, the grains with {0002} Bragg reflection (together with 

{ 10 ̄1 3 } and { 10 ̄1 4} Bragg reflections) that exhibited the oppo- 
site tendency of integrated intensity change were defined as 
“twins.” The integrated intensity for grains with { 10 ̄1 1 } Bragg 

reflection showed less variation, which shows that twinning 

was unfavorable in them, but is known to be dominated by 

basal slip [11 , 13] . 
The axial distribution function (ADF) of the basal pole has 

been proved to be reliable for determining the TVF in Mg al- 
loys having axisymmetric texture [7 , 39 , 48 , 52] . The ADF of 
the basal pole at unloading conditions of each step is plotted 

in Fig. 5 a. The 0 ° and 90 ° of the horizontal axis represent 
that the c -axes of the grains are parallel and perpendicular to 

the loading direction, respectively. As seen, the intensity of 
the basal pole distributed around 0 ° after compression is evi- 
dently higher than that after tension, and gradually increases 
with cycle number. This coincides with the texture changes 
caused by the twinning in the compression deformation and 

the detwinning in the tensile deformation. Assuming that ex- 
tension twinning is the only origin for texture changes, the 
TVF can be calculated from the variation of the ADF of the 
basal pole using the following equation [52] : 

f twin = 

∫ 

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

where χ is the tilt angle between the c -axis and the compres- 
sion direction, I ( χ ) is the intensity at angle χ , and I 0 ( χ ) is 
the initial intensity of the twin-free condition. In the previ- 
ous study, 45 ° and 57 ° were selected as the dividing points 
for separating the matrix and the twin orientations [48 , 52] . 
These dividing points may differ depending on the chemical 
composition and the initial texture. In the present study, 50 °
was selected as the dividing point according to which I (50 °) 
remains constant throughout the deformation ( Fig. 5 a). 

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. 

Fig. 5 b shows that TVF evaluated from the ADF of the 
basal pole, and it increased with the compressive strain. More- 
over, the TVF at the largest value of compressive strain 

( −2%) increased with the increase in cycle number. It was 
observed that the TVF of 26.3% at the first cycle increased 

to 43.5% at the eighth cycle. In tension, the TVF increment 
caused by twinning during compression was almost removed 

but partly remained although the tensile deformation reached 

the largest strain value ( + 2%). This indicates the presence of 
residual twins. Similar to the trend in TVF, the volume frac- 
tion of residual twins after each tension step increased with 

increasing number of cycles; that is, almost zero at the first 
cycle increased to 3.7% at the eighth cycle. 

3.3. Detwinning behavior tracked by identical area electron 

backscatter diffraction 

The evolutions of TVF and volume fraction of residual 
twins during cyclic deformation were quantitatively evaluated 

by in-situ ND, and their trends are in agreement with the 
qualitative results in rolled AZ31B Mg alloy [4] and extruded 

ZK60A [10] . The morphological details of the twins in pre- 
vious studies, however, are insufficient. 

Here, the identical area EBSD analysis was performed on 

Sample 1 and Sample 2 to investigate how twins introduced by 

different deformation histories evolve when a tensile loading 

is applied Fig. 6 a1 and b1 shows the positions in the stress–

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



3424 W. Gong, R. Zheng, S. Harjo et al. / Journal of Magnesium and Alloys 10 (2022) 3418–3432 

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). 

strain curves where the EBSD analses were carried out, and 

Fig. 6 a2–a5 and b2–b5 shows the corresponding twin maps, 
where the twins were highlighted in red. Before tension de- 
formation, Sample 1 exhibited lower area fractions of twins 
(16.0%) than that of Sample 2 (47.5%). Moreover, the number 
percentage of the grains containing twins was 20% for Sam- 
ple 1 and 44% for Sample 2 , indicating that not only the twin 

fraction increased, but also additional grains were involved in 

twinning with increasing cycles. In the subsequent step-by- 
step tension, the twins gradually shrank with tensile strain in 

both samples Fig. 7 a shows the misorientation angle distri- 
butions along the yellow lines (A–A 

′ ) in Fig. 6 a2–a5. The 
misorientation angles of the TBs are close to 86.3 °. As the 
deformation progresses, the twins become narrower. Basically, 
the narrowing of each twin was realized by the movement of 
one-sided TB. This needs to be verified by further studies. 

Fig. 7 b shows a comparison of area fractions of the twins 
obtained using EBSD analyses with TVF evaluated by in- 
situ ND. There are some differences, which may be related 

to the relatively small statistical area of the EBSD analysis. 
Nevertheless, it can be seen that the area fraction of twins 
dropped from 16.0% to 1.4% in Sample 1 and 47.5% to 5.8% 

in Sample 2 by tension. The EBSD results also confirmed the 
presence of residual twins similar to that evaluated using in- 
situ ND. 

Despite the inhomogeneity of grain size, the texture was 
homogeneous in the whole sample. The average Schmid fac- 
tors for { 10 ̄1 2} twinning calculated by TSL OIM software 
are 0.444 and 0.451 for fine and coarse grains, respectively, 
suggesting the equivalent favorability for twinning in crystal- 
lographic aspect Fig. 7 c shows the different evolution in the 
area fraction of twins between coarse and fine grains. The 
twins were mainly observed in the coarse grains in Sample 
1 and Sample 2 , indicating that twinning prefers to occur in 

the coarse grains rather than in the fine grains. This confirms 
the findings of many studies on the grain size dependence 
of deformation twinning [12 , 19 , 20 , 53 , 54] . In Sample 2 , ad- 
ditional fine grains were also involved in twinning, suggest- 
ing that cyclic compressive–tensile deformation promoted the 
twinning activity in fine grains Fig. 7 d shows that the decre- 
ment rates of the area fraction of twins in coarse and fine 
grains were almost similar with each other in the same sam- 
ple. As we know, twinning can generally be divided into two 

steps, namely, twin initiation and twin growth through mov- 
ing TBs. Detwinning is similar to the process of grain growth, 
but the TBs move in the opposite direction to shrink the twins 
[42 , 55] . The EBSD results indicate that twinning had a grain 

size effect, while detwinning exhibited a weak sensitivity to 

the grain size. It may be understood that the grain size has 
a significant effect on twin initiation but hardly affects the 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



W. Gong, R. Zheng, S. Harjo et al. / Journal of Magnesium and Alloys 10 (2022) 3418–3432 3425 

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. 

movement of TBs, because the latter occurs inside the grains 
and results in less interaction with grain boundaries. 

Fig. 8 shows the number of residual twins as a func- 
tion of their equivalent grain diameter in Sample 1 and 

Sample 2 after tension. As the number of cycles in- 
creased from T1 to T9 , the equivalent grain diameter of 

the residual twins became slightly coarser (average grain 

size: 0.7 μm → 1.0 μm) and the number density (num- 
ber/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- 

orientation (KAM) maps to express the changes in bound- 
ary density and dislocation density with cyclic deformation, 
respectively. The boundary maps of Sample 1 and Sample 
2 , including low angle grain boundaries (LAGBs: 2 °∼15 °), 
high angle grain boundaries (HAGBs: > 15 °), and { 10 ̄1 2} 
twin boundaries (TBs: 86.3 °± 5 °) combined with the { 10 ̄1 2} 
twins highlighted in red, are shown in Fig. 9 a and b, re- 
spectively. Considerably more TBs in Sample 2 than Sam- 
ple 1 can be observed. The LAGBs mainly distributed in 

twins (see inset of Fig. 9 b) similar to the previous study 

[8 , 30] . The quantitative comparison of various boundaries was 
expressed by boundary density (length of boundary/indexed 

area) in Fig. 9 c. The sample before deformation (i.e., Sample 
0 ) was added for reference. As seen, the boundary densi- 
ties of all boundaries (LAGBs + HAGBs) are 350 mm 

−1 , 
861 mm 

−1 , and 1205 mm 

−1 for Sample 0, Sample 1 , and 

Sample 3 , showing a remarkably increasing tendency with 

increasing number of cycles. The increment in boundary den- 
sity of all the boundaries is mainly contributed by those of 
TBs (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). 

(80 mm 

−1 → 164 mm 

−1 → 305 mm 

−1 ). Interestingly, the 
HAGBs with excluding the TBs also exhibited a slight in- 
crease with increasing cycles, which may be contributed by 

the twin-twin boundaries or LAGBs to HAGBs transition 

Fig. 9 d and e show the KAM maps of Sample 1 and Sample 2 , 
respectively. The KAM value, as a parameter representing the 
dislocation density, is obviously higher in Sample 2 than that 
of Sample 1 . The average KAM values of matrix and twins 
were separated and compared in Fig. 9 f. The KAM value of 
matrix increased slightly (0.5 ° → 0.55 °) after a − 2% com- 
pressive strain, and then increased to 0.79 ° in Sample 2 . The 
KAM values of twins exhibited a similar tendency to that of 
matrix, but were consistently higher than the latter. In brief, 
the cyclic deformation introduced various barriers including 

TBs, LAGBs, and dislocations in matrix and twins. Combined 

with the volume fraction and number density of residual twins 
described above, these microstructure parameters are crucial 
to influence the mechanical responses. 

3.4. Mechanical responses in cyclic deformation 

The stress–strain curves of the cyclic compressive–tensile 
deformation shown in Fig. 10 a demonstrate a strong asym- 
metry between compression and tension, which is quite sim- 

ilar to those typically found in wrought Mg alloys [4 , 10] . In 

the first compression stage, there was a plateau with weak 

work hardening after yielding. Such a plateau is a typical 
mechanical response when { 10 ̄1 2} twinning is dominant in 

textured Mg alloys [13 , 48] . The plateau was caused by the 
avalanche-like formation of twinning [13] . A pseudo-elastic 
behavior that appeared during unloading after compression is 
frequently associated with the detwinning driven by the inter- 
granular stress [11 , 13] . In the subsequent tensile deformation, 
the stress–strain relationship shows a curved shape that con- 
tinues from the unloading after compression without a linear 
elastic region. It can be considered that the occurrence of de- 
twinning accommodating strain resulted in the absence of an 

elastic region in the tension stage. When the absolute strain 

in tension exceeded zero strain, an inflection point that was 
followed with a work hardening stage appeared. This inflec- 
tion point is considered to be a transition from detwinning 

dominant deformation to dislocation slip dominant deforma- 
tion. Note that there are some stress drops in the stress-strain 

curves, which are the products of strain gage control method. 
Because when the twins formed at the surface where the strain 

gage attached, a sudden increase in strain led to a rapid de- 
crease in crosshead speed, and then resulted in a stress drop 

in 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. 

For simplicity, the stress–strain curves were separated into 

a compressive stress part in Fig. 10 b and a tensile stress part 
in Fig. 10 c. In Fig. 10 b and c, stress and strain values of 
compression curves were plotted in positive values, and the 
strain values at unloaded conditions were shifted to zero. With 

increasing the loading cycles, the stress–strain curves in com- 
pression 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. 

3.5. Interaction between dislocations and twin boundaries 

In the present study, plastic deformation was dominated by 

twinning and detwinning through the motions of TBs, and ac- 
commodated partly by dislocation movement. Therefore, the 
interactions between dislocation and TBs may play a crucial 
role in controlling the plastic deformation behavior. In this 
section, special attention was focused on the interactions be- 

tween the dislocations and the TBs, and the relevant results 
obtained by TEM analysis were summarized. 

Sample 1 with abundant { 10 ̄1 2} twins introduced by a −2% 

compressive strain was selected for TEM analysis Fig. 11 a 
shows the microstructure of a typical grain containing a de- 
formation twin. The compression direction (i.e., the ED) is 
almost parallel to the horizontal direction. According to the 
selected area electron diffraction (SAED) patterns ( Fig. 11 b–
d), the matrix, twinned, and detwinned regions were deter- 
mined and labeled in Fig. 11 a. The SAED patterns in Fig. 11 b 

and c show that the matrix and twins share the common 

zone axis (ZA) of < 11 ̄2 0 > but their c -axes are oriented 

approximately perpendicular to each other. An accurate crys- 
tallographic orientation relationship between matrix and twin 

was determined from the SAED pattern obtained at the ma- 
trix/twin interface ( Fig. 11 d). The matrix and twins shared 

a common ZA < 11 ̄2 0 > , a common { 10 ̄1 2} (i.e., the twin 

plane), and a deviation of 86.3 ° between their c -axes. The 
crystallographic orientation relationship is consistent with the 
classic { 10 ̄1 2} twin mode ( Fig. 11 e), although recent studies 
have reported that the basal planes of the matrix and twin 

have 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, 
abundant straight dislocations are visible in both matrix and 

twin ( Fig. 11 a). Most of the dislocations are aligned parallel 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



3428 W. Gong, R. Zheng, S. Harjo et al. / Journal of Magnesium and Alloys 10 (2022) 3418–3432 

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. 

to the basal planes in both the matrix and twin; therefore, 
they are likely to be the basal dislocations. 

Because the incident beam was parallel to the twin plane, 
the matrix/twin interface should be narrow under this obser- 
vation condition. As can be seen, only the lower left side of 
the interface (see TB1 in Fig. 11 a) was observed clearly, but 
a dark band exists between the twin and matrix on the higher 
right side of the interface (near TB2 in Fig. 11 a). By compar- 
ing the SAED patterns between the dark band region and the 
adjacent matrix, it was found that they had almost the same 
orientation with a misorientation angle of approximately 1.5 °
As mentioned above, detwinning already started during un- 
loading in compression. The dark band is considered as the 
detwinned region, and a similar morphology of the detwinned 

region was also observed using EBSD ( Fig. 6 ). The disloca- 
tions in the detwinned region are highly dense and have a 
straight shape being parallel to the basal plane of the matrix. 
According to the results shown in Fig. 11 a and a schematic 
drawn in Fig. 11 f, the dislocations in the matrix, twinned, and 

detwinned regions show differences in orientation and density. 
The well-known “g • b = 0 

′′ invisibility criterion (where g 

and b are the diffraction vector and the Burgers vector, re- 
spectively) was used to distinguish the types of dislocations 
Fig. 12 a shows a TEM image when the specimen was tilted 

to a two-beam condition with g = 0002 reflection of the ma- 
trix. Under this diffraction condition, the < a > dislocations 
with b = 1/3 < 11 ̄2 0 > are invisible. In contrast, the disloca- 
tions with < c > -component in the Burgers vector have good 

contrast for this condition. As can be seen, the matrix part is 
blank, suggesting that the dislocations in the matrix observed 

in Fig. 11 a are < a > dislocations. Interestingly, abundant dis- 
locations are visible in the detwinned region, indicating that 
these dislocations have a < c > -component in the Burgers vec- 
tor. In the same way, a strong diffraction contrast from the 
< c > -component can be observed in the twinned region under 
g = 0002 reflection in twins ( Fig. 12 b). 

4. Discussion 

4.1. Formation of < c > -component dislocations during 

twinning and detwinning 

< c > -component dislocations in Mg alloys are generated 

base on two independent mechanisms. One is pyramidal slip 

[5 , 57 , 58] and the other is dislocation transmutation. The so- 
called dislocation transmutation during twinning was reported 

in various HCP metals such as Mg and Zr [31–33 , 35 , 59] . 
When 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. 

matic slip in the matrix of Mg or Zr penetrate to the { 10 ̄1 2} 
TBs, the Burgers vector of < a > in the matrix will be trans- 
formed into < c + a > or < a > in twins. Moreover, abundant 
stacking faults lying in the basal planes of twins have been 

frequently observed in various hcp metals such as Be [60] , 
Zr [59 , 61] , Ti [61] , and Mg [36 , 37] . Recently, these stack- 
ing faults in Mg have been determined to be the I 1 stacking 

faults formed by glissile-to-sessile transition during twinning 

analogous to the Basinski mechanism [36 , 37] . Therefore, the 
present observed < c > -component dislocations aligned paral- 
lel to the basal planes in twins are possibly sessile partial 
dislocations of I 1 stacking faults formed by the reaction be- 
tween the basal dislocations and TBs. 

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

then the Schmid factor for basal slip cannot be neglected. 
Undoubtedly, the straight < a > dislocations lying in the basal 
plane in the matrix were introduced by a basal slip at an early 

stage of compressive deformation. The dislocations in twins 
with < c > -component also lying in the basal plane may inherit 
from the < a > dislocations in the matrix through dislocation 

transmutation. With further compressive deformation, < a > 

dislocations may also be introduced in twins by basal slip 

[3] . 
Detwinning is similar to twin growth, both of which are 

completed through motion of TBs but in opposite directions. 
Therefore, the dislocation transmutation that occurred during 

twinning may also occur during detwinning. When < a > dis- 
locations were introduced in twins by basal slip during com- 

pressive deformation, these dislocations had a chance to be 
transmuted into < c > -component dislocations during detwin- 
ning, as that occurred during twinning. It has been reported 

that basal slip can be active in twins [3] , and the basal slip 

was feasible in the twins observed in Fig. 11 because its 
basal plane-normal were not parallel to the loading direction. 
In brief, the generation of < c > -component dislocations in the 
detwinned region can be comprehended by the illustration in 

Fig. 12 c. First, the { 10 ̄1 2} twins formed in the matrix un- 
der the compressive deformation, then the < a > dislocations 
were introduced by basal slips in twins when the resolved 

shear stress applied on the basal plane exceeded the CRSS. 
In the subsequent unloading and tension stages, detwinning 

occurred to shrink the twins, and interactions between the dis- 
locations in twins and the motion of TBs led to the dislocation 

transmutation. As a result, dislocations with < c > -component 
remained in the detwinned region. 

4.2. Mechanical response and microstructure evolution 

during cyclic deformation 

The present material has a strong extrusion texture. This 
condition favors extensive { 10 ̄1 2} twinning in compressive 
deformation and detwinning in subsequent tensile deforma- 
tion [4 , 10] . The evolutions of twinning and detwinning play 

key roles during cyclic loading deformation. Here, the stress–
strain curves and variations of the TVF of the second and 

seventh cycles were picked up as shown in Fig. 13 a and b 

for 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. 

In C2 , an apparent elastic region with a linear relation- 
ship between the stress and strain can be observed, but not in 

C7 . Correspondingly, an increase in the TVF was observed 

from the beginning of C7 . The early yielding may be at- 
tributed to the growth of residual twins because the CRSS 

for twin growth is significantly lower than that for twin initi- 
ation [4 , 55] . As illustrated in Fig. 13 c, the fraction of resid- 
ual twins in the sample before C7 is higher and distributed 

in more grains than that before C2 , which can be predicted 

from the EBSD results shown in Fig. 6 . As has been re- 
viewed systematically, numerous studies related to the effect 
of pre-strain on twinning and detwinning behavior have been 

conducted in recent years [62] , and they concluded that the 
twin boundary mobility associated with mechanical properties 
depends on the size of twins and dislocation density in the 
pre-strained sample [27–29] . Small twins with less disloca- 
tions introduced by a light pre-strain showed an improvement 
on twin boundary mobility, whereas a heavy pre-strain sup- 
pressed the motion of twin boundary significantly due to the 
high dislocation density [27] . Here, the higher KAM value in 

twins than that in matrix may lead the twin shrinkage more 
difficult than twin growth, and then resulted in more residual 

twins with increasing number of cycles. The residual twins 
provide sufficient sites for accommodating the strain via twin 

growth, and thus reduces the yield strength. In the subsequent 
plastic compressive deformation, the increasing rates of TVF 

with the strain became nearly linear ( Fig. 13 a). The higher 
fraction of initial residual twins and early yielding led to a 
higher fraction of twins at the end of C7 than that of C2 . 

The stress–strain curve indicates that C7 exhibits higher 
work hardening behavior than that of C2 , resulting in higher 
stress at the end of compression. As supported by the EBSD 

analysis ( Fig. 9 ), various barriers were introduced in mi- 
crostructure during cyclic deformation, which are considered 

to be the reasons for the enhanced work hardening with in- 
creasing 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 

in Fig. 13 b demonstrate a similar shape in the detwinning 

dominant stage where the linear relations between the stress 
and strain were not observed from the beginning of tensile 
deformation. According to the evolution of TVF, the stress- 
strain curve can be subdivided into two regimes. For strain 

region of 0 ∼ 0.027 (regime 1), TVF decreased linearly with 

strain indicating the detwinning-dominated regime. For strain 

> 0.027 (regime 2), the decrease rate of TVF slows down 

and to saturate indicating the exhaustion of detwinning. As 
described above, more grains were involved in twinning at 
C7 than at C2 . In regime 1, the twinned regions being fa- 
vorable for detwinning act like soft grains in comparison 

with the twin-free grains. Accordingly, stresses during the de- 
twinning stage at T7 are expected to be lower than at T2 , 
due to the increase in TVF with increasing cycles. How- 
ever, the stress–strain curves exhibited an opposite behav- 
ior, where the stress in regime 1 at T7 is higher than that 
at T2 ( Fig. 13 b). This implies that significant work harden- 
ing is accompanied by detwinning. To interpret this, we fo- 
cused on the shrinkage of twins and the barriers in twins. 
Numerous LAGBs are observed in twins and their bound- 
ary density as well as the KAM value increased with cy- 
cle number. The LAGBs (i.e., dislocation walls) and disloca- 
tions in twins can serve as barriers to suppress the motion of 
TBs. 

As revealed by TEM observation shown in Fig. 12 , abun- 
dant dislocations with < c > -component in the twinned region 

and detwinned region generated by dislocation transmutation 

during twinning and detwinning were confirmed. The cyclic 
deformation not only increased the number of TB and disloca- 
tion density but also increased the degree of dislocation mul- 
tiplicity, i.e., dislocation type. Kadiri and Oppedal [31] and 

Oppedal et al [32] . have reported that the dislocation multi- 
plicity can provide extra hardening through modeling studies. 
Liu et al [63] . conducted in-situ TEM observation on Mg 

single crystal during tension-compression cyclic deformation 

and found that the stress for detwinning was higher than that 
of twinning. More types of defects in twins than that in ma- 
trix could be responsible to the observed twinning-detwinning 

asymmetry. Here, the increase in TBs and dislocation density 

and multiplicity led to the enhanced interaction between dislo- 
cations and motion of TBs, and this is considered to increase 
the stress during the detwinning stage in regime 1. 

In regime 2, there is no deformation mode accommodat- 
ing the strain due to the exhaustion of detwinning, and then 

the stress-strain curve behaves more elastically. The reduced 

peak stress at the largest tensile strain in a large number 
of cycles was due to larger strain needed for detwinning a 
larger amount of twinned region, which squeezed the strain 

of regime 2 for elastic strain hardening. 
From the above discussion, the activities of twinning and 

detwinning during cyclic deformation are closely related to 

the microstructure parameters including grains size and dislo- 
cation structures. Moreover, the favorability of twinning and 

detwinning is also strongly depended on the crystallographic 
orientation of the grains, but was not deeply discussed in 

present work and will be investigated and reported in the 
near future. 

5. Conclusions 

In summary, in-situ ND, identical area EBSD, and TEM 

techniques were employed to systematically evaluate the 
cyclic compression–tension deformation behavior of the ex- 
truded 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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