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Twinning in rolled AZ31B magnesium alloy under free-end torsion 
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A B S T R A C T   

The mechanical response and microstructure evolution in a rolled AZ31B magnesium alloy were experimentally 
characterized using companion thin-walled tubular specimens under free-end monotonic torsion. The tubular 
specimens were made with their axes along the normal direction of the rolled magnesium plate. The shear stress- 
shear strain response shows a subtle sigmodal shape that is composed of four distinctive stages of strain hard
ening. Basal slips and tension twinning are operated throughout the shear deformation. Both tension twinning 
and compressing twinning are favored. Growth and interaction of tension twins with multiple variants lead to 
formation of twin-twin boundaries (TTBs). The collective hardening effects by twin boundary (TB) and TTB result 
in a unique rise of the strain hardening rate in Stage II and III. In addition to primary twins, tension-compression 
double twins and tension-compression-tension tertiary twins with detectable sizes are observed in the tension- 
twin favorable grains whereas compression-tension double twins are detected in the tension-twin unfavorable 
grains; all of which become more observable with the increasing shear strain. During Stage IV deformation where 
TTB formation exhausts, non-basal prismatic slips become more significant and are responsible for the pro
gressive decrease in strain hardening rate in this stage. Swift effect, which is commonly observed in textured 
materials, is evidenced under free-end torsion. The origin of Swift effect is confirmed to be dislocation slips at a 
shear strain less than 5% but is predominantly due to tension twinning at a larger plastic strain.   

1. Introduction 

Magnesium (Mg) alloys are potential structural materials for light
weight mechanical components due to their low specific weight [1]. 
However, the limited number of independent slip systems inherently 
associated with the hexagonal close pack (hcp) structure of Mg alloys 
limits the formability and ductility at room temperature [1–3]. The 
asymmetric nature of the hcp structure combined with the strong initial 
texture leads to the anisotropic mechanical behavior of the wrought Mg 
alloys. For instance, hot rolling generates a strong basal texture where 
most of the grains have their c-axes oriented parallel to the normal di
rection (ND) of the rolled Mg alloy plate. 

The plastic deformation in Mg alloys is accommodated by both 
twinning and dislocation slips. The slip systems available in Mg are <a>

basal, <a> prismatic, <a> pyramidal, and <c+a> pyramidal slips. The 
only slip system that is capable of accommodating deformation along 
the c-axis is <c+a> pyramidal slip which requires a high critical 
resolved shear stress (CRSS) to operate at room temperature [3]. 

Twinning is often operated instead of <c+a> pyramidal slips to 
accommodate plastic deformation along the c-axis because a much 
lower activation CRSS is required at room temperature. The most 
common twinning modes in magnesium are {1012}<1011> tension 
twinning and {1011}<101> compression twinning, which can accom
modate extension and contraction along the c-axis, respectively. 

Although the role of twinning in the deformation of Mg alloys has 
been extensively studied, most of the work has been focused on the 
mechanical behavior under uniaxial tension or compression. As a com
parison, simple shear or torsion is considered as a more appealing 
experiment to investigate the plastic deformation of ductile materials as 
necking is absent at high levels of plasticity. Experimental work has been 
performed for Mg alloys subjected to simple shear [4–6], monotonic 
torsion [7–20], and cyclic torsion [10–12,21–26]. It has been shown that 
free-end torsion can induce an axial contraction of the extruded speci
mens [7–9,19], whereas an axial extension is resulted in the rolled 
specimen [14]. Such second order deformation along the axial direction 
during free-end torsion is termed as the Swift effect [27]. In Mg alloys, 
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the Swift effect is mostly attributed to the operation of tension twins [14, 
28]. Regarding the dominant deformation mechanisms, numerical 
simulations indicate that basal slips, prismatic slips, and tension twin
ning play the major roles in torsion deformation of the extruded Mg 
alloy [8,14] whereas basal slips and tension twinning prevail in rolled 
Mg alloy subjected to torsion about the normal direction of the rolled 
plate [14]. Under cyclic torsion, symmetric stress-strain hysteresis loops 
are displayed [10–12,21,23–25,29] at high strain amplitudes, where 
twinning and detwinning occur simultaneously during both loading 
reversals [25,30]. Furthermore, it has been revealed that material pro
cessing through pre-torsion followed by annealing may improve the 
strength and ductility of Mg alloys under tension, compression, and 
cyclic tension/compression loading [9,16–18,31]. 

Limited experiments have been conducted involving free-end torsion 
of Mg alloys about the c-axis [14]. Most of the relevant studies used solid 
cylinder specimens, which is not ideal because the distribution of shear 
stress and strain along the radial direction on the cross-section is not 
uniform. In addition, a systematic investigation of the twinning evolu
tion during free-end torsion is not currently available. To fill these gaps, 
the present study seeks to understand the role of twinning in the shear 
deformation in a wrought Mg alloy by carrying out free-end torsion of 
thin-walled tubular specimens machined from a rolled AZ31B Mg alloy 
plate with the tube axis aligning parallel to the plate normal. The 
torsional mechanical response and the associated microstructural evo
lution are characterized in detail to enlighten the dominant deformation 
mechanisms with an emphasis on the roles of deformation twins. 

2. Material and method 

The material used in this work is an AZ31B (Mg–3Al–1Zn) Mg alloy 
acquired in the form of a 76.2 mm thickness hot rolled plate. The initial 
microstructure was characterized on three orthotropic planes with their 
unit normal oriented in the rolled direction (RD), transverse direction 
(TD), and normal direction (ND) of the plate, respectively. Electron 
backscattered diffraction (EBSD) scans reveal that the rolled AZ31B is 
composed of mostly equiaxed grains with an average grain size of 
approximately 50 μm without showing apparent initial twins (Fig. 1). 
The material displays a strong texture, where most of the grains are 
oriented with their c-axes parallel to the ND of the rolled plate. 

Thin-walled tubular specimens were machined from the rolled plate 
with their axial direction parallel to the ND of the plate (Fig. 1). The 
testing specimens have a 26 mm-long gage section with an outer 
diameter (do) of 24 mm and an inner diameter of 20 mm. The outer 
surface of the gage section was polished before testing using sandpapers 
with grit sizes ranging from P400 to P1000. 

The free-end torsion experiment was performed using a servo- 

hydraulic axial-torsion fatigue testing system in ambient air. The ma
chine has an axial load capacity of ±222 kN and a torsion load capacity 
of ±2800 Nm. The shear strain was measured by a modified biaxial MTS 
extensometer with a gage length of 25.4 mm and shear strain range of 
±3%. Because of the limited range in the extensometer, the extensom
eter was removed after the shear strain reached ~4%. After the test was 
done, the residual plastic shear strain was measured based on the 
deformed angle between the axial and tangential lines engraved on the 
outer surface of the untested specimen. The shear strain after the 
extensometer removal was extrapolated assuming a linear relationship 
between the shear strain and the rotation angle measured by the rotary 
variable displacement transducer (RVDT) in the testing machine. All the 
experiments were conducted under rotation angle control at an angle 
rate of 0.7◦ s−1, which was approximately equivalent to a shear strain 
rate of 0.005 s−1. The shear stress and shear strain presented are values 
calculated at the mid-section of the tubular specimen assuming a linear 
distribution of the shear stress and the shear strain over the thickness of 
the specimen. 

In order to characterize the microstructural evolution, companion 
specimens were unloaded at rotation angles of 5◦, 10◦, 20◦, 30◦, and 40◦, 
corresponding to the mid-section plastic shear strains of 0.036, 0.069, 
0.131, 0.191, and 0.254, respectively. The microstructure after defor
mation was analyzed employing electron-backscattered diffraction 
(EBSD). Cross-section samples were cut from the tested specimens with 
the scan plane perpendicular to the axial direction (Fig. 1). The sample 
surface was mechanically ground using SiC sandpapers down to P1200 
grit size, followed by vibratory polishing using aluminum oxide with a 
particle size of 0.05 μm and etching with 3% Nital for 5 s. EBSD scans 
sized in 500×500 μm2 were taken in a Joel 7100 F field emission 
scanning electron microscope (SEM) equipped with an Oxford HKL 
Channel 5 instrument at an acceleration voltage of 20 kV. The working 
distance and maximum step size were taken as 25 mm and 1.0 μm, 
respectively. 

3. Results and discussion 

3.1. Mechanical response 

The shear stress (τ), the axial strain(ε), and the plastic shear strain 
hardening rate (dτ/dγp) as a function of plastic shear strain (γp) are 
presented in Fig. 2. Under free-end torsion, the shear modulus of the 
AZ31B alloy is measured to be 16.3 GPa, and the material yields at a 
shear stress of 34 MPa. The plastic shear strain at fracture attains as high 
as 26.6% corresponding to a shear stress of 111 MPa. In addition to the 
shear mechanical response, the torsion-induced Swift effect is clearly 
evidenced in Fig. 2, i.e., an increasing axial strain is developed during 
free-end torsion, reaching a maximum value of 3.5% at fracture of the 
specimen. A subtle sigmodal shape can be observed when examining the 
shear stress-plastic strain curve carefully. This response can be visual
ized more clearly when the plastic shear strain hardening rate (dτ/dγp) is 
plotted with respect to the shear strain, where four distinct stages are 
exhibited: Stage I—rapid decrease of dτ/dγp due to macroscopic yielding 
at γp = ~0.2%; Stage II—fast resurgence of dτ/dγp from 250 MPa to 330 
MPa (3.2% < γp< 5.3%); Stage III—slow increase of dτ/dγp from 330 
MPa to 382 MPa (5.3% < γp< 12.0%); Stage IV—continuous decrease of 
dτ/dγp from 382 MPa to 147 MPa (12.0% < γp< 25.9% at fracture). 
Deformation twins play an important role in the multi-stage strain 
hardening behavior, which will be discussed. 

3.2. Microstructure evolution 

Samples were cut from each companion specimen after being loaded 
to a designated strain level for characterizing the microstructure using 
EBSD. Unlike the uniaxial loading along the ND in a rolled plate, where 
tension twinning is favored under tension while compression twinning is 

Fig. 1. Schematic illustration of the rolled AZ31B plate with an embedded thin- 
walled tubular specimen with the axis parallel to the ND of the plate. The three- 
dimensional EBSD stereograph reveals that the initial basal-textured micro
structure is composed of equiaxed grains with an average grain size of ~50 μm. 
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promoted under compression, torsion about the ND leads to unique 
twinning behavior. To better understand the twinning favorability, the 
Schmid factors (SFs) of both tension twinning and compression twinning 
for all the possible grain orientations under pure shear stress state were 
calculated and these SF values were projected in the (0001) pole figures 
according to their crystal orientations, as shown in Fig. 3a. Note here 
that the shear stress,τθz, is described in the local coordinates oriented in 
the radial (r), tangential (θ), and axial (z) axes, thereby the pole figures 
are presented on the θ-r plane. As shown in Fig. 3a, the SF pole figures 
under pure shear display the twinning SFs in opposite signs about the 
radial axis, i.e., a misalignment of the c-axis about the r-axis by positive 
and negative rotations will lead to twinning SFs with opposite signs. To 
be specific (Fig. 3a), grain A with the c-axis slightly misaligned towards 
the negative θ–axis leads to a negative SF for {1012} tension twinning 
(unfavorable for tension twinning), whereas grain B with the c-axis 
misaligned towards the positive θ–axis results in a positive SF for tension 
twinning (favorable for tension twinning); vice versa for the SF of 
compression twinning (Fig. 3a). The Schmid analysis was applied to the 
realistic grain orientations in the basal-textured AZ31B plate (Fig. 1) 
under pure shear about the ND. The results suggest that 70% of the 
grains have positive SFs and are favorable for {1012} tension twinning. 
However, the remaining 30% grains that are not favorable for tension 
twinning actually enable the favorability for compression twinning. This 
indicates that tension and compression twins are both anticipated in the 
free-end torsion of the specimen under investigation. 

The microstructural evolution is presented in Fig. 3b–e as a function 
of shear strains of 3.6%, 13.1%, 19.1%, and 25.4%, respectively. The 
EBSD results are presented in terms of the inverse pole figure (IPF) map, 
the pole figure, and the band contrast (BC) map with twin boundaries of 
different types highlighted in different colors. Symbol Ti (i=1–6) rep
resents the individual {1012} twin variant following the labeling 
convention in Ref. [32]. T1 corresponds to the (1012) [1011] variant, 
while increasing subscripts correspond to the other variants by 
counter-clockwise rotation about the c-axis. Symbol Ci denotes the 
{1011} compression twin variants following the same labeling notation. 
Secondary and tertiary twins are represented by individual twin variants 
connected by dash line following the sequential order of activation. For 
example, Ti-Cj denotes a tension-compression double twin, where a 

secondary Cj compression twin formed in a primary Ti primary twin. 
Also indicated in the IPF maps in Fig. 3b–e are the volume fractions 

for the tension twin (T-TVF) and the TVF for all the other twins. The TVF 
of a specific twin system was calculated as the ratio of the total twinned 
area of such a system to the total scanned area. For each twinned area, 
the specific twin system, whether a primary tension/compression twin 
or a secondary/tertiary twin (such as T-C, C-T, T-T, or T-C-T), was 
individually determined by examining the misorientation relationship 
between twin and parent as well as the variant analysis. 

As shown in Fig. 3b, at a low shear strain level (γp=3.6%) which 
corresponds to the beginning of Stage-II strain hardening, {1012} ten
sion twins with only one variant that has the highest SF are developed in 
the grains oriented favorable for tension twinning, such as T2 in grain 
G1. At γp=13.1% (Fig. 3c) near the end of the Stage-III strain hardening, 
tension twins with multiple variants are clearly visible in those favorable 
grains. Due to the growth of twins with different variants, twin-twin 
interaction is significantly promoted, forming a number of TTBs of 
both co-zone and non-co-zone types, as highlighted in yellow and green 
colors, respectively, in the BC map (Fig. 3c). For instance, grain G3 
contains three variants, T2, T1 and T4, with the latter two showing 
expanded interactions. Most of the grains that are unfavorable for ten
sion twinning remain untwinned. However, in these tension-twin un
favorable grains, {1011} compression twins and {1011}-{1012} 
compression-tension (C-T) double twins (red arrows in the BC map in 
Fig. 3c) are detected due to their high SFs under pure shear. The 
occurrence of compression-tension double twins under pure shear at 
approximately half of the fracture strain is not observed in the case of 
uniaxial tension. Under uniaxial tension or compression, the C-T double 
twins are usually activated at the necking stage. The large shear local
ization of the double twin boundaries are thought to be responsible for 
the rapid final fracture [33,34]. Due to the absence of local necking in 
the torsion deformation, it might be reasonable to assume that the 
activation of double twins at the intermediate level of shear strain 
actually promotes accommodation of shear deformation rather than 
causes the premature fracture of the material. 

As the shear strain is increased to γp=19.1% into Stage-IV (Fig. 3d), 
most of the grains favorable for tension twinning are fully twinned and 
the total TVF reaches 43.6%. For instance, grain G5 is almost fully 
twinned with T1, T4, and T5. The profuse growth of different variants, 
such as T1 and T5 in grain G5, causes formation of extensive twin-twin 
boundaries. Also, the external stress at this stage is high enough to 
nucleate {1011} compression twins in the favorable fully twinned areas, 
causing instances of {1012}-{1011} tension-compression (T-C) double 
twins (such as T5-C2, blue area in the IPF map of grain G5) and {1012}- 
{1011}-{1012} tension-compression-tension (T-C-T) tertiary twins 
(such as T5-C2-T2 in grain G5). It is noted that the T-C double and T-C-T 
tertiary twins operated under pure shear have sizes relatively larger than 
those observed under the compression stress state [35]. In the 
tension-twin unfavorable grains, the {1011} compression twins and 
{1011}-{1012} compression-tension double twins are persistently 
nucleated, e.g., C5, and C5-T5, in grain G6. 

Finally, the microstructure near the end of Stage IV, at γp=25.4%, is 
presented in Fig. 3e. As anticipated, the continued shear straining leads 
to persistent nucleation and growth of multiple secondary T-C and ter
tiary T-C-T twin variants in the tension-twin favorable grains. For 
instance, grain G7 shows five bands of the T3-C1-T1 tertiary twin and one 
band of the T3-C4-T2 tertiary twin. In the grains unfavorable for tension 
twinning (such as grain G8), interaction of secondary compression- 
tension twin variants could be detected (such as C2-T2 and C4-T6). 
Since γp=25.4% is close to the fracture strain, a few micro-cracks sites 
(see the black area in grain G7) are detected at the intersection point of 
twin tip and grain boundary where stress concentration is localized. The 
twins which show micro-cracks at their tips are usually tertiary twins 
that have experienced three orders of sequential twinning and have 

Fig. 2. Shear stress (τ), axial strain(ε), and plastic strain hardening (dτ/dγp) as 
a function of plastic shear strain (γp) obtained from free-end torsion of rolled 
AZ31B about the ND. White circle marks indicate the companion specimen 
strain levels used for microstructural analysis. “X” denotes a final fracture. 
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excessive shear localization of their twin boundaries. This implies that 
shear localization of twin boundaries is a controlling factor for the final 
fracture Mg alloys under shear stress state. However, in contrast to the 
uniaxial loading, larger fracture strain can be attained under shear due 
to the lack of necking in the specimen under torsional loading. The exact 
fracture mechanism under torsion should be further investigated. 

3.3. Swift effect under free-end torsion 

The Swift effect, which is often observed in cubic-structured metals 
such as stainless steel, aluminum, copper, and brass [27], is mainly 
attributed to the accumulation of dislocation slips in the textured 
microstructure that contributes to the axial elongation during free-end 

Fig. 3. Microstructure evolution characterized by EBSD at four shear strain levels in the rolled AZ31B magnesium alloy subjected free-end torsion about the normal 
direction in a rolled plate. (a) Schmid factor (SFs) pole figures for tension and compression twinning under pure shear stress state. (b–e) The deformed microstructure 
characterized at plastic shear strains of 0.036, 0.069, 0.131, 0.191, and 0.254, respectively. 
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torsion deformation. As confirmed from Fig. 2, the Swift effect is clearly 
evidenced in the current study. The existing studies attribute the Swift 
effect in hcp Mg mainly to tension twinning with a high dependence on 
the initial texture [14]. In the current study, the original microstructure 
of the rolled AZ31B plate has the most grains with their c-axes oriented 
along with the ND. As a result, the material provides an ideal basal 
texture to verify the origin of the Swift effect. Since tension twinning 
reorients the matrix about 86.3◦ and induces a misfit strain εmisfitalong 
the c-axis or ND [36] (Fig. 4a), a twinning-induced axial strain (εtwin) 
along the ND (Fig. 4a) for the experiments conducted in the current 
study can be approximated as: 

εtwin = TVF × εmisfit (1)  

where TVF is the tension twin volume fraction, εmisfit = (
̅̅̅
3

√
− λ)/ λis the 

misfit strain along the c-axis generated by twinning [36], λis the c/

aratio. For Mg alloys,λ = c
a = 1.624, and therefore,εmisfit = 0.067. As 

summarized in Fig. 4b, the tension TVF increases from 1.6% at γp=3.6% 
to a saturation value of approximately 43% at γp=19.1%, and the value 
remains almost unchanged until fracture. Therefore, the contribution of 
tension twinning to the axial strain (ε) can be evaluated by the ratio 
εtwin/εas a function of plastic shear strain (Fig. 4b). At a low plastic shear 
strain level (γp= 3.6%), the contribution of twinning takes only ~20%, 
thus the axial elongation is mostly due to dislocation slips. However, at a 
plastic shear strain higher than 3.6%, the contribution of twinning to the 
axial strain lies in the range between 80% and 100%, inferring that 
twinning accommodates most of the axial elongation. This result con
firms that tension twinning plays a major role in the Swift effect in Mg 
alloys, in particular at large shear deformation. 

3.4. Role of twinning in strain hardening rate 

As revealed from the relative activities of slip/twinning predicted by 

crystal plasticity modeling of free-end torsion of AZ31B plate about the 
ND [14], basal slips and tension twinning act as the major deformation 
modes throughout the torsion deformation due to their relative low 
CRSS. Prismatic <a> slips become significant only at a large shear strain 
particularly higher than ~12%. The operation of non-basal prismatic 
slips at large shear deformation promotes the shear plasticity and can 
lead to a reduction of the strain hardening rate [37]. This explains well 
the observed decreasing strain hardening rate during Stage IV defor
mation in the torsion experiments (Fig. 2). Nevertheless, it is more 
interesting to note that a two-stage rise of the strain hardening rate is 
observed during Stage II & III deformation, where only basal slips and 
tension twinning are mainly operated. As basal slips and tension twin
ning have low CRSS and can be activated easily, it is speculated that the 
observed rise of the hardening rate is associated with unique twinning 
behavior and the hardening effects occurring under torsion in the cur
rent study. 

To explore the hardening behavior, the length fraction of each type 
of TBs as a function of the shear plastic strain is analyzed. The TBs 
include primary tension TB (86◦<1210>), compression TB 
(56◦<1210>), and compression-tension double TB (37.5◦<1210>). 
Such an analysis is also conducted for every type of TTBs, including co- 
zone TTB (7.4◦<1210>) and non-co-zone TTB (60◦<1010>). 

Fractions of each TB and TTB relative to their total lengths are 
summarized in Fig. 5. The tension TB fraction initially increases to 
~24% at = γp~7% and then decreases monotonically to ~13% at 
fracture. The decreasing tension TB is ascribed to the formation of TTBs 
during the expansion of tension twins within the grain interior, as shown 
clearly in Fig. 3, particularly at a large plastic strain. In contrast to the 
profuse tension TBs, the fractions of compression TB and compression- 
tension double TB are much fewer in amount, increased to their 
maximum values of 0.5%, and 1.5%, respectively, at fracture. As for the 
variation of TTBs, the total fraction of TTBs increases from 0 at =

γp~7%–~2.6% at = γp~19%, and remains almost constant during the 
rest of deformation, where the non-co-zone TTB takes about ~84% of 
the total TTB fraction. 

Early studies have shown that TBs and TTBs can act similar to grain 
boundaries as sites for dislocation pile-up and storage, and play a role of 
strain hardening in terms of blocking dislocation motion [38]. Recently, 
it is revealed that formation of TTBs, in particular of the non-co-zone 

Fig. 4. Verification of Swift effect by evaluating the contribution of {1012} 
tension twinning to the axial strain: (a) Schematic showing the misfit strain 
along the c-axis induced by tension twins. (b) The ratio of twinning-induced 
axial strain to the experimentally measured axial strain (εtwin/ ε) and the ten
sion twin volume fraction as a function of plastic shear strain during free-end 
torsion of rolled AZ31B about the ND. 

Fig. 5. Length fractions of twin boundaries and twin-twin boundaries as a 
function of plastic shear strain during free-end torsion of AZ31B Mg alloy about 
the normal direction of the rolled plate. 
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type, is energetically unfavorable, which requires additional work 
hardening supplied by external loading [32,39,40]. Therefore, as 
compared to the TBs, TTBs not only play a role to inhibit dislocation 
motion but also contribute to additional hardening even during their 
formation process. This hardening effect by TTB formation is clearly 
manifested as the continued rise of the strain hardening rate in Stage II & 
III deformation, during which TTB fraction increases continuously, 
indicating a sustained formation of TTBs. The slow rise of the strain 
hardening rate in Stage III as compared to that in Stage II can be 
explained by the decreased barrier effects of TBs to dislocation motion 
due to the reduction of TBs fraction caused by multiplication of TTBs 
(Fig. 5). 

It is clear that the barrier effects of TBs and TTBs to dislocation 
motion and the energetically unfavorable formation of TTBs collectively 
contribute to the rising strain hardening rates in Stage II & III. This 
unique strain hardening behavior leads to a subtle sigmodal shape 
exhibited in the shear stress-strain curves (Fig. 2). During Stage IV, the 
hardening effect ascribed to TTB formation diminishes as the generation 
of TTBs approaches exhaustion. Although TBs and TTBs still act to 
inhibit dislocation motion, the role of non-basal prismatic slips becomes 
more significant at large shear deformation because of the increased 
shear stress [14]. As discussed earlier, the operation of non-basal slips 
effectively results in a reduction in strain hardening rate, which is 
regarded as the main reason for the reduction of hardening rate in Stage 
IV observed in the experiments in the current study. 

4. Conclusions 

Free-end torsion experiments were conducted on the thin-walled 
tubular specimen with the torsion axis aligned parallel to the normal 
direction (ND) of a rolled AZ31B Mg alloy plate. The stress-strain 
response and the microstructure evolution were characterized as a 
function of increasing strain in detail with an emphasis to understand 
the role of deformation twins. Key findings are listed as follows:  

1. The shear stress-shear strain response shows a subtle sigmodal shape. 
The shape is associated with four distinct stages of strain hardening: 
rapid decrease due to macroscopic yielding (Stage I), fast rise (Stage 
II), slow rise (Stage III), and progressive decrease (Stage IV).  

2. Under pure shear stress state, both tension twinning and compression 
twinning are favored. With increasing shear strain, multiple tension 
twin variants and twin-twin interactions are frequently observed. In 
the tension-twin favorable grains, double T-C and tertiary T-C-T 
twins of detectable sizes are observed at a shear strain of approxi
mately 50% of the fracture strain. Conversely, primary compression 
twin and C-T double twins are only detected in tension-twin unfa
vorable grains. 

3. An axial strain of 3.5% is developed under free-end torsion con
firming the occurrence of Swift effect. The origin of Swift effect is 
attributed to the dislocation slips at a shear strain less than 5% but 
predominantly due to tension twinning at a larger plastic strain.  

4. Basal slips and tension twinning are operated throughout the shear 
deformation. The rise of strain hardening rate during Stage II & III is 
attributed to the collective hardening by the inhibiting effect of TBs 
and TTBs to dislocation motion and the energetically unfavorable 
TTB formation. In Stage IV, non-basal prismatic slips whose role 
becomes more significant as TTB formation exhausts is responsible 
for the progressive decrease in strain hardening rate. 
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in magnesium single crystal, Mater. Res. Lett. 2 (2014) 82–88, https://doi.org/ 
10.1080/21663831.2013.867291. 

[40] L. Jiang, J.J. Jonas, A.A. Luo, A.K. Sachdev, S. Godet, Influence of {10-12} 
extension twinning on the flow behavior of AZ31 Mg alloy, Mater. Sci. Eng., A 
(2007), https://doi.org/10.1016/j.msea.2006.09.069. 

L. Carneiro et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.ijfatigue.2011.04.012
https://doi.org/10.1016/j.ijfatigue.2011.04.012
https://doi.org/10.1016/j.ijfatigue.2010.09.020
https://doi.org/10.1016/j.ijfatigue.2010.09.020
https://doi.org/10.1016/j.msea.2012.03.039
https://doi.org/10.1016/j.msea.2012.03.039
https://doi.org/10.1016/j.msea.2016.06.043
http://refhub.elsevier.com/S0921-5093(20)31469-6/sref27
http://refhub.elsevier.com/S0921-5093(20)31469-6/sref27
https://doi.org/10.1016/j.commatsci.2014.09.015
https://doi.org/10.1016/j.commatsci.2014.09.015
https://doi.org/10.1016/j.msea.2011.06.064
https://doi.org/10.1016/j.ijplas.2010.09.004
https://doi.org/10.1016/j.ijplas.2010.09.004
https://doi.org/10.1016/j.msea.2015.10.069
https://doi.org/10.1016/j.msea.2015.10.069
https://doi.org/10.1016/j.actamat.2014.05.030
https://doi.org/10.1016/j.actamat.2014.05.030
https://doi.org/10.1016/j.msea.2007.02.109
https://doi.org/10.1016/j.msea.2007.02.109
https://doi.org/10.1016/j.actamat.2010.03.044
https://doi.org/10.1080/09500839.2015.1022621
https://doi.org/10.1016/j.scriptamat.2013.10.002
https://doi.org/10.1016/j.scriptamat.2013.10.002
https://doi.org/10.1007/s11661-005-0032-4
https://doi.org/10.1007/s11661-005-0032-4
https://doi.org/10.1007/BF02669423
https://doi.org/10.1007/BF02669423
https://doi.org/10.1080/21663831.2013.867291
https://doi.org/10.1080/21663831.2013.867291
https://doi.org/10.1016/j.msea.2006.09.069

	Twinning in rolled AZ31B magnesium alloy under free-end torsion
	1 Introduction
	2 Material and method
	3 Results and discussion
	3.1 Mechanical response
	3.2 Microstructure evolution
	3.3 Swift effect under free-end torsion
	3.4 Role of twinning in strain hardening rate

	4 Conclusions
	Data availability
	Declaration of competing interest
	Acknowledgment
	References


