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Abstract 

In this study, a commercial magnesium alloy AZ31 (Mg-3Al-1Zn-0.3Mn) sheet through a short manufacturing process was found to 
be ductile and highly formable in bending. Despite possessing a strong basal texture, the short-processed sheet without any annealing can 
be bent at a small radius, only 0.2 times its thickness in the 90 ° bending test. Additionally, it could withstand direct deformation by 
repeated folding-flattening. The in-situ microstructural characterization reveals that extension twin bands with strain localization appear in 
the bending area. During subsequent flattening, these twin bands underwent detwinning, reducing local strain concentrations and enabling 
further bending deformation. Such outstanding bend formability originated from the significant 〈 a 〉 -type dislocation loops slipping on the 
prismatic crystal planes within dynamic-recrystallized grains. These grains underwent a uniform refinement to several microns in the short 
manufacturing process and exhibited low residual strain. The active prismatic dislocation slip within refined grains was due to its much lower 
relative activation stress to basal slip (CRSS prism / CRSS basal of only ∼1.6) owing to the effective grain boundary hardening. Furthermore, 
the prismatic dislocation activity was further enhanced when bypassing Al-Mn nano-particles during motion, leaving debris and loops that 
facilitated easy multiplication. 
© 2023 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 

Magnesium (Mg) is the lightest structural metal and its 
alloys have a great potential to be widely used in automo- 
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tive, railway, aerospace, and consumer electronics industries 
for lightweighting and energy saving [1] . For example, the 
usage of Mg alloys in North American-built family vehicles 
has been expanding by 10–14% annually in recent years [2] . 
The rationale is evident—a 10% weight reduction from a to- 
tal vehicle weight can improve fuel economy by 4–8%. In 

sectors like automotive manufacturing, there exists a pressing 

demand for high-performance and cost-effective thin sheets of 
Mg alloys to craft structural components, including body pan- 
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els and floor pans, as substitutes for the current employment 
of aluminum and steel sheets. 

However, the manufacturing of Mg alloy sheets normally 

requires complex thermomechanical processes including mul- 
tiple passes of rolling with several intermediate reheats. Due 
to the small process window, the thickness reduction in the 
breakdown mill is usually controlled to be around 10% in 

each pass [3] , and restricted to 10–30% per pass after break- 
down to avoid edge cracking [4] . The protracted manufac- 
turing cycle results in elevated expenses and diminished ef- 
ficiency in sheet manufacturing. Moreover, the utilization of 
Mg alloy sheets faces an additional constraint posed by their 
inadequate bend formability at ambient temperatures. In many 

industries especially automotive, transportation, and consumer 
electronics, bend formability is a key performance require- 
ment of a sheet metal, which has to be bent into desired 

shapes (normally V-shape, U-shape, and channel) [5 , 6] . In 

vehicle manufacturing, for instance, high bend formability 

stands as a prerequisite property for processes like the hem- 
ming, which is used to join two sheet metal panels by bending 

the flange of the outer panel over the inner one. The defi- 
ciency in bend formability of Mg sheets can be demonstrated 

by its larger minimum bend radius, about 5T – 13T (times 
of sheet thickness) [7] , than that of 3000 and 5000-series Al 
alloy (0T – 4T) [8] . The low bend formability of the sheet is 
predominantly due to an insufficient number of deformation 

modes imposed by its hexagonal structure and the strong basal 
texture developed during the sheet rolling process [9 , 10] . 

Despite the substantial industrial demand for enhancing 

the bend formability of Mg alloy sheets, the research about 
bendability is still limited [11–16] , compared with consider- 
able studies for enhancing the ductility and stretch formabil- 
ity of Mg alloys [17–26] . So far, the bend formability of Mg 

alloy sheets was predominantly enhanced by texture weak- 
ening that allows the increased activity of basal dislocation 

slip. The ‘E-form’ of Mg-3Al-1Zn-0.3Mn (AZ31) sheet has 
weakened basal texture and a small minimum bend radius 
of ∼5T [27] due to the Ca addition to AZ31 alloy [20] . 
Without Ca addition, the minimum bend radius of the AZ31 

rolling sheet was reportedly as small as ∼3T, but it has to 

be rolled with ultra-high speed (2000 m/min) [28] , which is 
at least ten times more than the speed of Al alloy rolling 

[29] . Subject to such a high rolling speed, the center of the 
AZ31 sheet has a weakened non-basal texture that is signif- 
icantly split towards the rolling direction (RD). The origin 

of texture weakening in the high-speed-rolled AZ31 is not 
clear, but such an extreme processing condition makes it very 

challenging to be widely applied [29] . For the conventional 
AZ31 alloy rolling sheet (0.5–6.3 mm in thickness) with typ- 
ical basal texture, the minimum bend radius is 5.5T in the 
fully annealed state (AZ31B-O) and 8T after work hardened 

by rolling and then partially annealed (AZ31B-H24) [3] . In 

addition to texture weakening, the high bend formability, as 
demonstrated by repeated folding and flattening, has been re- 
ported in pure Mg when its grain size is reduced to about one 
micron and grain boundary sliding (GBS) becomes the domi- 
nant deformation mode. However, the exceptional formability 

by GBS is hitherto achieved only in pure Mg [30] and di- 
lute binary alloy [31] , and the samples have to be processed 

by high-pressure torsion [32] or extruded at a slower speed 

and a lower temperature [30] – both of which are considered 

anathema to process efficiency and thus difficult for up-scale 
production. 

Recently, we have developed a sheet manufacturing pro- 
cess, which can produce thin sheets of Mg alloys by only 

one pass of large-strain flat extrusion and 1 – 3 passes of 
warm rolling (depending on sheet final thickness) with nor- 
mal rolling speed (4.8 m/min) at an industrial scale. This has 
significantly shortened the long manufacturing process of Mg 

thin sheet by conventional multi-pass rolling, and thus named 

as “short-process” in this manuscript. Using this method, the 
fabricated Mg alloy sheets have high bend formability (Sup- 
plementary video 1). In this paper, the commercial AZ31 al- 
loy, the most widely used Mg alloy composition, is taken as 
an example to demonstrate the appreciable ductility and out- 
standing bend formability of the sheet manufactured by this 
short process. 

In general, any approach that could enhance the activity 

of deformation modes (dislocation slip and twinning) and 

their compatibility will increase ductility and formability. The 
widely used approaches include proper alloying addition, tex- 
ture modification, and introduction of heterogeneous-grained 

and/or uniformly fine-grained microstructure. For example, di- 
lute addition of Zn, Ca and rare-earth elements can reduce the 
stress required to activate pyramidal 〈 c + a 〉 dislocations [33–
35] and weaken basal texture [36–39] , which leads to much 

easier plastic deformation and higher formability. In addition 

to alloying addition, texture modification can also be realized 

by thermomechanical processing. For example, subjected to 

differential speed rolling, the (0002) pole is tilted away from 

the sheet normal direction (ND), and thus basal plane of most 
grains are no longer parallel to the RD and transverse direc- 
tion (TD). The resultant higher activity of basal slip leads 
to better sheet ductility and formability than the convention- 
ally rolled sheet [40–42] . Apart from tailoring grain orienta- 
tions, the grain size and its distribution has significant effect 
on ductility. By grain refinement, the higher density of grain 

boundaries enhance the activity of 〈 c + a 〉 dislocations [43] , 
accommodate and mediate local strain [44 , 45] . However, by 

collecting and analyzing the reported data about elongation 

and grain size [9] , it is found that elongation has a weak 

correlation to grain size, and finer grains do not necessarily 

lead to higher ductility and formability, even for AZ31 alloy. 
It was also reported that grain size does not have a strong 

influence on relative activities of deformation modes when 

the grain size is above the micron scale [46 , 47] . Recently, it 
was reported that by inducing heterogeneous microstructure, 
i.e. mixture of large and small grains, the Mg-Al-based alloy 

will have higher strain hardening by dislocation pile-up at 
the boundaries between large and small grains, and enhanced 

activity of non-basal dislocation slip, and thus better ductil- 
ity [48 , 49] . Via similar mechanism, the ductility enhancement 
was achieved by pre-compression of AZ31 plate along the 
TD, which introduce a high density of extension twins [50] . 
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This approach, however, seems to be technically difficult for 
thin sheet. 

In the present study, the outstanding bend formability in 

the short-processed AZ31 is achieved without adding calcium 

or rare earth elements that can weaken basal texture or en- 
hance the activity of pyramidal 〈 c + a 〉 dislocations. Sub- 
jected to warm rolling, the AZ31 sheet should have typical 
strong basal texture, and no heterogeneous microstructure or 
twins were formed in the as-processed state. Under this cir- 
cumstance, how to manipulate deformation modes to achieve 
higher ductility and bend formability without alternating al- 
loy composition needs to be elucidated. To clarify the grain 

size effect, the deformation behavior of the short-processed 

AZ31 alloy developed in this study is investigated, and the 
ultra-fined-grained AZ31 extrusion developed in our previous 
study [51] is revisited as a comparison. Based on multiscale 
and complimentary in-situ characterization, an alternative in- 
terpretation is provided to explain the origin of high bend 

formability, allowing the key factors for dislocation slip op- 
eration in a strong-basal-textured Mg sheet to be discussed. 

2. Experimental methods 

2.1. Short processing of AZ31 sheet 

The AZ31 billet, which was 156 mm in diameter and 

250 mm in length, was extruded at the ram speed of 0.2 mm/s. 
Before extrusion, the billet and extrusion die was heated to 

440 °C, and the billet container was heated to 350 °C. The 
extrusion ratio was 106, leading to a large true strain of 4.7 

in extrusion. Despite the large strain, wear of the extrusion 

die is limited and 10 tonnes of AZ31 can be extruded before 
changing a new die. The as-extruded strip with a thickness 
of 1.5 mm was then further rolled to 0.5 mm by two passes. 
The thickness reduction per pass was 45% −70%. The rolling 

speed was 4.8 m/min. Before rolling Both the feedstock (ex- 
truded strip) and rolling wheelers were heated to 260 °C. The 
temperature of the rolling deformation area was monitored by 

infrared cameras to ensure the temperature was maintained 

between 210 and 260 °C. 

2.2. Tensile and bending tests 

For the tensile test, the specimens were metallographically 

prepared using SiC paper prior to each test, with a gage length 

of 10 mm and a width of 5 mm. Specimens of each condition 

were tested twice, with an initial strain rate of 0.001/s. Some 
of the tensile tests were interrupted at a strain of 0.08 and 

unloaded. The permanent changes in width and length were 
measured to determine the normal anisotropy, r . The r -value 
was obtained using the equation 

r = 
ε w 

ε t 
= 

ln 

(

w f /w i 

)

− ln 

(

l f /l i 
)

− ln 

(

w f /w i 

) (1) 

where w, t , and l denote sample width, thickness, and length, 
respectively, and i and f denote initial and final values. The 

bend formability of the as-extruded and short-processed (ex- 
truded and warm-rolled) AZ31 sheet was tested using an In- 
stron 4505 testing machine. The bend formability was as- 
sessed by a 3-point bending test, using punches with differ- 
ent diameters (D) from 0.2 mm to 14 mm. The gap between 

roller supports was adjustable and set equal to D + 2T. The 
punch displacement rate was 0.6 mm/min. The sample size 
for the bending test was 12 mm in length along the RD and 

5 mm in width. 

2.3. Finite element method simulation of bending process 

The bending process was simulated by the FEM in LS- 
DYNA (Version 971, LSTC, Livermore, CA, Supplemen- 
tary videos 2–5). In this model, five-layer solid elements 
were used to simulate the Mg alloy sheets. Belytschko- 
Tsay element was used to simulate the supports and punch. 
The material properties are shown in Table 1 . The sup- 
ports were fully constrained by the rigid material. The Mg 

alloy sheet in this model has a tensile-compressive yield 

asymmetric response. In the FEM, the punch adopts ‘bound- 
ary_prescribed_motion_rigid’ to set load conditions. The con- 
tact between the AZ31 plate and punch/die adopts a ‘con- 
tact_automatic_nodes_to_surface’ setup. The true stress-strain 

curve, which was calculated from the engineering strain-stress 
curve, was input into the material model to simulate the hard- 
ening behavior. 

2.4. Digital image correlation (DIC) 

The strain on the outer surface, which was simulated by 

FEM in bending, was validated by DIC. Because the DIC 

cameras could not fit into the die for bending, the bending 

strain was validated during the flattening of the bent samples. 
The samples, which were bent by 180 

◦ with a 4-mm diam- 
eter punch and by 90 

◦ with a 0.2-mm diameter punch, were 
painted with white color. Then, discrete black speckle pat- 
terns were sprayed for DIC characterization during flattening. 
In this work, a commercial stereo DIC system (ARAMIS®
version 6.3) was used. The stereo system with left and right 
cameras allowed the out-of-plane position to be determined 

and, therefore, full 3D tracking of surface strain. The step 

size was set to be 5 pixels (95 µm) and the subset size was 
15 by 15 pixels (285 µm) subsets [52] . 

2.5. In-situ SEM and EBSD characterization 

An in-situ observation of bending test was conducted at 
room temperature using a screw-driven tensile stage placed 

inside a field emission scanning electron microscope (SEM, 
Zeiss Sigma 300) equipped with an EDAX-TSL EBSD sys- 
tem. The sample was bent at a constant displacement rate of 
0.1 mm/min until 4.7 mm (the maximum displacement), then 

flattened by the reverse movement of the punch ( Fig. 1 ). The 
support span was 26 mm, and the punch diameter was 5 mm. 
The in-situ bending process was simulated by FEM (Supple- 
mentary video 5) and the stress tensors of the outer and inner 
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Table 1 
Material properties for finite element model. 

Name Materials model Density (g/cm 3) Young Elastic Poisson’s Ratio Yield strength (MPa) 

Mg AZ31 sheet MAT_123 1.74 45 0.29 224 
Supports and Punch MAT_20 7.8 210 0.3 –

Fig. 1. Images and schematic illustrations showing the setup of bending and flattening process of in-situ EBSD observation. The stress tensor of the inner 
and outer surface in the in-situ bending test was obtained by FEM simulation. The input parameters for the FEM simulation are provided in Table 1 . 

surface as a function of punch displacement were obtained 

for calculating the generalized Schmid factor (GSF, details 
see Appendix 1). The RD-ND surface of the sheet was pol- 
ished, using SiC paper, 50 nm diameter silica suspension, and 

subsequently ion polishing. For in-situ observation of tensile 
tests, the samples have a gage length of 4 mm and a width 

of 2 mm, and they were stretched with a cross-head moving 

speed of 0.1 mm/min. In-situ characterization was performed 

when the cross-head moved by 0.2 mm, 0.4 mm, 0.6 mm and 

0.8 mm. The EBSD data was processed using TSL-OIM 8. 

2.6. In-situ TEM and STEM characterization 

In-situ TEM straining was carried out in a JEOL 2010HC 

microscope operated at 200 kV, using a Gatan room- 
temperature straining holder. MEGAVIEW III CCD camera 
was used to record microstructural evolution (Supplemen- 
tary video 6). The TEM results were analyzed using a Py- 
cotem package [53] . STEM and STEM-EDXS characteriza- 
tions were performed in an FEI F20 transmission electron mi- 
croscope equipped with a Bruker XFlash 6TI30 EDX detector. 
The STEM-EDXS data were analyzed using the software Es- 
prit 2.0. The samples were prepared by electric discharge cut- 
ting, followed by mechanical grinding to 50 µm thick using 

4000 grid SiC sandpaper. The samples were then ion-polished 

using Gatan Precision Ion Polishing System (voltage 4.8 kV 

and angle 4 °) at −100 °C until a small hole formed in the 
specimen. 

2.7. X-ray diffraction 

The X-Ray diffraction profiles are measured using a Bruker 
D8 advanced X-ray diffractometer equipped with a Cu-K α

beam source and a high throughput LynxEYE 1-dimensional 
detector. The 1-D diffraction spectrum was obtained using a 
scan rate of 1 s/step, a step size of 0.01 °, and a scanning 

range between 30 and 70 ° at 40 kV and 40 mA. Zero error 
and instrument profiles are assessed based on the scan of 
the standard reference material (SRM 660, LaB 6 ) from the 
National Institute of Standards and Technology. 

3. Results 

3.1. Microstructure characterization 

Fig. 2 a–c show significant difference in microstructure and 

texture at the different parts of the as-extruded strip. At the 
edge part, the 1.5 mm-thick strip has coarse grains and a typ- 
ical extrusion texture, i.e. the c-axis of grains is perpendicular 
to the extrusion direction (ED). At the ¼ to edge part, fine 
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Fig. 2. (a–d) EBSD orientation maps and corresponding (0002) pole figures of the (a) edge, (b) ¼ to edge, (c) center part of as-extruded strip and (d) 
short-processed sheet from their ED(RD)-TD face. (e, f) KAM maps of the center part of as-extruded strip and short-processed sheet. 

grains appear between coarse grains. The sheet basal texture, 
i.e. the c-axis of grains parallel to the sheet’s normal direc- 
tion (ND), becomes more significant. At the center part, the 
fraction of fine-grains increases, and it shows a typical bi- 
modal microstructure. The average grain size was 16 µm in 

diameter, but there are ∼15% of grains with a diameter larger 
than 30 µm. The (0002) pole figure shows two distinctive tex- 
ture components, i.e. [0001]//ND and [0001]//transverse direc- 
tion (TD). In contrast, after further warm rolling, the short- 
processed sheet has uniform microstructure and texture. The 

fine and equiaxed grains with an average size of ∼4.8 µm 

in diameter, as shown in Fig. 2 d, are representative of dif- 
ferent parts of the short-processed sheet. The short-processed 

AZ31 sheet has a strong basal texture of 12.4 mrd (multi- 
ples of random distribution). The kernel average misorienta- 
tion (KAM) maps show that the as-extruded strip is composed 

of fine recrystallized and large deformed grains ( Fig. 2 e) but 
the short-process sheet is recrystallized with low and uniform 

strain ( Fig. 2 f). The grain orientation spread (GOS) of the 
short-processed AZ31 is 0.75 ° in average. Considering that a 
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Fig. 3. (a) experimental measured and CMWP-fit XRD spectra of the short-processed AZ31 sheet and (b) calculation of micro-strain based on the peak 
broadening using the Williamson–Hall method. 

GOS value of less than 1 °–2 ° is a criterion for identifying 

recrystallized grains [54 , 55] , the short-processed AZ31 sheet 
is recrystallized. 

In order to support the low residual strain in the fully 

recrystallized microstructure, XRD is performed. Based on 

the spectrum ( Fig. 3 a), the microstrain can be obtained from 

the XRD spectrum based on the peak broadening using the 
Williamson–Hall method [56] , 

βcos θ

λ
= 

1 

D 
+2ε 

(

2sinθ

λ

)

(2) 

where ε is the microstrain, D is the domain size, θ is the 
angle between the incident beam and sample, and λ is the 
wavelength ( = 0.154 nm for Cu K α). By fitting the peak 

broadening, the microstrain of the short-processed AZ31 is 
calculated to be 0.004 ( Fig. 3 b). In order to estimate the dis- 
location density, an extended convolutional multiple-whole- 
profile (e-CMWP) method is used, in combination with the 
Levenbery–Marquardt peak-fitting procedure and Monte Carlo 

statistical method [57–59] ( Fig. 3 a). This method has proven 

to be powerful for the quantitative characterization of lattice 
defects in crystalline materials [60–62] , and the computer pro- 
gram CMWP-Fit has been developed by Ungár et al. [63] . 
The input information includes the experimental XRD spec- 
trum, diffraction peak index, instrumental file, lattice type and 

parameter of AZ31, and the contrast factor. In this work, 8 

diffraction peaks, including {10 ̄1 0}, (0001), {10 ̄1 1}, {10 ̄1 2}, 
{11 ̄2 0}, {10 ̄1 3}, {10 ̄2 2}, {20 ̄2 3}, were used for e-CMWP fit- 
ting. The instrumental file was obtained using SRM 660 LaB 6 

from the National Institute of Standards and Technology and 

input to the program to correct the instrumental broadening 

effect in the XRD pattern. The contrast factor is the aver- 
aged value of the most popular 〈 a 〉 -type dislocations, includ- 
ing 〈 a 〉 -type edge dislocations on basal and prismatic planes, 
and 〈 a 〉 -type screw dislocation on the prismatic planes, based 

on the assumption that the dislocations with a c-component 
and 〈 c + a 〉 -component were marginal. The value of the con- 
trast factor for each dislocation type is provided in the liter- 
ature [64] . Via the e-CMWP fitting and iteration procedure, 
the overall value of dislocation density was determined as 

∼5 × 10 
13 m 

−2 . The low value of dislocation density mea- 
sured by XRD is consistent to the EBSD characterization. 

3.2. Tensile properties and bend formability 

Fig. 4 shows that different parts of as-extruded AZ31 

have different ductility. Although their 0.2% proof strengths 
are similar about 198 ±4 MPa, the edge part has the low- 
est elongation of 11%. The ¼ to edge part has a higher 
elongation of 16% whilst the total elongation of the center 
part is 17%. After further warm rolling down to 0.5 mm 

thick, the 0.2% proof strength and elongation increased si- 
multaneously to 224 ±5 MPa and 27 ±2%, when specimens 
from different parts of short-processed sheets were tested. The 
strength-ductility combination of the short-processed AZ31 

sheet is outstanding among Mg-Al-Zn alloys [9 , 65] . The 
short-processed AZ31 sheet has higher work hardening expo- 
nent (0.16) and normal anisotropy (2.03) than the as-extruded 

strip ( Table 2 ). 
Regarding bend formability, the 1.5-mm thick as-extruded 

strip can be bent with a 10 mm-diameter punch in the 90 °

cold bending test, resulting in a bend radius of 3.3T. Although 

the bent sample was not fractured, some tiny defects were ob- 
served on the outer surface of the bent AZ31 strip ( Fig. 5 a). 
The strain during bending was calculated using FEM. Be- 
cause bend forming is affected by bend radius, angle and 

sheet thickness [8] , the quantification of the bending strain al- 
lows the comparison of deformation state between the sheets 
that have different thicknesses, and that are bent with different 
radii to different angles. The maximum strain of as-extruded 

strip in the 90 ° cold bending test is ∼ 0.175. 
After further warm-rolling, the short-processed AZ31 sheet 

can be bent without cracking or surface defect in the 90 °

bending test using a punch with a diameter of 0.2 mm, re- 
sulting in a bend radius of 0.2T ( Fig. 5 b). The FEM simula- 
tion shows a higher true strain at the bent section, about 0.25 

on the inner surface and 0.28 on the outer surface. The dif- 
ference in true strain between the inner and outer surfaces is 
likely caused by plastic anisotropy in Mg alloys. Furthermore, 
the short-processed AZ31 sheet can be repeatedly bent with 
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Fig. 4. (a) Engineering stress-strain curves of the as-extruded strip and short-processed sheet. Photo inset shows the edge part, ¼ to edge, and center part of 
as-extruded strip. (b) Comparison of the tensile property with those of AZ-based alloys reported by literature [9 , 65] . 

Table 2 
Tensile properties and normal anisotropy of as-extruded strip and short-processed sheet. 

Sample YS (MPa) UTS (MPa) Total El. (%) Strain hardening exp. (n) Normal anisotropy ( r ) 

As-extruded-Edge part 202 268 11 0.12 0.51 
As-extruded- ¼ to edge 198 267 16 0.13 0.54 
As-extruded-Center part 195 264 17 0.13 0.62 
Short-processed 224 288 27 0.16 2.03 

a 4 mm-diameter punch, i.e. bent by 180 °, flattened, and then 

reversely bent without any visible cracks ( Fig. 5 c). Photos in 

Fig. 5 show observable springback after the bent sample was 
unloaded, as springback caused by elastic recovery can be as 
much as 30 ° for a 90 ° bend in cold forming of Mg alloys 
[3] . FEM simulation reveals the maximum strain of ∼0.13 

bent with a radius of 4T up to 180 ° By comparing with the 
minimum bend radii of the Mg alloy sheet reported in the 
literature ( Fig. 5 d), it is found that the bend radius of 0.2T 

in this study is nearly ten times lower than the bend radius 
reported for Mg alloy sheet. The lowest bend radius reported 

(including rolled sheet and extruded strip of Mg alloys) is 
1.9T for 90 ° cold bending [3 , 28] . The bend radius of 0.2T 

is also close to the bend radii of O-tempered Al alloy sheets 
in the 90 ° cold bending test [8] . To validate the bent strain 

simulated by FEM, the outer surface of the bent area was 
speckled and the bent specimens were pulled until flattened. 
Using DIC, the total strain during flattening was measured 

to be 0.285 and 0.133 for the 90 ° bent sample (0.2T) and 

180 ° bent sample (4T), respectively ( Fig. 5 e). The values of 
total strain during flattening (measured by DIC) are similar 
to strain during bending (simulated by FEM). 

In summary, the microstructural observation and tensile 
and bending tests suggest that appreciable ductility and high 

bend formability can be achieved in conventional Mg sheet 
alloy even though it possesses a strong basal texture. The 
mechanism is explored in the following sections. 

3.3. In-situ observation of microstructure evolution during 

bending 

To reveal the origin of the high bend formability, the mi- 
crostructure evolution of the short-processed AZ31 sheet dur- 

ing bending and flattening was characterized using in-situ 

EBSD. In the tensile region during bending ( Fig. 6 a–d), the 
microstructural change can hardly be distinguished from ori- 
entation maps ( Fig. 6 a and c), but the increase in GOS sug- 
gests the plastic deformation in the tensile region ( Fig. 6 b and 

d). In the compression region, twin bands form, propagate and 

intersect with the increasing bending ( Fig. 6 a and c). The area 
fraction of twins in the compression region was 17.5% after 
the punch moved by 4.7 mm (equivalent to 0.043 true strain 

at the surface, Fig. 6 i). During bending, the averaged GOS 

value of the whole observed area was increased from 0.75 °

to 0.95 ° ( Fig. 6 j). During flattening, the compressive region 

is subjected to a tensile load, leading to the detwinning in the 
compressive regions ( Fig. 6 e–h). Once the sample is fully flat- 
tened, the twins disappear from the region that was originally 

under compressive strain ( Fig. 6 g). 
The twinning and detwinning during bending and flatten- 

ing were examined at higher magnification. It is found that 
the plastic deformation is highly heterogeneous in the com- 
pression region, as demonstrated by the higher GOS along the 
twin bands ( Fig. 7 a and b). The twins observed are predomi- 
nantly with equiaxed shape, suggesting that once the twins are 
formed, they thicken, grow, and replace their parent grains. 
Taking advantage of in-situ EBSD characterization, each pair 
of twin-parent grain can be identified ( Fig. 7 c–k). By ana- 
lyzing their orientation relationship, the observed twins are 
inevitably {10 ̄1 2} extension twins. The {10 ̄1 1} contraction 

twinning or {10 ̄1 1}-{10 ̄1 2} double twinning, which might 
cause micro-cracking [66 , 67] , was not observed. During flat- 
tening, detwinning occurs and GOS is decreased in the de- 
twinned grains ( Fig. 7 l–n). Accompanied by detwinning, the 
twin boundary may act as a dislocation sink to absorb dislo- 
cations [68] . The detwinning alleviates the local high strain 
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Fig. 5. True strain at the outer and inner surfaces as a function of bend angle, when (a) the 1.5 mm thick as-extruded strip was bent by 90 ◦ with 10-mm 

diameter punch, and when the 0.5 mm thick short-processed sheet was bent by (b) 90 ° and (c) 180 ° with 0.2-mm and 4-mm diameter punches, respectively. 
Photo inset in (a, b) shows that the sheet was successfully bent by 90 ◦ with 3.3T and 0.2T bend radius, and photos in (c) show that the sheet was (i) bent by 
∼180 °, (ii) followed by flattening, and (iii) reverse bending by ∼90 ° without any visible crack. The bent specimens were spring-backed after being removed 
from the testing rig. (d) Minimum bend radii of rolled sheet and extruded strip in this study and reported by literature, whose thicknesses are in the range 
between 0.5 and 6.3 mm [3 , 28] . These samples were bent by 90 ◦ at room temperature. (e) DIC result of strain evolution during flattening of short-processed 
samples, which were previously bent by 90 ° and 180 ° with 0.2-mm and 4-mm diameter punches, respectively. Photos in (e) are from the left and right cameras 
of bent and speckled sample, which are superimposed with the strain map before flattening. 

associated with the twin bands and leads to a much slower in- 
crease in strain during flattening than during bending ( Fig. 6 j). 
The resultant uniform distribution of strain ( Fig. 6 f and h) al- 
lows the possibility of further repeated bending. 

In the SEM image of the sample bent at 4.7 mm punch po- 
sition, the plastic deformation zones by tensile and compres- 
sive strain can be clearly identified ( Fig. 8 a). In any bending 

process, there must be a neutral line where the strain along 

this line should be zero. However, the neutral line is not nec- 
essarily in the middle of the sample thickness. To identify 

the neutral line position, FEM is used to simulate the bend- 
ing process. It is found that the neutral line is slightly shifted 

towards to tensile region by ∼30 µm towards the tensile re- 
gion. This is consistent with the GOS mapping and distribu- 
tion. The plastic-deformed region was then segmented into 7 

areas (labeled A–G). For identifying the deformation mode 
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Fig. 6. Microstructure and strain evolution during bending and flattening. (a–h) in-situ EBSD orientations map and corresponding grain orientation spread 
map (GOS) of sample RD-ND surface in bending as the punch moved from (a, b) 2 mm to (c, d) 4.7 mm in bending, and then moves back to (e, f) 2 mm 

and (g, h) the original position in flattening. (i) Area fraction of twins in the compressive region and (j) GOS as a function of punch displacement during 
bending and flattening. 

between the outer and inner surface, IGMA is used to ana- 
lyze the deformation mode of each areas. Based on EBSD 

results, the in-grain misorientation analysis (IGMA) method 

was used to identify the slip mode of Mg alloys [54 , 55 , 69] . 
The peak intensities of misorientation axes can be around the 
〈 0001 〉 ( 〈 0001 〉 -type distribution), 〈 uvt0 〉 ( 〈 uvt0 〉 -type distri- 
bution), and in a uniform distribution or with multiple peaks 
[69] . The result is shown in Fig. 8 b, it can be found that for 
the areas close to the outer and inner surface (areas A and G) 
where the strain is higher, the IGMA distribution is closer to 

the 〈 0001 〉 -type, indicating the significant operation of pris- 
matic slip. When it is closer to the neutral line, the IGMA 

distribution becomes uniform or even 〈 uvt0 〉 -type, indicating 

the enhanced operation of basal dislocation slip. 
To further reveal the deformation modes in the tension re- 

gion, six grains were selected from the near outer surface as 
representatives. Their microstructural evolution during bend- 
ing ( Fig. 9 a–d), was examined at higher magnification. Grains 
G1–G6 are elongated and rotated up to 4 °– 6 ° during bend- 
ing ( Fig. 9 e). When the sample was bent as the punch moved 

to the 2-mm position ( Fig. 9 f), it is apparent that G6 has a 
〈 0001 〉 -type distribution, indicating the dominant activation of 
prismatic 〈 a 〉 slip. Grains G3 and G5 have nearly 〈 uvt0 〉 -type 
distribution. Both basal 〈 a 〉 slip and second-order pyramidal 
〈 c + a 〉 slip can lead to 〈 uvt0 〉 -type distribution. Considering 

the critical resolved shear stress (CRSS) of pyramidal slip is 
significantly higher than the basal slip [9] , it is reasonable to 

speculate that the dominant slip mode for 〈 uvt0 〉 -type distri- 

bution in Grains G3 and G5 is basal 〈 a 〉 slip. Grains G1, G2, 
and G4 have uniform IGMA distribution, indicating there are 
no dominant slip modes of these grains. Thus, the deformation 

of G1, G2, and G4 in bending is likely to be accommodated 

by the co-activation of basal and prismatic slip modes up to 

the 2-mm punch position. 
During further bending to the 4.7-mm punch position, the 

grain rotation and the change of stress state ( Fig. 1 ) have 
changed the generalized Schmid factor (GSF) values, which 

is now widely adopted to evaluate the resolved shear stress 
for various slip systems under multi-axial stress state, includ- 
ing bending [70] . As a result, the slip modes of some grains 
will be changed during further bending ( Fig. 9 g and Table 3 ). 
For example, the GSF ratio between prismatic and basal slip 

( m prism /m basal ) decreases from 1.7 to 1.4 in Grain G2 with 

the punch moving from the 2-mm to 4.7-mm position. The 
decreased m prism /m basal ratio may cause a higher activity of 
basal slip and thus the change of IGMA type from a uniform 

distribution to 〈 uvt0 〉 -type. In contrast, the m prism /m basal ratio 

increases from 2.3 to 3.5 for G1 and from 1.3 to 1.6 for G5, 
when the punch moved from the 2-mm to 4.7-mm position. 
The increased m prism /m basal ratio suggests an easier operation 

of prismatic slip. This is consistent with the IGMA observa- 
tion, i.e. the increase of the intensity around 〈 0001 〉 in Grain 

G1 and the change of IGMA type from the 〈 uvt0 〉 -type to a 
uniform type in Grain G5. Based on the analysis of Grains 
G1–G6 ( Table 3 ), it is found that the m prism /m basal ratio is 
always lower than 1.6 when basal slip is dominant and pris- 
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Fig. 7. (a, b) EBSD orientation and GOS maps show the intersection of twin bands and the localised strain along the twin bands of the bent AZ31 sheet. 
In-situ EBSD orientation maps show (c–f) twinning during bending and (f–h) detwinning during flattening. (i–k) (0001) pole figure shows the orientation of 
grains and twins (i) in the as-rolled state, (j) bent with 4.7 mm punch position, (k) after flattened. (l–n) In-situ GOS maps show the decrease in GOS level 
associated with detwinning during flattening from the 4.7 mm punch position to the original position. 

Table 3 
Generalized Schmid factor ( m ) and IGMA type of the six grains in Fig. 9 in the as-rolled state and at the 4.7-mm punch position. 

Grains 
2mm 4.7mm 

basal prism. m prism /m basal IGMA type basal prism. m prism /m basal IGMA type 

G1 0.21 0.39 2.3 Uniform 0.16 0.54 3.5 〈 0001 〉 
G2 0.26 0.43 1.7 Uniform 0.30 0.43 1.4 〈 uvt0 〉 
G3 0.31 0.45 1.4 〈 uvt0 〉 0.30 0.43 1.4 〈 uvt0 〉 
G4 0.23 0.50 2.2 Uniform 0.23 0.51 2.2 Uniform 

G5 0.33 0.42 1.3 〈 uvt0 〉 0.26 0.42 1.6 Uniform 

G6 0.09 0.50 5.5 〈 0001 〉 0.10 0.52 5.2 〈 0001 〉 

matic slip is suppressed ( 〈 uvt0 〉 -type distribution). Otherwise, 
a uniform or 〈 0001 〉 -type distribution of the in-grain misori- 
entation axis occurs, suggesting that prismatic slip is acti- 
vated. Because the CRSS ratio between prismatic and basal 
slips should be equal to the m prism /m basal ratio [71 , 72] , the 
CRSS prism / CRSS basal is estimated at ∼1.6. 

To obtain a more reliable estimation of slip modes in bend- 
ing, 100 grains, randomly selected from the tensile region, 
were examined using the IGMA method. Among these 100 

grains, 43 grains are predominantly deformed by basal slip 

as they are with 〈 uvt0 〉 -type distribution, whilst 22 grains are 
predominantly deformed by prismatic slip with 〈 0001 〉 -type 
distribution. The remaining 35 grains have uniform IGMA 

distribution, thus they are likely to be deformed by both basal 
and prismatic slip modes. The m basal and m prism /m basal of these 
100 grains are shown in Fig. 9 h. It is found that the prismatic- 
slip dominant grains have high m prism /m basal > 4.6. As a com- 
parison, the basal-slip dominant grains had low m prism /m basal 

< ∼1.5. Therefore, the examination of a large set of grains 
shows that the CRSS prism / CRSS basal is close to 1.5. 

3.4. Deformation mode analysis through in-situ 

characterization of tensile test 

Because the maximum strain that can be achieved in the in- 

situ bending test is limited, the short-processed sheet was de- 
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Fig. 8. (a) SEM image of the sample side surface after it was bent as the punch moved to the 4.7 mm position. The tensile and compressive plastic deformed 
regions and the elastic deformed region can be distinguished. The true strain distribution, from 0.039 on the outer surface to −0.043 on the inner surface, 
was calculated by FEM and illustrated. The neutral line is shown by the yellow dashed line, which is shifted toward the tensile region. Based on the grain 
orientation spread (GOS) map, the plastic deformed regions are segmented into 7 areas (labelled A-G), with a width of ∼50 um for each area. The GOS of 
7 plastic deformed areas and the elastic deformed area is provided. (b) In-grain misorientation axis (IGMA) analysis of the areas A–G. 

formed by a larger strain via an in-situ tensile test ( Fig. 10 a–
h). The crosshead of the tester has moved by 10%, 15%, and 

20% in terms of specimen gage length. However, by track- 
ing the surface features (blue arrows in Fig. 10 a and e), the 
actual elongation of the observed sample area is lower than 

the sample elongation measured by the cross-head. At 20% 

sample elongation, the observed surface areas are elongated 

by 13.6% and 10.0% for the short-processed and as-extruded 

samples, respectively. By measuring the reduction of white 
rectangles along the TD, the r -value can be calculated. The 
r -values measured from in-situ observation method is about 
2.13–2.22 and 0.55–0.69 for the short-processed sample and 

as-extruded sample, respectively. Similar to the measurements 
from the ex-situ mechanical tests, the r -value of the short- 
processed sample is much higher than that of the as-extruded 

sample. 
The surface observation also shows that the short- 

processed AZ31 sample has a much more uniform defor- 
mation than its as-extruded counterpart. As demonstrated by 

Fig. 10 i and j, in the as-extruded AZ31 sample, the deformed 

Grains I and II have much larger sizes than the surround- 
ing fine recrystallized grains. Based on the in-situ observa- 
tion ( Fig. 10 k and l), the deformation among the recrystal- 
lized grains (highlighted by the white rectangles) is more sig- 
nificant than the deformed Grains I and II. Fig. 10 l shows 

highly localized deformation between them (highlighted by 

the yellow arrow) and in-grain cracking in Grain I (high- 
lighted by the red arrow). Such a strain localization may 

be caused by the limited capability of plastic deformation 

of Grains I and II, and eventually becomes a shear band, 
which contains arrays of in-grain cracks, throughout the TD 

( Fig. 10 m). 
To reveal the deformation mode of the short-processed 

AZ31 sample, slip trace analysis was performed. Based on 

the EBSD result, the three Euler angles of particular grains 
selected from EBSD map can be obtained and input in the 
MATLAB code for slip trace analysis. By comparing the ori- 
entation of a selected trace with the 12 potential traces, which 

correspond to different slip systems. A detailed introduction 

to this method has been provided in Appendix 2 and the liter- 
ature [73 , 74] . In the in-situ tensile test, slip traces are predom- 
inantly found in the grains with a relatively high m basal value 
( > 0.3), and slip traces observed in these grains are identified 

to be basal slip traces ( Fig. 11 ). 
The non-basal-oriented grains, where slip traces can be 

observed, however, only take a small fraction of total grains. 
For the majority of grains, the slip traces are not observed but 
these grains are still significantly deformed. Fig. 12 shows a 
local area containing grains numbered 1–10, and this area was 
elongated by 16.2% (by tracking the surface features). Whilst 
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Fig. 9. (a–d) In-situ EBSD orientation maps of selected Grains G1–G6 in the tensile region during bending to 4.7-mm punch displacement. (e) Grain rotation 
angle of six selected grains as a function of punch position during bending. (f, g) Inverse pole figures showing IGMA distributions of each grain after bending 
to the (f) 2-mm and (g) 4.7-mm punch position. (h) The IGMA types, m basal , and m prism /m basal of 100 randomly selected grains from the tensile region after 
bending to the 4.7-mm punch position. 

Fig. 10. In-situ SEM observations of (a–d) short-processed and (e–h) as-extruded AZ31 samples when the crosshead of the tester has moved by (a, e) 0%, 
(b, e) 10%, (e, f) 15%, and (d, h) 20% in terms of specimen gage length. Surface features highlighted by the blue arrows were used to track the same 
area (highlighted by white rectangles). (i–l) Observation of as-extruded AZ31 during tensile tests at higher magnification. (i) EBSD orientation map, (j) 
corresponding KAM map, and (k, l) SEM images at 6.9%, and 10.0% elongation of a local area. White rectangles highlight recrystallized grains adjacent to 
deformed Grains I and II. Red and yellow arrows in (l) highlight an in-grain crack in grain I and severe deformation between grains I and II, respectively. 
(m) localized strain and cracking along the TD at 10.0% elongations of as-extruded AZ31 (highlighted by green rectangle). 
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Fig. 11. (a, b) Two SEM images of the short-processed AZ31 after it is elongated by 13.6% in SEM in-situ tensile stage. (c) EBSD orientation map of 16 
grains in which slip traces were identified. Based on their orientations, the trace direction of basal slip, prismatic slip (3 variants) and pyramidal II slip (6 
variants) can be obtained. By matching the potential slip traces with those observed in the SEM image, the slip traces are identified to be basal slip traces. 

only a few weak traces for basal slip can be observed in Grain 

1 (with a tilt angle of 35 ° to the ND and a high m basal value 
of 0.42), no slip trace can be observed in Grains 2–10 (whose 
tilt angle to the ND are within 20 °). Apparently, Grains 2–
10 are also plastically deformed. To reveal the deformation 

mode of these grains, the IGMA was used and it is shown 

that Grain 1 has a high intensity of misorientation axis around 

〈 10 ̄1 0 〉 , indicating the dominant operation of basal slip. As a 
comparison, Grains 2–6 have a uniform distribution of misori- 
entation axis, indicating that both basal and prismatic slips are 
operative. In contrast, Grains 7–10 have typical 〈 0001 〉 -type 
distribution, indicating the dominant operation of prismatic 
slip. The m prism /m basal ratios for Grains 1, 2–6, and 7–10 are 
0.9, 1.6–3.3, and 4.2–14.7, respectively ( Table 4 ). Therefore, 
similar to the analysis through in-situ bending test observa- 
tions, the deformation mode analysis via in-situ tensile test 
also suggests that prismatic slip should be activated in the 
grain where the m prism /m basal ratio is larger than 1.6. 

3.5. TEM characterization 

To validate the IGMA results, the nucleation and motion 

of 〈 a 〉 -type dislocations in a prismatic plane were directly ob- 
served using in-situ TEM straining under a two-beam imaging 

condition. A grain, whose crystal orientation is identified to 

be (100.4, 104, −26.3), was selected for dislocation analysis. 
The Euler angles of grain and Burgers vector of dislocations 
were identified by analyzing two invisible diffraction con- 
ditions ( Fig. 13 a and b). The tensile axis is nearly parallel 
to the 〈 10 ̄1 0 〉 axis, which is a representative case of tensile 
stretching of a basal-oriented grain in sheet alloy. With such 

a grain orientation, the m basal is only 0.015 for basal dislo- 
cation slip (01 ̄1 0)[ ̄2 110] but the m prism is 0.41 for prismatic 
slip, resulting in high m prism /m basal of 27.3. According to the 
IGMA shown in Sections 3.2 and 3.3 , the dominant disloca- 
tion mode of this grain should be the prismatic slip. Under 
g = 10 ̄1 1 diffraction condition ( Fig. 13 c), the dislocations 
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Fig. 12. In-situ observation of deformation and in-grain misorientation analysis of selected grains during tension. (a–d) SEM surface observation at the as- 
processed stage and subjected to 7.6%, 10.8% and 16.2% elongation. Red arrows in (a) highlight the surface features that have been used to track the same 
area in the black frames. The local strain is calculated based on the shape change of the black frames. (e, f) EBSD orientation maps at the as-processed stage 
and after 16.2% elongation. (g) Inverse pole figures showing IGMA distributions of each grain after 16.2% elongation. 

Table 4 
Schmid factor of the ten selected grains in Fig. 12 . 

Grain ϕ ( ◦) Slip trace Schmid factor 

Basal Prismatic m prism / m basal 

1 35 Basal 0.42 0.37 0.9 
2 18.4 No trace 0.28 0.45 1.6 
3 13.8 No trace 0.22 0.45 2.0 
4 17.9 No trace 0.19 0.40 2.1 
5 11.8 No trace 0.18 0.46 2.6 
6 19.1 No trace 0.14 0.46 3.3 
7 3.9 No trace 0.06 0.50 8.3 
8 10.6 No trace 0.03 0.44 14.7 
9 7.6 No trace 0.09 0.45 5.0 
10 13.4 No trace 0.11 0.46 4.2 

are visible. Several small loops on the prismatic plane were 
observed. The in-situ TEM characterization (Supplementary 

video 6) shows that they are transient sources, leading to in- 
tense dislocation multiplication and the formation of debris, 
most of the time small loops. Apart from 〈 a 〉 -type disloca- 
tions, some dislocations in Fig. 13 a and d are visible under 
g = 0002 two-beam condition, indicating that they are either 
[c] or 〈 c + a 〉 dislocations. Essentially, dislocations that are 
visible under g = 0002 condition are not frequently observed, 
and these [c] or 〈 c + a 〉 dislocations are not mobile during 

in-situ TEM characterization. 

In contrast, glissile prismatic dislocation slip was fre- 
quently observed. Snapshots of in-situ TEM observation (Sup- 
plementary video 6) show that two dislocations in the grain 

in Fig. 14 a–c have straight screw segments, indicating strong 

lattice friction. These two rectilinear 〈 a 〉 dislocations moved in 

the prismatic plane in opposite directions eventually leading 

to their annihilation at 0.92 s ( Fig. 14 b). Incomplete annihila- 
tion highlights however the presence of a sessile segment (in 

the red inset) that acts as a source from where the dislocation 

loop can spiral around. Such segments originate from the dou- 
ble cross-slip phenomenon, presumably from prismatic to the 
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Fig. 13. TEM images of as-processed AZ31 sheet at different diffraction conditions, (a) g 1 = 0002, (b) g 2 = 1̄ 013, and (c) g 3 = 10 ̄1 1. The most dislocations 
in (c) were invisible with g 1 = 0002 and g 2 = 1̄ 013, and therefore, the Burgers vector of these dislocations is [11 ̄2 0]. (d) visible dislocation and stacking 
fault under g = 0002 condition at higher magnification. Green arrows in (a) and (d) show visible dislocations under g 1 = 0002 condition, indicating that 
they are either [c] or 〈 c + a 〉 . The incident beam is nearly parallel to the [ ̄1 2 ̄1 0] of the matrix. The in-situ TEM images from Supplementary Video 6 were 
captured with diffraction condition of g 3 = 10 ̄1 1. 

Fig. 14. In-situ TEM image sequences and corresponding schematic illustration of dislocation behavior. (a, b) annihilation of rectilinear screw components of 
〈 a 〉 dislocations in the prismatic plane. In the inset (b) is shown a sessile segment that remains after annihilation and acts as a source of further dislocation 
(c–h). The incident beam is nearly parallel to [ ̄1 2 ̄1 0] of the matrix, and g = 10 ̄1 1. 

basal plane, due to solute atoms and precipitates, similar to 

what was observed in body-center cubic metals [75 , 76] . Dur- 
ing multiplication, the strong screw/edge mobility anisotropy 

leads to the formation of a long screw dipole trailed by a 
curved faster edge segment, as demonstrated in Fig. 14 c–h. 
Along its path ( ∼150 nm between 15.62 s and 15.64 s) the 
edge dislocation is pinned by a nano-particle ( Fig. 14 e–g). 
After 23.98 s, the prismatic loop bypassed the nano-particle 
and the screw component became rectilinear again ( Fig. 14 h). 

The dislocation nucleation, motion, and annihilation shown in 

Fig. 12 a–h repeatedly happen with deformation. 
Given that the particles have an interaction with disloca- 

tions and thus affect the plastic deformation of the short- 
processed AZ31 sample, they are further characterized using 

STEM and EDX ( Fig. 15 ). These particles have a spherical 
shape. Measured by ImageJ software, the size of particles 
is about 17.8 ± 6.3 nm in diameter. The EDX mappings 
show that these particles are predominantly Al-Mn particles. 
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Fig. 15. (a) bright field and (b) high-angle annular dark field images, and EDX elemental mapping of (c) Mg, (d) Al, (e) Mn, (f) Zn element in the 
short-processed AZ31 sheet. 

The existence of Al 8 Mn 5 particles has been widely reported 

in Mg-Al-(Zn)-Mn alloys [77–79] . The volume fraction of 
Al-Mn nano-particles, obtained from thermodynamic (PAN- 
DAT® version 2020) calculation, is about 0.25%. This value 
is consistent with the previous publication [80] . 

4. Discussion 

Based on the in-situ SEM, EBSD and TEM observation in 

bending and tensile testing, the origin of appreciable ductility 

and high bend formability in the strong-basal-texture AZ31 

sheet can be discussed. In previous studies, the high ductil- 
ity and formability of Mg alloys have been commonly inter- 
preted as the result of texture weakening [9] , heterogeneous 
grain size [48 , 81] , GBS [30] , twinning [82 , 83] and enhanced 

activity of pyramidal 〈 c + a 〉 dislocation [33] . Apparently, the 
bendable AZ31 sheet in this study has a strong basal texture 
and uniform grain size, but the grain size ( ∼4.8 µm) is too 

large for GBS to be the dominant deformation mode in AZ31 

at room temperature [51] . Due to the strong basal texture, 
extension twins form predominantly within the compression 

regions, and thus can hardly contribute to the plastic defor- 
mation of the tensile region. As demonstrated by the FEM 

simulation ( Fig. 4 ), the total strain of the tensile region is 
even larger than the compression region. Therefore, the mech- 
anism of the high bend formability should be more related to 

dislocation slip, rather than twinning. Regarding basal slip, it 
operates in the soft-oriented grains, as demonstrated by basal 
slip traces. However, these grains only take a minor fraction 

of all deformed grains. Numerous grains were deformed but 
without any visible slip traces. Regarding 〈 c + a 〉 disloca- 
tion, the observation of dislocations with a c -component was 
marginal compared to 〈 a 〉 dislocations. As shown Fig. 13 , 
these dislocations with c -component do not move during in- 

situ TEM characterization. Furthermore, it has been reported 

that Al and Zn elements are detrimental to 〈 c + a 〉 cross-slip 

thus limiting their multiplication by the same mechanisms ob- 
served here for prismatic slip [33] . Therefore, 〈 c + a 〉 slip is 
unlikely to be the main reason for the enhanced ductility and 

bend formability of the AZ31 sheet. 

4.1. CRSS ratio effect 

Herein, an alternative explanation is proposed that for the 
strong-basal-texture Mg sheet alloys, the highly active and 

mobile 〈 a 〉 -type dislocations, particularly those loops slipping 

on the prismatic crystal planes, are critical to the sheet ductil- 
ity and bend formability. Although prismatic slip was previ- 
ously reported to be a major deformation mode in the strong- 
basal-texture Mg [71 , 72] , how the prismatic slip originates 
and how to manipulate the prismatic slip activity to achieve 
higher formability are still unclear. Based on the experimen- 
tal observation, it is now clear that prismatic slip forms from 

the small dislocation loops on prismatic planes, and the low 

CRSS prism / CRSS basal ratio is proposed to be an important rea- 
son for the active prismatic slip. Koike et.al. proposed that the 
higher prismatic slip activity in the fine-grained Mg alloy is 
caused by higher amount of grain boundaries which enhance 
compatibility stress at grain boundaries [84] . For quantita- 
tively assessing the microstructural effect on prismatic slip, it 
was proposed that the effective CRSS of any dislocation slip 

system is not only depending on its intrinsic CRSS value, 
τ c , which is normally measured from single crystal, but is 
also affected by internal reaction stress caused by disloca- 
tions, grain boundaries, and second-phase particles [85] . The 
dislocation can glide only when the effective CRSS is larger 
than the intrinsic CRSS plus the internal reaction stress. The 
magnitude of the internal reaction stress should be similar to 

different slip systems [85] . Effective CRSS ratio is 

CRSS prism 

CRSS basal 

= 
τc,prism + τdis + τpart icle + τgb 

τc,basal + τdis + τpart icle + τgb 

(3) 
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where τ dis , τ particle , and τ gb are the terms for the internal 
shear stress by dislocations, particles, and grain boundaries, 
respectively. 

The internal reaction stress caused by grain boundary, τ gb , 
could be expressed by a modified version of the Hall-Petch 

relationship in terms of grain size D (4.8 µm, measured by 

EBSD), 

τgb = 
k 

M 

√ 

D 

(4) 

where coefficient k equals 281 MPa/ µm 
1/2 for AZ31 rolling 

sheet [47] and M is the Taylor factor ( M = 2.5) [86 , 87] for 
strong-basal-textured Mg. The grain boundary hardening, τGB , 
was calculated to be 51 MPa. 

The internal shear stress caused by particles, τ particle, can 

be expressed using the Orowan equation [88] , 

τparticle = 
Gb 

2π
√ 

1 − ν( 0 . 779 √ 
f 

−0 . 785 )D P 

ln 

(

0. 785 
D P 

b 

)

(5) 

where ν is Poisson’s ratio ( ≈0.289) [89] , and b is the mag- 
nitude of Burgers vector of dislocation. Eq. (5) is based on 

the assumption that the uniformly-distributed Al-Mn nano- 
particles have spherical shape [80] , and the aspect ratio effect 
on dislocation slip, as reported in previous studies [13 , 88 , 90] , 
is marginal. Given the dislocations in the short-processed 

AZ31 are found predominantly basal 〈 a 〉 and prismatic 〈 a 〉 
type dislocations, Burgers vector with b = 0.32 nm for the 
basal slip can be used. G is the shear modulus (17 GPa). D P 

is the mean planar diameter of the precipitate, ∼17.5 nm on 

average, which was directly measured from the STEM im- 
ages ( Fig. 15 ). The volume fraction of Al-Mn nano-particles, 
f, can be obtained from the thermodynamic calculation, about 
0.25%. The resultant τ particle is then calculated to be 14 MPa. 

The internal reaction stress caused by dislocations, τ dis , 
can be calculated using the Taylor relationship [91] 

T dis = αGbρ1 / 2 (6) 

where ρ is dislocation density, measured by aforementioned 

e-CMWP method, about 5 × 10 
13 m 

−2 . Then, the τ dis was 
calculated to be only 7.7 MPa, when coefficient α equals 
0.2 [91] . It should be noted that the strain-hardening effects 
caused by the entanglement of basal-basal dislocations and 

basal-prismatic dislocations are different, even though both 

basal and prismatic dislocations have the same Burgers vector 
( a ). However, the constant α is different for different types of 
dislocation interaction is different: for Mg deformed at room 

temperature, the measured α value is 0.2 for basal-basal dis- 
locations interaction and 1.0 for basal-prismatic dislocation 

interaction [92] . Given that the basal and prismatic disloca- 
tions slips are the two predominant modes, two extreme sce- 
narios are hypothesized: when the dislocation interaction is 
fully basal-basal interaction, then the τdis was calculated to 

be only 7.7 MPa. When the dislocation interaction is fully 

basal-prismatic interaction, then the τ dis was calculated to be 
only 38.5 MPa. Therefore, the τ dis should be in the range 
between 7.7 MPa and 38.5 MPa. 

Having calculated the values of τ dis , τ particle , and τ gb based 

on Eqs. (3) –(6) , the effective CRSS prism / CRSS basal ratio of the 
short-processed AZ31 sheet was calculated to be between 1.4 

and 1.6, depending on the fraction of basal-basal and basal- 
prismatic dislocation interaction. This is very close to the 
IGMA result (1.5 ∼1.6) based on the in-situ EBSD character- 
ization. However, at the current stage, it is very challenging 

to quantitatively identify the fraction of basal-basal and basal- 
prismatic dislocation interaction, but the calculation shows a 
similar values of CRSS prism / CRSS basal ratio, regardless of how 

dislocations interact with each other. This situation happens 
when other factors, such as grain boundaries, are the major 
contributor to the hardening effect. 

In addition to the good agreement in this study, Fig. 16 a 
shows that the calculated CRSS prism / CRSS basal values are 
also close to those reported in the literature [93 , 94] when 

the dislocation density of the annealed Mg and AZ31 al- 
loy is estimated to be about 1 × 10 

13 m 
−2 [95 , 96] . The 

low CRSS prism / CRSS basal value of short-processed AZ31 sheet 
measured and calculated in this study can also be sup- 
ported by the high anisotropy r -value measured from in-situ 

( ∼2.2) and ex-situ ( ∼2.0) testing, as significant prismatic 
slip is responsible for the high anisotropy of strong-basal- 
textured Mg alloy [26 , 71 , 72] . Polycrystal plasticity simula- 
tions of AZ31 sheet indicate a strong relationship between 

CRSS prism / CRSS basal and the predicted r -values, and show that 
CRSS prism / CRSS basal value is about 1.5 when the r -value is ∼2 

in the tensile testing along the RD [72] . 
Fig. 16 b further illustrates that the activity of prismatic 

slip can be effectively enhanced by grain boundary hard- 
ening when the residual strain is low and the particle 
hardening effect is marginal. With larger grain sizes, the 
CRSS prism / CRSS basal ratio becomes much higher when the dis- 
location density is low. This can well explain the lower forma- 
bility in bending of fully anneal Mg alloy sheet reported in 

the literature [3] , which normally has a much larger grain size, 
e.g. 50 µm in diameter [97] . Therefore, grain refinement is 
desired to reduce the CRSS prism / CRSS basal ratio and enhance 
the sheet ductility and bend formability. 

4.2. Residual strain effect 

By examining the elongation data about a large amount of 
rolled and extruded Mg alloys (data compiled from Ref. [9] , 
a general trend of decreasing elongation with the larger grain 

size can be observed, when the grain sizes of alloy are larger 
than ∼30 µm ( Fig. 17 a). This phenomenon can be justified 

with the finding of this study that larger grain leads to higher 
CRSS prism / CRSS basal ratio and thus lower activity of prismatic 
slip. However, Fig. 17 a also shows that smaller grains do not 
necessarily lead to higher elongation. Instead, the high elon- 
gation occurs frequently with the grain size between 10 and 

20 µm. For the extruded and rolled AZ31 alloy ( Fig. 17 b), 
the highest elongation occurs when the grain size is ∼15 µm. 
When the AZ31 alloys reported in the literature have grain 

sizes of ∼5 µm, the ductility is much lower. 
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Fig. 16. (a) Data shows a good match about the CRSS prism / CRSS basal ratio in this study and literature [93 , 94] . (b) CRSS prism / CRSS basal ratio as functions of 
grain size and dislocation density, and the increment in shear stress by dislocations as a function of dislocation density. 

Fig. 17. Data from the literature review [9] about elongations and grain sizes of (a) Mg extruded and rolled alloys and (b) specifically AZ31 alloy extruded 
and rolled under different conditions. 

In order to clarify the factor that causes lower ductility 

with the small grain size reported in the literature, the ultra- 
fine-grained AZ31 developed in our previous study [51] is 
revisited and used as a representative to compare with the 
short-processed AZ31 in this study. This low-temperature- 
extruded AZ31 also have equiaxed grains with an average 
grain size of 0.65 µm in diameter [51] . However, its micros- 
train and residual dislocation density are much higher than 

those of the short-processed AZ31 in this study, revealed 

by XRD characterization. Using Eq. (2) , the microstrain of 
the low-temperature extruded AZ31 is 0.0153 ( Fig. 18 a), 
about 3 times more than that of the short-processed AZ31 

in this study (0.004). By fitting the XRD spectrum of low- 
temperature extruded AZ31 sample using the aforementioned 

e-CMWP method, the dislocation density is estimated to be 
∼5.3 × 10 

14 m 
−2 ( Fig. 18 b), 10 times higher than that of 

the short-processed AZ31 in this study ( ∼5 × 10 
13 m 

−2 . 

With such a higher dislocation density, the hardening caused 

by residual strain τ dis is increased to 27 ∼135 MPa in the 
low-temperature extruded AZ31 sample, and its strain hard- 
ening capacity during subsequent tensile testing is greatly 

reduced (demonstrated by low strain hardening exponent of 
0.05 [51] whilst the low strain hardening exponent of short- 
processed AZ31 is 0.16). The high residual strain should limit 
the ductility of the ultra-fine-grained AZ31 extrusion. 

Regarding CRSS prism / CRSS basal ratio effect, the 
CRSS prism / CRSS basal ratio of the ultra-fine-grained AZ31 

extrusion (1.20 ∼1.30) is just slightly lower than that of 
the short-processed AZ31 alloy (1.40 ∼1.58). Therefore, 
the CRSS prism / CRSS basal ratio should not be the reason, 
when the significant difference in ductility between the 
low-temperature-extruded and short-processed AZ31 alloys is 
discussed. This also suggests if high density of dislocations 
and precipitates have already induced significant hardening, 
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Fig. 18. (a) Calculation of micro-strain based on the peak broadening using the Williamson–Hall method and (b) experimental measured and CMWP-fit XRD 

spectra of low-temperature-extruded AZ31 in our previous study [51] . 

the grain size effect on the relative activity of slip modes is 
expected to be insignificant. 

In metal engineering, simultaneously achieving refined 

grain size and low residual strain in a uniform manner 
is technically challenging. The refinement of grain size by 

severe plastic deformation [98] or low-temperature extru- 
sion [51] inevitably induces high residual strain, but post- 
deformation annealing often leads to significant grain growth. 
This study provides a feasible approach to overcoming the 
tradeoff between residual strain and grain size. In Mg al- 
loy, grain refinement does not necessarily decrease ductil- 
ity. Instead, higher plasticity could be achieved with finer 
grain size [43] , due to relatively easier activation of prismatic 
slip to basal slip and more uniform strain distribution dur- 
ing plastic deformation [99] . In this study, the Al-Mn nano- 
particles should also play an important role. Although the 
particle effect on decreasing the effective CRSS prism / CRSS basal 

ratio is much less significant than the grain boundary effect, 
the pre-existing 〈 a 〉 screw dislocations were likely to bypass 
the nano-particles during motion, leaving debris that leads 
to easy multiplication. The mechanism of dislocation mul- 
tiplication from loops on the prismatic plane has been re- 
ported by Couret et al. [100] . Apparently, the Al-Mn nano- 
particles provide numerous sites for generating dislocation 

loops, which in turn are the sources of mobile prismatic dis- 
location slip. The enhanced activity of prismatic 〈 a 〉 disloca- 
tions can thus effectively accommodate plastic deformation 

in basal-oriented grains, should enhance ductility and bend 

formability. 
The effective operation of prismatic slip provides a mini- 

mum of four independent slip systems, and can accommodate 
appreciable plastic strain when deformation along the RD is 
the major mode, as demonstrated in this study. It should be 
noted, however, when the deformation along the ND is dom- 
inant, a fifth independent slip mode (e.g. 〈 c + a 〉 slip) is 
required to allow crystals to compress along their c -axis to 

achieve appreciable formability in the strong-basal-textured 

Mg alloy sheet [72] . Alternatively, the basal texture should 

be weakened, allowing the active basal slip to accommodate 
strain along the ND. In previous studies [23 , 101] , the high 

stretch formability in cupping test was achieved in a Mg- 
Al-Sn [23] and Mg-Al-Zn-Ca [101] alloy sheets, reportedly 

due to high prismatic slip activity. However, these Sn- and 

Ca-containing alloy sheets had much weaker basal texture 
than AZ31 alloy sheet. Therefore, whether the texture weak- 
ening or enhanced prismatic slip activity is the key factor for 
the improved stretch formability needs to be further clarified. 
Nevertheless, for the applications that high ductility and bend 

formability, rather than press formability, are required (e.g. 
hemming process in the automotive manufacturing), it is not 
mandatory to weaken basal texture [28] , refine grain size to 

submicron scale under extreme processing conditions [30] , or 
decrease alloying concentration to very dilute levels [31] . In- 
stead, the key to achieving high bend formability of the sheet 
is to simultaneously minimize residual strain and keep the 
refined grain size uniformly around several microns via opti- 
mizing the combination of strain, strain rate, and temperature 
in the manufacturing process. It is proposed that different to 

conventional rolling, which starts from as-cast ingot and with 

cold rolling wheels, the simultaneously achieving low residual 
strain and refined grains of the as-rolled sheet in this study is 
caused by the combined effects of refined microstructure of 
feedstock, i.e. the plate which has already extruded at high 

temperature and by large strain, as well as warm tempera- 
ture during deformation (around 210 ∼260 

◦C), by i.e. in-line 
heating of rolling wheels and supports. The in-line heating 

has promoted the dynamic recovery and recrystallisation, but 
avoid grain growth. The this manuscript has demonstrated that 
it is possible to simultaneously achieve low residual strain and 

refined grains, but the optimized processing parameter is still 
to be determined in future studies. 

5. Conclusions 

In this study, a short manufacturing process, which is com- 
posed of a large-strain extrusion and subsequent warm rolling, 
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is developed to produce ductile and bendable AZ31 thin sheet. 
The bending deformation is simulated using FEM. Its defor- 
mation mode during tensile and bend tests is investigated by 

monitoring its microstructural evolution using multi-scale in- 

situ SEM, EBSD, and TEM. The main conclusions are listed 

as follows. 

(1) The short-processed AZ31 sheet is ductile and exhibits 
outstanding formability in bending tests even with- 
out annealing. The strength and total elongations are 
224 MPa and 27%, respectively, higher than those of 
its as-extruded counterpart. Its minimum bend radius is 
as small as 0.2T in the 90 ° cold bending test, much 

smaller than that of the as-extruded strip ( ∼3.3T). 
(2) The short-processed AZ31 sheet withstands bending- 

flattening and then reverse bending with a small bend- 
ing radius (4T). In the compression region of the sam- 
ple, extension twin bands formed during bending, but 
they disappeared via detwinning upon flattening. The 
detwinning alleviated the local high strain associated 

with the twin bands and led to slowly increased and 

uniformly distributed strain, allowing the possibility of 
further bending. 

(3) The short manufacturing process can simultaneously 

achieve refined grain size and low residual strain uni- 
formly, by comparing with the AZ31 extruded and 

rolled under different conditions. Such a microstructure 
leads to an appreciable work hardening capacity and 

uniform plastic deformation in the subsequent tension 

and bending, and therefore postpones the occurrence of 
in-grain cracking and strain localization along the TD. 

(4) For the AZ31 sheet with a strong basal texture, the 
appreciable ductility and outstanding bend formability 

originate from the significant 〈 a 〉 -type dislocation loops 
slipping on the prismatic crystal planes within dynamic- 
recrystallized grains that are refined to several microns. 
The active prismatic dislocation slip was caused by 

its much lower relative activation stress to basal slip 

(CRSS prism / CRSS basal of only ∼1.6) owing to the ef- 
fective grain boundary hardening. The prismatic dislo- 
cation activity is further enhanced when they bypass 
Al-Mn nano-particles during motion, leaving debris that 
leads to easy multiplication. 
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