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Abstract

Twinning process and dislocation characteristics were determined by means of quasi in-situ
electron backscatter diffraction and high-resolution transmission electron microscopy techniques
in a rolled AZ31 magnesium alloy under different strain paths (compression along rolling
direction and tension along normal direction). It is demonstrated that the activation of different
twin variants depends on the strain path, and thus these twin variants can further induce different
texture characteristics. In addition, two independent slip systems were activated during
deformation of both strain paths. However, the dislocation slip modes of the two kinds of

deformation are different, resulting in different stress-strain response.
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1. Introduction

Magnesium alloys are important materials for various technological applications, such as
in the automotive components [1, 2], electronic products [3] and aerospace industry [4]. However,
magnesium alloys usually have poor mechanical property and a lack of formability, which limits
their suitability for many applications [5-8]. Thus, understanding the deformation mechanisms of
magnesium alloys is an active area of recent research.

Compared with cubic structures such as face-centered cubic (FCC) and body-centered
cubic (BCC), the hexagonal close packing (HCP) structure has lower symmetry that contributes
to its deficiency in formability. The most common slip mode reported for the HCP structure is the
basal <a> slip [9-11]. However, the basal <a> slip provides only two available independent slip
systems, out of the necessary five. Thus, non-basal slip modes including prismatic <a> slip and
pyramidal <c+a> slip are required to satisfy the von Misses criterion during plastic deformation
[12-16]. In addition to activation of slip systems, twinning is a critical plastic deformation mode
for magnesium alloys. In magnesium, the {10-12} tensile twinning mode has been observed
frequently at room temperature due to its low critical resolved shear stress (CRSS) [17-19]. This
twinning system can be activated under two strain conditions, i.e., compression perpendicular to
the c-axis of the HCP unit cell or tension parallel to the c-axis [20-23]. The twinning system can
accommodate extension along the c-axis and lead to an 86.3° rotation of the crystal axis around a

<11-20> direction [24, 25]. Therefore, in polycrystalline magnesium alloys, the mechanical



response and the evolution of texture during straining are affected by the relationship between
initial texture and strain path [24, 25].

For the commonly used wrought magnesium alloys, which have a strong basal texture
[26-28], it possible for various deformation behaviors to occur during different strain paths. In a
textured magnesium alloy, the directionality of twinning results in strongly anisotropic mechanical
behavior [29, 30]. One of the consequences of twinning is that the reorientation of grains can
influence subsequent slip [31-33]. Although extensive work has been conducted on twinning
behavior in different textured materials and under various loading conditions, the activation of
specific slip modes in both matrix and twin in polycrystalline magnesium alloys under different
deformation conditions still remains unclear.

In the current work, the twinning behavior and dislocation characteristics of a rolled AZ31
magnesium alloy were investigated under different loading conditions at room temperature.
Electron backscatter diffraction (EBSD) orientation examination was performed to observe the
evolution of microstructure and crystallographic orientation during the interrupted deformation
process, and changes in dislocation types after twinning were observed in details using
high-resolution transmission electron microscopy (HRTEM) technique.

2. Experimental procedures

The material employed in the current study was rolled AZ31 (Mg-3%Al-1%Zn, wt%)
magnesium alloy sheet. To reduce dislocations or residual stress that might be introduced during
sample preparation, the initial material was annealed at 350 °C for 2 hours. The thickness of initial
sheet is 20 mm. Compressive and tensile specimens were machined from the plate along the RD

and ND, respectively, as shown in Fig. 1a. Compression tests along the RD were carried out on 10



x 10 x 12 mm?® (TD x ND x RD) cubes. Tensile tests along the ND were performed on dog-bone
shaped specimens with a gage length of 8 mm, a width of 4 mm, and a thickness of 10 mm. The
more detailed dimensions of the testing specimens are shown in Fig. 1b and c. A CMT 5150
machine was used for straining. The compressive and tensile samples were loaded in displacement

control. Both two tests were carried out at room temperature and at a strain rate of 10°%s™.

(a) TD

RD

ND

(b)

Fig. 1 Schematic configuration showing (a) the rolled sheet and orientations of uniaxial

compression and tension samples used in mechanical tests, (b, ¢) specimen configuration and

dimensions.

The microstructure and texture were characterized by a JEOL-7800F scanning electron

microscope operated at 20 kV, and the dislocations structure were characterized by a FEI Tecnai

TF30 scanning transmission electron microscope operated at 300 kV. Sample preparation for

EBSD investigations included sectioning, grinding, mechanical polishing and finally

electrochemical polishing with the AC2 commercial electrolyte. The specimens for HRTEM

observation were mechanically ground to a finial thickness of ~150 um, followed by ion-milling



with liquid nitrogen cooling. Accelerating voltages of ion-milling decreased gradually from 5.0 V
to 0.5 V and incident angle from 5° to 0.4°.

3. Results and discussion

3.1 Mechanical behavior and microstructure evolution

According to prior reported in the literature [6-33], to ensure the presence of twins in the
deformed structures, the uniaxial compressive test was performed to 1.7% strain and the uniaxial
tensile test was performed to 2.4% strain, respectively. In order to analyze the microstructure and
texture characteristic of the AZ31 magnesium alloy, regions split by boundaries (grains and twins)
are distinguished by colors related to their orientations. In theory, twinningis strongly dependent
on the initial matrix orientation with respect to the external loading direction: {10-12}<11-20>
tensile twin is in favor of nucleation when the c-axis is subjected to a tensile loading, while
{10-11}<1-210> contractive twin is in favor of nucleation when the c-axis is subjected to a
contractive loading. Thus, in the current work, based on the initial orientation of material and
loading directions, only {10-12} tensile twins are considered to be activated. Besides, the
twinning deformation also displays a strong grain size and temperature effect [25-30]. In the
current work, the materials used in all tests were cut from the same identical rolled sheet. Thus,
these factors will be ignored.

Fig. 2 and 3 illustrate the engineering strain-stress curves for room temperature tests
performed until failure under compression along RD (Fig. 2) and tension along ND (Fig. 3). In
order to confirm the consistency of the results, the test for each strain path was repeated six times
to check repeatability. The observed concave-down shape of both strain-stress curves in the early

deformation stage is typical for textured magnesium and its alloys under twinning dominated



deformation [27, 30]. Although the early deformations under compression along RD and tension
along ND was dominated by the {10-12} tensile twinning, their deformation features in the two
deformation modes were different. The yield strength (c,) and ultimate strength (oys) of material
during compression along RD are ~ 73 MPa and ~380 MPa, respectively, which are higher than
those during tension along ND (o, = ~ 64 MPa, and oys = ~324 MPa), however, the ductility () is
lower (~9.5% for compression along RD, and ~ 24.0% for tension along ND).

Generally, there are only two independent slip systems in magnesium alloys, thus
theoretically the alloys will exhibit low ductility. However, the two engineering stress-strain
curves shown above revealed comparatively good extensibility in both strain paths, which is
caused by twinning accormmodation. Here, the strain accommodated by twinning was calculated

from the area fractions using the formula [31]:

1
“max = \/; Viwin @)

in which s is the twin shear and Vyn is the volume fraction of the corresponding twin mode
(assumed to be equal to the area fraction of twins).

The characteristics of twins for compression along RD and corresponding texture were
shown in Fig. 2a and b. Compared with original microstructure, twins appeared in most of the
parent grains after compression, and the twin lamellae generated in a grain almost traversed the
grain and are parallel to each other. The textures measured before and after deformation also show
very considerable change. It can be observed that the initial basal texture component (c-axis
parallel to ND) has weakened and the newly generated RD basal component appeared (c-axis
parallel to the RD). These newly generated texture components can be ascribed to {10-12} tensile

twinning, which rotates the c-axis by 86.3° and the tensile twinning can re-orientate the main



texture component to align with the loading direction.
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Fig. 2 Engineering stress-strain curve when compressed along RD, and evolution of

microstructure and texture in (a) initial sample and (b) sample deformed to 1.7% strain.

Micrographs illustrating the twin characteristics during tension along ND, are presented in
Fig. 3. Compared with compression along RD where the twins developed in most grains were
parallel to each other, the twins that occurred in a grain were complicated under tensile loading
along ND. It was observed that some twin lamellae generated in a grain were parallel to each other
and almost traversed the parent grains. However, other parts of twins did not propagate completely
across the parent grain: instead, they terminated within the grain or were divided into sections by
the matrix or other twins. The formation of such twin characteristics can be illustrated as follows.

Tensile twinning can theoretically occur within a grain on any of the six {10-12} planes, and these



twin variants can be presumed to be generated where the resolved shear stress exceeds the critical
value 1. [34-37]. Once more than one twin variant nucleates in a specific parent grain, the
following two situations may occur: one twin will be created first, after which the second (or even
third) twin will be formed at larger strains; or these variants start to be generated at the same time.
In addition, in comparison with the evolution of texture during compression along RD (shown in
Fig. 1), it can be observed that new texture components are located symmetrically between RD
and TD (c-axis evenly distributed in the plane that is perpendicular to the ND). As noted above,
the different characteristics of twined texture are due to the activation of various twin variants

under different loading conditions, which will be discussed below.

Tension along NDI

300

100

Strain

Fig. 3 Engineering stress-strain curve during tension along ND, and evolution of microstructure

and texture in (a) initial sample and (b) sample was deformed to 2.4% strain.



Generally, since the local stress concentration is likely to occur at grain boundaries during

deformation, twinning begins with the formation of a nucleus that is always located at a grain

boundary [38, 39]. Furthermore, with the increase in strain, different twin variants will exhibit

different deformation characteristics. For the same twin variants in most grains that always occur

in parallel relationship, they will gradually contact each other, and then merge into one grain until

the matrix is completely consumed [23, 39]. On the contrary, for the different twin variants

nucleated in a grain that intersect each other, the growth of one twin variant will be limited by

other twin variants. Ultimately, the grain will be divided into several small sections by these twin

variants [26, 36].

Ideally, tensile twin in magnesium is possible on six equivalent {10-12} twinning planes

with a specific shear direction of <10-11> [20], i.e. (10-12)[-1011], (1-102)[-1101], (0-112)[0-111],

(-1012)[01-11], (-1102)[10-11], (01-12)[1-101], respectively [40-42]. For convenience of

distinction and presentation, the crystallographic orientations of the above six variants are encoded

as V1 to V6. For grains, once the matrix orientation is fixed, six theoretical twin variants can be

determined. Therefore, by comparing the experimental twin variant orientation with the six

calculated variants above and finding the closest match, the twin variant can be identified [34].

To identify activated twin variants more clearly, all Euler pattern maps of two deformed

samples were plotted, as shown in Fig. 4a and b. This pattern uses an Euler angle based color scale

(i.e., similar colors indicate similar orientations). The overwhelming majority of twins are parallel

to each other and have the same color during compression along RD, as shown in Fig. 4a,

indicating that they fall into the same variant. Meanwhile, occasionally, two twin variants were

observed in some grains (but there is a significant difference in the volume fraction between these



two variants), such as twins in grains 4 and 6 in Fig. 4a. During tensile loading along ND, lots of

twins intersect each other and they exhibit the different colors, indicating that the different twin

variants were formed during this loading condition, as shown in Fig. 4b. These results suggested

that twin variant selection is not random, but quite restricted.

Several grains in which different twin variants were detected in all Euler maps were

chosen for further investigation. In addition, four grains are selected as an example to analyze the

twin variant, as shown at higher magnification in Fig. 4. The corresponding {0001} pole figures of

different grains were also shown below the micrographs. Here, the potential twin variants formed

on the {0001} plane for different matrix pole points were shown as the V1 — V6 (red diamond

mark in the pole figures). Furthermore, unit cells of twin variants and matrix were displayed in the

corresponding pole figures. During compression along RD, in grain 1, there is just one twin

variant observed in the matrix, which was equal to the theoretically calculated V2 of the parent

grain. On the other side, two twin variants were identified in grain 4, which were equivalent to the

V4 (T1) and V5 (T2). However, these two variants are significantly different in size, that is, the

nucleation of two variants appears to be sequential rather than simultaneous. During tension along

ND, in grain 7, three different variants can be identified according to their orientation, where T1

belonged to the theoretical calculated V3 of the matrix grain, T2 belonged to the V5, and T3

belonged to the V4, respectively. These three twin variants intersect each other. In grain8, four

twin bands can be observed in the matrix, and they are seemly parallel to each other. Three of

them (T1 that is displayed in light grey) were confirmed to be V2, whereas the other twin lamella

(T2 that is displayed in dark green) was confirmed to be V4. This indicates that different twin

variant pairs in morphology sometimes exhibit in parallel relationship.
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Grain 1

Fig. 4 All Euler maps of two samples under different strain paths: (a) compression along RD, (b)

tension along ND.

In order to illustrate the generation of different twin variants during strain path change,

Schmid factor (SF) analysis is employed to understand the activated mechanism of different twin

variants under two loading conditions. Based on the matrix orientations of selected 12 grains

shown in Fig. 4, m values of six possible twin variants (see Table 1) were calculated.

For the strain path of compression along RD, comparing the m values corresponding to

each observed twin in six grains, the most predominant twin variants are found with higher m

values (the m values of activated twin variant are highlighted in red). Here, three aspects should be

noted. In the first place, although the m values of six variants in grain 1 are relatively low (the

highest m value is less than 0.3), the twins can still be nucleated. This indicates that tensile

twinning can easily be produced during the deformation process. Actually, some researchers have



performed the related calculations in single crystalline magnesium and pointed out that the stress

needed to produce the {10-12} tensile twin is quite low (about 2~2.8 MPa) and would be less than

2% of the applied stress [43, 44]. In the second place, twin variants with the first and second

highest SFs were observed in grain 4. However, it is easy to see that V4 with the highest m value

dominates the twinning characteristics. This suggests that when two variants are present in a grain,

the one that has larger m value is more likely to be nucleated and subsequently grow. In the third

place, the m values of some twin variants in grains 1, 4, 5, 6 are less than zero, indicating that

these variants are in the suppressed state during the twinning process. The activation of twinning

is polar and can be activated only when the m value is positive [45]. For the strain path of tensile

loading along the ND, the m values of all six twin variants were relatively high (greater than 0.3 in

most grains: see grains 7 - 12 in Table 1). According to the SF criterion, all three twin variant pairs

can be possibly activated. However, it is noted that some grains have less than three activated twin

variants. These deviations result from the experimental basal texture formed in the initial material

which the c-axis of some matrix grains deviated from the ND. Furthermore, due to the fact that

c-axis of six twin variants is evenly distributed over the RD — TD plane, the pole point in twined

regions is located randomly in the RD — TD plane (as illustrated in Fig. 3) [20]. It can be deduced

from the results above that the tensile twinning is mainly governed by the SF criterion. In general,

the fact that the different SFs for the two strain paths is the reason for the activation of different

twin variants.



Table 1. SF values (m) of different twin variants and their activations in the twelve grains in

compression and tension specimens.

m values of different twin variants Activated
Grains

V1 V2 V3 V4 V5 V6 twin variant
1 0.109 0.167 -0.143 0.061 0.113 -0.148 V2
2 0.128 0.498 0.121 0.128 0.499 0.122 V5
3 0.497 0.154 0.097 0.496 0.153 0.098 V4
4 0.344 0.256 -0.025 0.374 0.282 -0.029 V4, V5
5 0.164 0.341 -0.044 0.131 0.297 -0.055 V2
6 0.323 0.361 -0.023 0.3 0.337 -0.024 V2
7 0.42 0.45 0.414 0.382 0.438 0.44 V3, V4,V5
8 0.388 0.394 0.302 0.356 0.41 0.35 V2,V4
9 0.476 0.466 0.47 0.472 0.44 0.448 V3, V4,V5
10 0.252 0.287 0.107 0.21 0.306 0.168 V1,V2
11 0.496 0.497 0.497 0.494 0.487 0.488 V1,V3,V5
12 0.375 0.276 0.347 0.395 0.327 0.378 V4,V5

3.2 Effect of twinning on deformation behavior

As displayed in the section 3.1, different twinning textures were introduced during loading

along different directions. Such twinning textures may give rise to different activation of slip

systems. To study slip behavior in matrix and twins under two loading conditions, HRTEM



technique was employed to observe the activation of different slip systems. Before that, to better
capture dislocation morphology, two samples were deformed to higher strains: the compressive
test was performed to 4.8% strain and the tensile test was performed to 6.5% strain. In addition,
two main slip systems are considered: basal <a> slip and prismatic <a> slip. Pyramidal <c+a> slip
is an optional deformation mode in the magnesium alloy, however, since the critical resolved shear
stress of pyramidal slip is much higher than that of basal and prismatic slip at room temperature,
pyramidal slip is not be considered in the current work (CRSSpasaisiip = 0.45 ~ 0.81 MPa[46, 47],
CRSSprismatic stip = 39.2 MPa[48, 49], CRSS,yramigal siip = 45 ~ 81 MPa[14, 50]).

Fig. 5a and b show lattice fringe images of matrix and twined regions in a RD compression
sample. The inserted fast Flourier transformation (FFT) patterns indicate the misorientation angle
between the matrix and twin is about 86°. Inverse FFT analysis of the HRTEM images reveal that
<a> dislocations are activated both in matrix and twined regions, as shown in Fig. 5¢c ~ f. In
addition, the average numbers of basal dislocations in matrix and twined regions are
approximately equal, but the number of prismatic dislocations in matrix is higher than that in
twined region. This indicates that basal slip can be activated easily in the matrix and twined
regions, whereas prismatic slip is favored to be activated in the matrix. For tension along ND,
HRTEM characterization reveals that a large number of <a> dislocations either on (0002) or
(10-10) planes were present, as shown in Fig. 6. Inverse FFT analysis show that the basal
dislocations are distributed homogeneously in the matrix and twined regions (Fig. 6¢ and d). This
indicates that basal dislocations are also easily activated under this loading condition. In addition,
it can be seen that the number of prismatic slip in matrix is evidently less than that in twined

regions (Fig. 6e and f), indicating that prismatic dislocations are more likely to be generated after



twinning.

5 1/nm

Fig. 5 TEM images for AZ31 magnesium alloy compressed along RD to strain of 4.8%. (a, b)
HRTEM images in the matrix and twined regions with the incident beam along [-2110] and their
corresponding fast Fourier transform pattern is inserted in the bottom right corner, and inverse
Flourier transform patterns for (c, d) (0002) plane for matrix and twin, (d, e) (10-10) plane for

matrix and twin. Dislocations are marked with the red “T”.
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Fig. 6 TEM images for AZ31 magnesium alloy tensile along ND to strain of 6.5%. (a, b) HRTEM

images in the matrix and twined regions with the incident beam along [-2110] and their

corresponding fast Fourier transform pattern is inserted on the bottom right corner, and inverse

Flourier transform image for (c, d) (0002) plane for matrix and twin, (d, €) (10-10) plane for

matrix and twin. Dislocations are marked with the red “T”.

Based on the abovementioned observations, in order to better understand the mechanisms

of different slip mode activations, the SF distributions of different slip systems in selected 200



matrix grains (one hundred for compression along RD and another hundred from tension along
ND) and 200 twins (such as the former) were calculated. In the analysis, due to the fact that the m
values were dependent upon the angle between the c-axis/a-axis of a set of slip plane/direction and
loading directions, it is common to have different m values for a slip system. For example, for an
orientation from grain 1 in Fig. 4a, where the Euler angle is (o1, ¢, ¢2) = (32.3, 84.2, 31.4) (from
the EBSD data), the m values of different slip systems under different strain paths can be
calculated as shown in Table 2. Hence, it is assumed that only one slip system that has the highest
m value (mp) can be activated in a selected slip mode. For the orientation above,
M = Mioopy<p110> =0.449 and mP™™* =m0 4, 10, =0.337 during compression RD,

M =M gorye-12105 =0.088 and mP™™* =m, 100 o110 =0.44 during tension along ND.

Table 2. |m| values of two main slip systems in a random orientation, (91, ¢, ¢2) = (95.7, 94.4,

41.6).
|[m| values
Slip modes
Compression along RD ~ Tension along ND

(0001)<11-20> 0.19 0.088

Basal (0001)<-12-10> 0.259 0.086
(0001)<-2110> 0.449 0.002

(1-100)<11-20> 0.274 0.416

Prismatic  (10-10)<-12-10> 0.337 0.44
(01-10)<-2110> 0.063 0.024

*Due to no polarity in the slip, the m values of different slip modes take the absolute values.



Fig. 7 shows the distribution of |my| values of two slip modes in selected matrix grains and

twins under two deformation conditions. For compression along RD (Fig. 7a), the distribution of

|[my| values for basal slip seems dispersed in both matrix grains and twins. In this case, basal <a>

slip is favored to be activated. In addition, |my| values of prismatic slip in matrix grains are mainly

distributed in the range of 0.3 - 0.5 while in twins the values are mainly in the range of 0 - 0.15.

This indicates that prismatic <a> dislocations are easier to be activated in matrix than in twins due

to their favorable orientations. Thus, for matrix grains in the current studies, the prismatic slip will

be limited due to its high CRSS and tensile twinning will be easily activated. For twins, |my| values

of basal slip are higher than those of prismatic slip. This suggests that the twin texture is still hard

to activate prismatic slip and basal slip plays a leading role in this texture. For tension along ND,

|[my| value distributions of basal slip also appear dispersed homogeneously in the matrix grains and

twins (Fig. 7b), indicating that basal <a> slip should be activated in the above two textures during

tensile deformation. However, |my| value distributions of prismatic slip in most matrix grains are

mainly concentrated in the range of 0 - 0.2, while in twin texture the values are in the range of 0.4

- 0.5. This indicates that in addition to basal slip and tensile twinning, prismatic <a> slip becomes

favorable in twin texture and the contribution of prismatic slip will become more important with

the process of tension.

As discussed above, {10-12} tensile twinning can be activated easily in the samples under

two loading conditions due to its favorable crystal orientations. In addition to twinning, slips are

very significant in both loading conditions. However, the dislocation modes of the two kinds of

deformations are quite different, resulting in the distinctively different elongation in the

stress-strain curves as shown in Fig. 2 and Fig. 3. Evidently, compared with compression along



RD, the samples under tension along ND show a higher ductility. One of the reasons is the easier
activation of prismatic dislocations after twinning during tension along ND, which provides more

available independent slip modes during deformation process.

(a) Compression along RD (b) Tension along ND
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Fig. 7 |[my| values of different slip systems in selected matrix and twined regions during

compression along RD and tension along ND.

4. Conclusions

By quasi in-situ EBSD and high-resolution TEM techniques, the activation of tensile twin
variants and their effect on the deformation behavior in a rolled AZ31 magnesium alloy have been
investigated. The following conclusions are drawn:

(1) Different twinning behavior occurred during different strain paths. During compression
along RD, only one twin variant was activated in most grains. However, there are more than two
twin variants observed during tension along ND. In addition, twin variant selection is governed by
the Schmid factor.

(2) Differences in twinning features between two strain paths resulted in different texture
characteristics.

(3) Two independent slip systems were activated during two strain paths deformation.



However, the dislocation modes of the two kinds of deformation are quiet different, finally
resulting in distinctively different ductility.

(4) When compression along RD, the basal slip can be activated equally in the matrix and
twined regions, whereas prismatic slip is easier to be activated in matrix than in twin regions.
When tension along ND, basal dislocations are also easily activated both in the matrix and twined

regions, but prismatic dislocations are more likely to be generated after twinning.
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