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Abstract 

In this paper, in situ electron back scattered diffraction combined with scanning 

electron microscopy and digital image processing techniques were used to study the 

microscopic deformation compatibility of AZ31 Mg alloy rolled sheets with strong 

basal texture during biaxial tension at room temperature. The results firstly 

quantitatively showed that the distribution of microscopic strain in AZ31 rolled sheet 

was inhomogeneous during formation. Strain concentrations happened in some 

regions even at early stage of deformation. Short distorted bands also appeared in 

these regions and extended to connect each other with increasing macroscopic strain. 

The appearance of distorted bands play an important role in strain compatibility since 

the materials lack easy deformation modes at room temperature. Besides slips and 

twins, the grain distortion should also be an indispensable mechanism in 

accommodating plastic deformation in some parts in distorted bands. According to the 
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analysis from the Schmid factor, the geometric compatibility factors and slip trace 

identification, the comprehensive effect of strong basal texture and biaxial tensile 

stress state not only led to the quite low SFs for prismatic <a>, pyramidal <a> slips 

and tensile twinning, but limited the compatibility between slip systems and tensile 

twins. This mechanism was the main reason for the lack of easy deformation modes 

and the appearance of distorted bands, which further led to the inhomogeneous strain 

distribution at room temperature. Therefore, the formability of Mg alloys rolled sheets 

with strong basal texture was weakened at room temperature. 

Key words: magnesium alloy; deformation compatibility; microstructure; in situ 

EBSD; basal texture 

1. Introduction 

In recent years, the applications of magnesium alloys have increased rapidly for 

automotive, aerospace and communications industries for which weight reduction is 

highly required [1-4]. The Mg alloy rolled sheets even draw special attention due to 

their great potential in future applications [5-7]. However, the adoption of Mg alloy 

rolled sheets remains limited compared with that of steel and aluminum alloys [8-10]. 

Their poor deformability at room temperature mainly results from their intrinsic 

hexagonal close packed crystal structure [11-14]. Hence, continuous efforts have been 

made to improve the formability of Mg alloy rolled sheets and to extend their 

commercial applications in recent years. 

The fundamental challenge to improve the formability of Mg alloy rolled sheet is 

to activate more deformation modes and improve the compatibilities to coordinate the 

macroscopic plastic flow. The specific methods include grain coarsening, basal 

texture randomizing/weakening, alloying and raising the forming temperature, etc. 

The coarse grains in Mg alloys can significantly enhance the twin formation. The 

lattice rotation caused by twinning behavior induces the strain in the thickness 

direction by enhancing the slip activities [15, 16]. In addition, non-basal slip systems 

will dominate the material flow instead of basal slip with increasing grain size. The 

compatibilities between different deformation modes are promoted as well [17, 18]. 
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All these improvements can benefit the formability of Mg alloy rolled sheets.  

The initial texture can also influence the sheet formability significantly. With 

specific texture orientation and distribution, the critical resolved shear stress (CRSS) 

of prismatic slip and twinning are decreased [19, 20]. Similar effects were also 

achieved by randomizing or weakening the basal texture [21-25]. An effective 

approach to randomize/ weaken the texture is the utilization of rare earth (RE) 

elements such as Gd, La, Nd, Ce and Y [12, 26-29]. With RE addition, 

CRSSprism/CRSStwinning and CRSSpyr/CRSStwinning ratios decrease which can improve 

the activation of prismatic and other non-basal slip systems [30-33]. The results based 

on visco-plastic self-consistent (VPSC) simulation indicated that the formability of 

Mg alloys can be efficiently improved with increasing activities of prismatic slips and 

non-basal slips [34-36]. However, they were mostly obtained based on the theoretical 

simulations. The actual activation ratios between different deformation modes are still 

unclear since the practical statistics are difficult to obtain. Moreover, although the 

accommodation between slips and twins should be important in coordinating plastic 

strain during formation, the practical observations about the accommodating 

behaviors on microscopic scales were rarely reported. The slow development of 

biaxial tension testers is likely to be the main reason for the previous lack of 

information [37, 38]. 

In situ experimental methods and digital image processing techniques have been 

well developed in recent years. These techniques can provide a new insight into the 

evolution of microstructure and microscopic strain distribution in Mg alloys during 

deformation [20, 39-45]. The in situ acoustic emission techniques have been widely 

used to study the local dislocation activity [46, 47]. With in situ SEM experiments, the 

relative contributions of different slip systems in the Mg alloy AZ31 during uniaxial 

tensile were proved to be: 41% basal, 44% prismatic <a> and 15% pyramidal <a+c> 

at 423 K [39]. The in situ electron back scattered diffraction (EBSD) results indicated 

that tensile twin chains were a type of strain compatibility behaviors among twin 

variants in adjacent grains, rather than twins moving across grain boundaries in 
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adjacent grains [40]. This effect, in combination with digital image correlation, 

proved that microscopic strain distribution was significant inhomogeneous in copper, 

aluminum and Mg alloys during uniaxial tension [48-50]. However, reports about 

microstructural evolutions for Mg alloys during formation were quite few, especially 

for the relationship between strain localizations and activities of dislocations obtained 

from in situ experiments [51, 52]. 

AZ31 rolled sheets were widely used materials, which is often deformed under 

biaxial tensile stress state (BTSS) during stamping, bending or other complicated 

forming processes. In the present work, biaxial tension tests for the hot-rolled AZ31 

sheets were conducted using a new specific device to study their microstructural 

evolutions during forming. The new device is simple, cheap and functional for micro 

biaxial tension tests. The combination of in situ EBSD, scanning electron microscopy 

(SEM) and image processing techniques were firstly used to characterize the 

microstructural changes as well as the quantitative measurement of microscopic strain 

distribution in AZ31 rolled sheets during formation.  

 

2. Material and methods 

The material in this investigation was a commercial AZ31 Mg alloy hot rolled 

sheet from Yinguang Magnesium Industry Group Co., LTD. The sheet was then fully 

recrystallized at 450 °C for 20 min. The high annealing temperature is beneficial for 

grains to grow up and consequently the formability could be improved as well [15]. In 

order to investigate the anisotropy of the annealed samples in rolling direction 

(RD)-transverse direction (TD) plane, the typical tensile tests were conducted using 

the specimens with a gauge length of 12.5 mm, width of 6 mm and thickness of 0.6 

mm. The strain rate was set as 10-3 s-1.  

The samples for biaxial tension testing were prepared by sectioning to the 

dimensions shown in Fig. 1a and mechanically ground on the RD-TD plane of the 

sheet. The ground samples were electro-polished using the commercial electrolyte 

ACⅡ at 0 ℃, with a voltage of 20 V for 120 s. The freshly polished sample was set 
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into the biaxial tension device shown in Fig. 1(b). This device is similar to the 

equipment used for Erichsen tests except that the sample was held by tightening the 

nut and the punch was driven by rotating the loading screw (Fig. 1b). The dome 

height of the sample was equal to the stroke of the punch. According to five pre-tests, 

the average dome height before fracture was about 1.50 mm. Hence, in the present in 

situ tests, the interrupting punch strokes were selected with 0.12 mm, 0.24 mm, 0.36 

mm, 0.48 mm, 0.72 mm, 0.84 mm, 1.08 mm and 1.50 mm (broken).  

Automatic in situ EBSD measurements were performed using a JEOL JSM 

7800F field emission SEM equipped with a HKL Channel 5.0 software using a step 

size of 0.6 μm. Before deformation, the microstructure of the initial sample’s center 

was measured by EBSD once. In order to calculate the following microscopic strain, 

micro grids, having a step size of 10 μm and a width of 200 μm [48], were deposited 

on the EBSD-measured region of the sample using a Zeiss AURIGA SEM-Focused 

ion beam miller (FIB). After the FIB process, the surface morphology (including the 

grids) of the sample was captured and saved as high-resolution images using SEM. 

Then, the whole device was taken out from SEM. The first deformation step was 

proceeded by rotating the screw to the corresponding degree so that the dome height 

would be 0.12 mm. The average speed of the punch was about 0.36 mm/min. After 

deformation, the device was set back into the SEM. The morphology of the deformed 

sample was imaged again and the EBSD measurement was conducted as well. The 

subsequent similar steps were carried out in the same way until the fracture of the 

sample occurred (with 1.50 mm dome height) [51]. 

The digital image process program was then developed to convert the collected 

high-resolution images to grayscale, then, count the total pixels in each grid. The total 

number change of pixels in the gird was treated as the area change of the grid with 

different dome height. The corresponding microscopic strain ε of one grid was 

calculated using Eq. (1): 

  
     

  
               Eq. (1) 

   is the initial area of the grid and    is the corresponding area after 
deformation. This program also gave the gravity center of the gird to assign it the total 
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microscopic strain in the grid. 
 

3. Results 

3.1. Initial microstructure and mechanical properties 

An EBSD map of the alloy in the initial condition and corresponding texture pole 

figure are shown in Fig. 2a and b respectively. The rolled sheet exhibits a fully 

recrystallization microstructure with an average linear intercept grain size of ~30 μm. 

Some large grains have a size of ~80 μm while some other grains can be as small as 

~15 μm. Their influences on plastic deformation may be different. Fig. 2b reveals a 

strong {0001} basal texture of the sheet. The typical uniaxial tensile true stress-strain 

curves of the annealed samples are shown in Fig. 2c. It indicates that the curves in 

three directions are quite close. Hence, the sheet is regarded as isotropic in RD-TD 

plane in this paper. 

3.2 Quantitative investigations on microscopic strain evolution 

Fig. 3a ~ h show the microstructural evolution during the biaxial tension 

superimposed with strain maps. The lines of the grids were marked again to make 

them clear in Fig. 3 and other subsequent figures. In Fig. 3, the strain maps exhibit 

inhomogeneous strain distribution. The range of the strain is approximately -0.4 ⁓ 1.2. 

Tensile and compressive strains coexist. The high-level microscopic strains appeared 

in certain regions even with relatively low dome height of 0.12 mm (Fig. 3a). Their 

locations were quite stable during formation and hardly changed. With increasing 

dome height, the strain values in high-strain regions also increase. 

The quantitative calculations of the inhomogeneous strain distribution at 

different strain levels are shown in Fig. 4. Fig. 4a exhibits the normalized strain 

distribution measured from Fig. 3 at different strain levels. The distribution of local 

normalized strain is in a range of (-1 ~ 7). The fraction of the normalized strain with 

~1 increases with increasing macroscopic strain. However, the fraction ~3 is still 

notable during the whole formation. This means that the strain concentration always 

exists. The strain standard deviation at different scale lengths is shown in Fig. 4b. Its 



7 

 

definition was described by Sun et al. [48]. It decreases with the increment of scale 

length at every strain level. This suggests that the inhomogeneous strain distribution is 

not in macro-scale (such as shear bands), but rather than at the grain level, similar to 

that under uniaxial tensile stress state (UTSS) [48]. 

The morphological evolution of the meshed region is shown in Fig. 5. Slip traces 

and shear stages began to appear early with 0.12 mm dome height (Fig. 5b1 and b2). 

Secondary twins are shown to exist in the sheared stages using orientation 

identification method (Fig. 5b2 and 5b3). The appearance of secondary twins can be 

attributed to their large matrix grain, which typically causes a stress concentration at 

grain boundaries. In addition, the short distorted bands (DBs) are observed in some 

regions as well (Fig. 5b). Due to the fact EBSD measurements are not functional in 

these bands, the determination that twins are in them or not is not known. With the 

dome heights increasing to 1.50 mm (broken), the DBs extend to connect each other 

(Fig. 5c). The concentration of secondary twins has given rise to the occurrence of a 

micro crack. This crack is numbered as crack-1, as depicted in Fig. 5c. Fig. 5d 

presents that shear bands exist in RD-normal direction (ND) plane after fracture. The 

angle between RD-TD plane and shear bands is ± ~ 30°, which is typical for AZ31 

rolled sheet with a strong basal texture [53]. 

 

4. Discussion 

4.1. Evolution of microscopic strain distribution 

Since the microscopic strain is inhomogeneous, the strain rate in different 

regions should be inhomogeneous as well. It was reported that both the activation of 

deformation modes and the strain hardening effect in Mg alloys are sensitive to the 

strain rate [54]. In the present work, the speed of the punch is an estimated average 

value. The strain rate at the center of the sample is not linearly related with the speed 

of punch. Hence, the distribution of the strain evolution standard deviation (SSE) 

instead of the true strain rate is calculated for each grid in the meshed region during 

the biaxial tension. The definition of SSE is introduced as Eq. (2):  
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 Eq. (2) 
   is one measured strain value of one grid,     the average strain of this grid 

during the whole deformation and N is the total number of the measured strain values. 
As an index of one grid’s strain fluctuation, SSE can qualitatively represent the 

average strain rate of the grid. The calculation results (Fig. 6a) suggest that not only 

these regions with intermediate-level strains but also some grids with 

intermediate-level strains have a high SSE. Normally, DBs and micro cracks prefer to 

form in those grids with high SSE, rather than with high-level strains (Fig. 6b). It can 

then be concluded that the appearance of DBs should contribute to the high strain rate, 

instead of high-level strain. The fracture may occur along these DBs owing to the 

stronger strain strengthening caused by the high strain rate if the friction between the 

punch and the sample is zero. 

Fig. 6a also indicates that the highest SSE appears near crack-1, not in DBs. After 

numbering all the grids in Fig. 6a, the microscopic strain evolutions of some grids 

with high SSE near crack-1 are shown in Fig. 6c and those in DBs are shown in Fig. 6d. 

Most grids in Fig. 6c have a fluctuating strain evolution while the strains of most grids 

in Fig. 6d increase monotonically. The highest SSE should be caused by the fluctuating 

strain. Since the secondary twins are continuously concentrated near the crack-1, it 

can be easily inferred that the shear strain caused by secondary twins should be the 

main reason for the fluctuating strain in Fig. 6c. That is to say, the high strain rate 

caused by secondary twin should be an important mechanism responsible for the 

fracture in Mg alloys [55]. In general, a possible way to prevent Mg alloy rolled 

sheets from prematurely fracturing is by inhibiting the high-level strain rate caused by 

the inhomogeneity of strain distribution. 

4.2. Relationship between SF and microscopic strain 

From Fig. 3 and Fig. 6, it can be found that most regions with high-level strain or 

high strain rate are distributed in DBs. It can thus be inferred that the appearance of 

DBs is an important mode for strain accommodation. As it is well known, in sheets 
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for one deformation mode with large value of SF, a lower applied stress is required to 

activate its operation and its deformation becomes easier to be coordinated as well 

[56]. Firstly, the relationship between DBs and SFs of five important modes in Mg 

alloys were investigated. The calculation method for SF under different stress states 

was introduced from Xia et al. [51]. The results are shown in Fig. 7. It indicates that 

the SFs for prismatic <a> and tensile twinning are quite low. The SF for basal <a> is 

also not much higher. Even though the SF for pyramidal <a+c> is high, its 

contribution to deformation should be ignored due to the very high critical resolved 

shear stresses (CRSS) [13, 57, 58]. Compared with Fig. 6b and Fig. 7, however, it 

seems that there is no clear relationship between SFs and DBs. This infers that the 

appearance of DBs and their gradually joining together with increasing dome height 

may not be or may not only be dominated by SF.  

It is notable that most of the SFs under BTSS are quite low, especially for 

prismatic <a> and tensile twinning. The SFs for the same five deformation modes 

under UTSS were calculated as a comparison (Fig. 8). The loading direction is along 

RD. The SFs for prismatic <a>, pyramidal <a> and tensile twinning under UTSS are 

much higher than those under BTSS. The activation for these three modes are much 

harder under BTSS. Mg alloys are well known for having a lack of easy deformation 

modes at room temperature, even under uniaxial stress state. In the present 

investigation, the lack of deformation modes should be more serious. The 

inhomogeneous strain distribution should also be partly influenced by such 

“hardening” caused by low SFs. 

4.3. Deformation compatibility in DBs 

The strain compatibility offered by DBs should depend on the local strain 

compatibility in themselves. To study the local strain compatibility in DBs, the 

compatibility factors (m´) was employed [59, 60]. The microstructures and 

morphological evolutions of three different representative regions in DBs are 

presented in Fig. 9-11. Since just basal <a> and prismatic <a> slip traces were 

observed, all their possible orientations for the studied grains are listed in Fig. 9-11 as 
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well [17]. The corresponding SFs and m´ values for the investigated grains in Fig. 

9-11 are listed in Tab. 1-3.  

In Fig. 9, a total of seven grains are present in the region covered by the 

micrograph. Only basal <a> slip traces were observed in both grains A and D with 

0.12 mm dome height. No twins were identified by EBSD. Tab. 1 suggests that the 

corresponding SFs and m´ values for these two grains are relatively higher than others. 

With the dome height increasing to 0.84 mm, the short prismatic <a> slip traces 

appear in grain E. However, both the corresponding SF and m´ values for the 

prismatic <a> in grain E are relatively low (Tab. 1). It can be inferred that the 

activation of prismatic <a> in grain E should be related to the high-level local stress. 

More importantly, “grain distortions” appear in grains B, E and F, which are free of 

slip traces during the whole tension (Fig. 9). The high-level strains are also 

concentrated in those grids with grain distortions. The morphology of the folds in 

grain F are similar to kink bands reported in the previous papers [61, 62]. In kink 

bands, non-basal slip is the dominant deformation mode. Since EBSD measurement 

was not available in these DBs, the stress concentration should be high. In these 

“grain distortions”, non-basal slip, contraction twins or secondary twins should be 

involved. All these phenomena suggest that the deformation compatibility in these 

regions is poor.  

As a comparison, in Fig. 10, the basal traces appear in grains H, J and K with 

0.12 mm dome height. Their corresponding SFs and m´ values are much higher than 

the other five grains (Tab. 2). In addition, the short prismatic traces are observed in 

grains L and M. The SFs for their prismatic <a> are low but their m´ values are high. 

Tensile twins are found in grain N as well. With the dome height increasing to 0.84 

mm (0.138 macroscopic strain), several shear ledges are found in grain J. The micro 

strains are higher in these grids crossed by the shear ledges. According to the 

identification in Fig. 5b2 and b3, it can be concluded that the secondary twins should 

also exist in these shear ledges (Fig. 10). The stress level here is higher than other 

parts. However, the SFs and m´ values in Tab. 2 are higher than those in Tab. 1. No 
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grain distortion is found in this region and the strain distribution is a little more 

homogeneous as well. All these phenomena suggest that the deformation 

compatibility here is better than that in Fig. 10. 

In Fig. 11, approximately seven of the eight grains are full of slip traces with 

0.12 mm dome height. Most of matrix in grain P is occupied with tensile twins. Basal 

traces are found in the tensile twins. The corresponding SFs or m´ values in Tab. 3 are 

higher than those in Tab. 2 and much higher than those in Tab. 1. It should be note 

that the m´ between tensile twin and basal slip is theoretically maximum at 0.46 in 

grain F in Tab. 3. Besides, the SF of tensile twin in grain P is the SF for the activated 

variant, so is the m´. With the dome height increasing to 0.84 mm, the basal traces can 

be observed in every grain, especially for the tensile twins. Since the strain of most 

grids is high, the micro cracks appear at grain boundaries. A grain distortion is 

observed at the boundary between grains J and Q as well. There should be no 

secondary twins since no shear ledges are observed in Fig. 11. The stress level may be 

lower than that in Fig. 10 or Fig. 9. Hence, the deformation accommodation in Fig. 11 

should be the best among these three regions. 

For slip-dominated deformation, strain localization at the inter-granular scale is 

located at the place where both m´ values and high SFs for certain deformation modes 

in adjacent grains should be met under uniaxial stress state [63]. A low m´ value 

usually leads to a high boundary obstacle effect [64]. However, no matter how good 

the compatibility is in these regions, DBs (or high-level strains) still concentrate in 

these regions and offer important strain compatibility for deformation. The 

distribution of DBs or inhomogeneous strains should not result from good or poor 

deformation compatibility in grains. 

4.4. Influences of stress state and texture on microscopic strain distribution 

A strong basal texture can lead to a lack of easy deformation modes in Mg alloys 

at room temperature. Chun et al. [53] reported that with a strong basal texture, more 

pronounced shear bands appeared in Mg alloys during rolling due to the lack of 

deformation modes. The formability of Mg alloy rolled sheets also decreased with a 
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stronger basal texture at room temperature. The mechanism is that a limited amount of 

prismatic <a> slip was activated in a strong basal texture, further leading to an 

increase of shear bands [20]. In the present investigation, strong basal texture also 

exists (Fig. 2b) and shear bands are observed (Fig. 5d). Most of the observed traces 

are identified as the basal slip as shown in Tab. 4 in which the total number of grains 

in meshed regions are 244 and traces of other kinds of slip models are not found. The 

grains with the presence of prismatic slip increases slowly from 2 to 8 with dome 

height increasing from 0.12 mm to 0.84 mm. The prismatic slip traces are much less 

than basal traces during the entire deformation. Non-basal slip traces are rarely 

observed. Yin et al. [65] listed all three reasons for the absence of slip traces: (1) the 

amount of mobile dislocations was not large enough to form an obvious slip trace, (2) 

the Burgers vector of the dislocation was parallel to the sample surface, and (3) the 

dislocation did not move to the sample surface. In the present work, the main reasons 

for very few prismatic <a> or non-basal slip traces should be reason (1). Hence, basal 

slip should always be the main deformation mode, which offers the most deformation 

accommodation during deformation under BTSS. There is a lack of easy deformation 

modes in AZ31 rolled sheets during forming at room temperature. In this case, the 

stress rapidly concentrates in some regions, which finally causes grain distortion or 

DBs. This phenomenon should belong to a kind of inhomogeneous geometric texture 

softening [53]. 

With the same strong texture, the SFs in Fig. 8 under UTSS are much higher than 

those in Fig. 7 under BTSS. The deformability for Mg alloys under UTSS is better 

than that under BTSS [51]. The strong basal texture is not the only reason for the lack 

of easy deformation modes or for the inhomogeneous strain distribution. The previous 

works [51] have proved that the BTSS dominated the distribution of SF on (0001) 

pole figure. The SFs for prismatic <a>, pyramidal <a> and tensile twinning rapidly 

reduces when two conditions are simultaneously satisfied: (i) Mg alloy sheet is under 

BTSS in plane; (ii) the intensity of the basal texture is high (both satisfied in this 

paper). In addition, the accommodations between tensile twins and prismatic <a>, 
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pyramidal <a> and tensile twinning are also deteriorated because of BTSS. More 

importantly; the BTSS can even lead to a higher tangent modulus, which is significant 

higher than that under UTSS. The strain hardening in Mg alloys is different under 

BTSS as well [66, 67]. The deformation stress is much higher under BTSS than that 

under UTSS. This may lead to the increase of stress or strain concentration level. 

Hence, the BTSS should also be an important reason responsible for the 

inhomogeneous strain distribution. Therefore, if it is not possible to weaken the strong 

basal texture, the BTSS should be adjusted to obtain a better formability of Mg alloy 

rolled sheets. A method to adjust the stress state during formation of Mg alloy rolled 

sheets is currently being investigated. 

 

5. Conclusion 

In this paper, in situ biaxial tension in SEM combined with EBSD and a digital 

image processing techniques were applied to quantitatively investigate the forming 

behavior of Mg alloy rolled sheets with strong basal texture at room temperature. 

The following conclusions were made: 

(1) The distribution of microscopic strain in AZ31 rolled sheet is quite 

inhomogeneous during forming at room temperature. The micro strain distribution 

under BTSS is more inhomogeneous than that under UTSS. This inhomogeneity 

of strain is not in the macro-scale, but at grain level. The deformability is limited 

by the inhomogeneity of strain distribution. 

(2) The formation of DBs is an important mode for strain compatibility. The 

compatibility between different deformation modes in DBs could be good, poor or 

intermediary. It is primarily due to the corresponding SFs for the activated modes 

in the adjacent grains. However, the strain rate in DBs is always higher than other 

regions. 

(3) In the regions with poor compatibility, the activation of the easiest modes (basal 

<a>, prismatic <a> and tensile twinning) are limited. In this case, the “grain 

distortion” resulted from the high-level stress concentration, which plays an 
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important role in accommodating deformation. However, the grain distortions are 

often accompanied by micro cracks, which may lead to fracture. Hence, creating 

grain distortions should be avoided in order to improve the formability of Mg 

alloy sheets. 

(4) By limiting the SFs for deformation modes and the compatibility between slips 

and twinning, both the strong basal texture and the BTSS are the main reasons for 

the lack of easy deformation modes. They further cause the formation of DBs or 

inhomogeneous strain distribution in AZ31 rolled sheet. Hence, Mg alloy sheets 

with strong basal texture deform under BTSS during formation should be avoided. 
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Fig. 1. (a) Dimensions of samples for biaxial tension and (b) schematic of micro 

biaxial tension system for in-situ EBSD. 
 

 
Fig. 2. (a) Initial microstructure, (b) (0001) pole figure and (c) typical uniaxial tensile 

true stress-strain curves for the annealed AZ31 alloy sheet along RD, TD and 45 º. 
The grids in (a) were superimposed to show their position. 
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Fig. 3. Strain evolution maps (a) 0.12, (b) 0.24, (c) 0.36, (d) 0.48, (e) 0.72, (f) 0.84, (g) 

1.08 and (h) 1.50 mm dome height.  

 
Fig. 4. (a) Normalized strain distribution and (b) standard deviation of strain as a 

function of scale length at different strain levels (ε is the measured strain of every grid 
and <ε> is the average strain of the entire meshed region). 
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Fig. 5. Morphological evolution with (a) 0 mm, (b) 0.12 mm, (c) 1.50 mm and (d) the 

microstructure in RD-ND plane with 1.50 mm dome height. At the top of (d) is the 

measured surface of the sample. 
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Fig. 6. (a) Distribution of SSE with gird numbers, (b) the shear bands and microscopic 
cracks appeared when the dome height was 1.08 mm, “75” is the gird number, (c) the 
fluctuant strain of some grids and (d) the monotonic increasing strain of some grids. 

 

 

Fig. 7. Distribution of SF for (a) basal <a>, (b) prismatic <a>, (c) pyramidal <a>, (d) 
pyramidal <a+c> and (e) tensile twinning under BTSS. 
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Fig. 8. Distribution of SF for (a) basal <a>, (b) prismatic <a>, (c) pyramidal <a>, (d) 

pyramidal <a+c> and (e) tensile twinning under UTSS with loading along RD. 
 

 

Fig. 9. Microstructural and morphological evolutions of a region in DBs with 

increasing dome height. Distorted grains are highlighted using red dotted ellipse. The 

white numbers are the corresponding strains of the grids with corresponding dome 

height and the number of special grids is also indicated by arrows (similarly 

hereinafter). 
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Fig.10. Microstructural and morphological evolutions of a region in DBs including 

tensile twins and secondary twins with increasing dome height to 0.84 mm. 

 

Fig. 11. Microstructural and morphological evolutions of a region in DBs including 

tensile twins with increasing dome height. Distorted grains are highlighted using 

dotted ellipse. 
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Tab. 1 Statistical results of SFs and m´ of grains in Fig. 9. 

 SF m´ 
B C D E F G 

A 
basal <a> 0.18 0.92* 0.89* 0.61 0.27 0.94* 0.95* 

B 
basal <a> 0.18*  0.89*     

C 
basal <a> 0.08*   0.74*    

D 
basal <a> 0.45    0.53*   

E 
prismatic <a> 0.01     0.13*  

F 
basal <a> 0.17*      0.99* 

G 
basal <a> 0.03*       

*As no slip traces are observed in grain B, C, F and G, we use their basal <a> slips to 
calculate responding SFs and m´ and their results are highlighted using bold italics as 
a reference since they are not activated (the same below). 
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Tab. 2 Statistical results of SFs and m´ of grains in Fig. 10 

 SF m´ 
I J K L M N 

H 
basal <a> 0.36 0.83* 0.98 0.93 0.17  0.73 

I 
basal <a> 0.13*  0.83*    0.46* 

J 
basal <a> 0.36   0.78    

K 
basal <a> 0.36    0.30   

L 
prismatic <a> 0.02     0.88  

M 
prismatic <a> 0.007      0.47 

N 
tensile twin 0.42       

V 
basal <a> 0.27 0.95* 0.82     

 
 

Tab. 3 Statistical results of SFs and m´ of grains in Fig. 11 

 SF m´ 
P J Q R S T U 

O 
basal <a> 0.41 0.70  0.15  0.01 0.02  

P 
tensile twin 0.42  0.46 0.32   0.38 0.78 

J 
basal <a> 0.35   0.90     

Q 
basal <a> 0.15    0.89    

R 
basal <a> 0.25     0.95   

S 
basal <a> 0.20      0.82  

T 
basal <a> 0.31       0.77 

U 
basal <a> 0.32        
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Tab. 4 Number of grains in which slip traces appear with different dome height. 
 0.12 mm 0.36 mm 0.84 mm 

Basal <a> 60 81 85 
Prismatic <a> 2 5 8 
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Abstract 

In this paper, in situ electron back scattered diffraction combined with scanning 

electron microscopy and digital image processing techniques were used to study the 

microscopic deformation compatibility of AZ31 Mg alloy rolled sheets with strong 

basal texture during biaxial tension at room temperature. The results firstly 

quantitatively showed that the distribution of microscopic strain in AZ31 rolled sheet 

was inhomogeneous during formation. Strain concentrations happened in some 

regions even at early stage of deformation. Short distorted bands also appeared in 

these regions and extended to connect each other with increasing macroscopic strain. 

The appearance of distorted bands play an important role in strain compatibility since 

the materials lack easy deformation modes at room temperature. Besides slips and 

twins, the grain distortion should also be an indispensable mechanism in 

accommodating plastic deformation in some parts in distorted bands. According to the 
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analysis from the Schmid factor, the geometric compatibility factors and slip trace 

identification, the comprehensive effect of strong basal texture and biaxial tensile 

stress state not only led to the quite low SFs for prismatic <a>, pyramidal <a> slips 

and tensile twinning, but limited the compatibility between slip systems and tensile 

twins. This mechanism was the main reason for the lack of easy deformation modes 

and the appearance of distorted bands, which further led to the inhomogeneous strain 

distribution at room temperature. Therefore, the formability of Mg alloys rolled sheets 

with strong basal texture was weakened at room temperature. 

Key words: magnesium alloy; deformation compatibility; microstructure; in situ 

EBSD; basal texture 

1. Introduction 

In recent years, the applications of magnesium alloys have increased rapidly for 

automotive, aerospace and communications industries for which weight reduction is 

highly required [1-4]. The Mg alloy rolled sheets even draw special attention due to 

their great potential in future applications [5-7]. However, the adoption of Mg alloy 

rolled sheets remains limited compared with that of steel and aluminum alloys [8-10]. 

Their poor deformability at room temperature mainly results from their intrinsic 

hexagonal close packed crystal structure [11-14]. Hence, continuous efforts have been 

made to improve the formability of Mg alloy rolled sheets and to extend their 

commercial applications in recent years. 

The fundamental challenge to improve the formability of Mg alloy rolled sheet is 

to activate more deformation modes and improve the compatibilities to coordinate the 

macroscopic plastic flow. The specific methods include grain coarsening, basal 

texture randomizing/weakening, alloying and raising the forming temperature, etc. 

The coarse grains in Mg alloys can significantly enhance the twin formation. The 

lattice rotation caused by twinning behavior induces the strain in the thickness 

direction by enhancing the slip activities [15, 16]. In addition, non-basal slip systems 

will dominate the material flow instead of basal slip with increasing grain size. The 

compatibilities between different deformation modes are promoted as well [17, 18]. 
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All these improvements can benefit the formability of Mg alloy rolled sheets.  

The initial texture can also influence the sheet formability significantly. With 

specific texture orientation and distribution, the critical resolved shear stress (CRSS) 

of prismatic slip and twinning are decreased [19, 20]. Similar effects were also 

achieved by randomizing or weakening the basal texture [21-25]. An effective 

approach to randomize/ weaken the texture is the utilization of rare earth (RE) 

elements such as Gd, La, Nd, Ce and Y [12, 26-29]. With RE addition, 

CRSSprism/CRSStwinning and CRSSpyr/CRSStwinning ratios decrease which can improve 

the activation of prismatic and other non-basal slip systems [30-33]. The results based 

on visco-plastic self-consistent (VPSC) simulation indicated that the formability of 

Mg alloys can be efficiently improved with increasing activities of prismatic slips and 

non-basal slips [34-36]. However, they were mostly obtained based on the theoretical 

simulations. The actual activation ratios between different deformation modes are still 

unclear since the practical statistics are difficult to obtain. Moreover, although the 

accommodation between slips and twins should be important in coordinating plastic 

strain during formation, the practical observations about the accommodating 

behaviors on microscopic scales were rarely reported. The slow development of 

biaxial tension testers is likely to be the main reason for the previous lack of 

information [37, 38]. 

In situ experimental methods and digital image processing techniques have been 

well developed in recent years. These techniques can provide a new insight into the 

evolution of microstructure and microscopic strain distribution in Mg alloys during 

deformation [20, 39-45]. The in situ acoustic emission techniques have been widely 

used to study the local dislocation activity [46, 47]. With in situ SEM experiments, the 

relative contributions of different slip systems in the Mg alloy AZ31 during uniaxial 

tensile were proved to be: 41% basal, 44% prismatic <a> and 15% pyramidal <a+c> 

at 423 K [39]. The in situ electron back scattered diffraction (EBSD) results indicated 

that tensile twin chains were a type of strain compatibility behaviors among twin 

variants in adjacent grains, rather than twins moving across grain boundaries in 
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adjacent grains [40]. This effect, in combination with digital image correlation, 

proved that microscopic strain distribution was significant inhomogeneous in copper, 

aluminum and Mg alloys during uniaxial tension [48-50]. However, reports about 

microstructural evolutions for Mg alloys during formation were quite few, especially 

for the relationship between strain localizations and activities of dislocations obtained 

from in situ experiments [51, 52]. 

AZ31 rolled sheets were widely used materials, which is often deformed under 

biaxial tensile stress state (BTSS) during stamping, bending or other complicated 

forming processes. In the present work, biaxial tension tests for the hot-rolled AZ31 

sheets were conducted using a new specific device to study their microstructural 

evolutions during forming. The new device is simple, cheap and functional for micro 

biaxial tension tests. The combination of in situ EBSD, scanning electron microscopy 

(SEM) and image processing techniques were firstly used to characterize the 

microstructural changes as well as the quantitative measurement of microscopic strain 

distribution in AZ31 rolled sheets during formation.  

 

2. Material and methods 

The material in this investigation was a commercial AZ31 Mg alloy hot rolled 

sheet from Yinguang Magnesium Industry Group Co., LTD. The sheet was then fully 

recrystallized at 450 °C for 20 min. The high annealing temperature is beneficial for 

grains to grow up and consequently the formability could be improved as well [15]. In 

order to investigate the anisotropy of the annealed samples in rolling direction 

(RD)-transverse direction (TD) plane, the typical tensile tests were conducted using 

the specimens with a gauge length of 12.5 mm, width of 6 mm and thickness of 0.6 

mm. The strain rate was set as 10-3 s-1.  

The samples for biaxial tension testing were prepared by sectioning to the 

dimensions shown in Fig. 1a and mechanically ground on the RD-TD plane of the 

sheet. The ground samples were electro-polished using the commercial electrolyte 

ACⅡ at 0 ℃, with a voltage of 20 V for 120 s. The freshly polished sample was set 
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into the biaxial tension device shown in Fig. 1(b). This device is similar to the 

equipment used for Erichsen tests except that the sample was held by tightening the 

nut and the punch was driven by rotating the loading screw (Fig. 1b). The dome 

height of the sample was equal to the stroke of the punch. According to five pre-tests, 

the average dome height before fracture was about 1.50 mm. Hence, in the present in 

situ tests, the interrupting punch strokes were selected with 0.12 mm, 0.24 mm, 0.36 

mm, 0.48 mm, 0.72 mm, 0.84 mm, 1.08 mm and 1.50 mm (broken).  

Automatic in situ EBSD measurements were performed using a JEOL JSM 

7800F field emission SEM equipped with a HKL Channel 5.0 software using a step 

size of 0.6 μm. Before deformation, the microstructure of the initial sample’s center 

was measured by EBSD once. In order to calculate the following microscopic strain, 

micro grids, having a step size of 10 μm and a width of 200 μm [48], were deposited 

on the EBSD-measured region of the sample using a Zeiss AURIGA SEM-Focused 

ion beam miller (FIB). After the FIB process, the surface morphology (including the 

grids) of the sample was captured and saved as high-resolution images using SEM. 

Then, the whole device was taken out from SEM. The first deformation step was 

proceeded by rotating the screw to the corresponding degree so that the dome height 

would be 0.12 mm. The average speed of the punch was about 0.36 mm/min. After 

deformation, the device was set back into the SEM. The morphology of the deformed 

sample was imaged again and the EBSD measurement was conducted as well. The 

subsequent similar steps were carried out in the same way until the fracture of the 

sample occurred (with 1.50 mm dome height) [51]. 

The digital image process program was then developed to convert the collected 

high-resolution images to grayscale, then, count the total pixels in each grid. The total 

number change of pixels in the gird was treated as the area change of the grid with 

different dome height. The corresponding microscopic strain ε of one grid was 

calculated using Eq. (1): 

  
     

  
               Eq. (1) 

   is the initial area of the grid and    is the corresponding area after 
deformation. This program also gave the gravity center of the gird to assign it the total 
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microscopic strain in the grid. 
 

3. Results 

3.1. Initial microstructure and mechanical properties 

An EBSD map of the alloy in the initial condition and corresponding texture pole 

figure are shown in Fig. 2a and b respectively. The rolled sheet exhibits a fully 

recrystallization microstructure with an average linear intercept grain size of ~30 μm. 

Some large grains have a size of ~80 μm while some other grains can be as small as 

~15 μm. Their influences on plastic deformation may be different. Fig. 2b reveals a 

strong {0001} basal texture of the sheet. The typical uniaxial tensile true stress-strain 

curves of the annealed samples are shown in Fig. 2c. It indicates that the curves in 

three directions are quite close. Hence, the sheet is regarded as isotropic in RD-TD 

plane in this paper. 

3.2 Quantitative investigations on microscopic strain evolution 

Fig. 3a ~ h show the microstructural evolution during the biaxial tension 

superimposed with strain maps. The lines of the grids were marked again to make 

them clear in Fig. 3 and other subsequent figures. In Fig. 3, the strain maps exhibit 

inhomogeneous strain distribution. The range of the strain is approximately -0.4 ⁓ 1.2. 

Tensile and compressive strains coexist. The high-level microscopic strains appeared 

in certain regions even with relatively low dome height of 0.12 mm (Fig. 3a). Their 

locations were quite stable during formation and hardly changed. With increasing 

dome height, the strain values in high-strain regions also increase. 

The quantitative calculations of the inhomogeneous strain distribution at 

different strain levels are shown in Fig. 4. Fig. 4a exhibits the normalized strain 

distribution measured from Fig. 3 at different strain levels. The distribution of local 

normalized strain is in a range of (-1 ~ 7). The fraction of the normalized strain with 

~1 increases with increasing macroscopic strain. However, the fraction ~3 is still 

notable during the whole formation. This means that the strain concentration always 

exists. The strain standard deviation at different scale lengths is shown in Fig. 4b. Its 
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definition was described by Sun et al. [48]. It decreases with the increment of scale 

length at every strain level. This suggests that the inhomogeneous strain distribution is 

not in macro-scale (such as shear bands), but rather than at the grain level, similar to 

that under uniaxial tensile stress state (UTSS) [48]. 

The morphological evolution of the meshed region is shown in Fig. 5. Slip traces 

and shear stages began to appear early with 0.12 mm dome height (Fig. 5b1 and b2). 

Secondary twins are shown to exist in the sheared stages using orientation 

identification method (Fig. 5b2 and 5b3). The appearance of secondary twins can be 

attributed to their large matrix grain, which typically causes a stress concentration at 

grain boundaries. In addition, the short distorted bands (DBs) are observed in some 

regions as well (Fig. 5b). Due to the fact EBSD measurements are not functional in 

these bands, the determination that twins are in them or not is not known. With the 

dome heights increasing to 1.50 mm (broken), the DBs extend to connect each other 

(Fig. 5c). The concentration of secondary twins has given rise to the occurrence of a 

micro crack. This crack is numbered as crack-1, as depicted in Fig. 5c. Fig. 5d 

presents that shear bands exist in RD-normal direction (ND) plane after fracture. The 

angle between RD-TD plane and shear bands is ± ~ 30°, which is typical for AZ31 

rolled sheet with a strong basal texture [53]. 

 

4. Discussion 

4.1. Evolution of microscopic strain distribution 

Since the microscopic strain is inhomogeneous, the strain rate in different 

regions should be inhomogeneous as well. It was reported that both the activation of 

deformation modes and the strain hardening effect in Mg alloys are sensitive to the 

strain rate [54]. In the present work, the speed of the punch is an estimated average 

value. The strain rate at the center of the sample is not linearly related with the speed 

of punch. Hence, the distribution of the strain evolution standard deviation (SSE) 

instead of the true strain rate is calculated for each grid in the meshed region during 

the biaxial tension. The definition of SSE is introduced as Eq. (2):  
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 Eq. (2) 
   is one measured strain value of one grid,     the average strain of this grid 

during the whole deformation and N is the total number of the measured strain values. 
As an index of one grid’s strain fluctuation, SSE can qualitatively represent the 

average strain rate of the grid. The calculation results (Fig. 6a) suggest that not only 

these regions with intermediate-level strains but also some grids with 

intermediate-level strains have a high SSE. Normally, DBs and micro cracks prefer to 

form in those grids with high SSE, rather than with high-level strains (Fig. 6b). It can 

then be concluded that the appearance of DBs should contribute to the high strain rate, 

instead of high-level strain. The fracture may occur along these DBs owing to the 

stronger strain strengthening caused by the high strain rate if the friction between the 

punch and the sample is zero. 

Fig. 6a also indicates that the highest SSE appears near crack-1, not in DBs. After 

numbering all the grids in Fig. 6a, the microscopic strain evolutions of some grids 

with high SSE near crack-1 are shown in Fig. 6c and those in DBs are shown in Fig. 6d. 

Most grids in Fig. 6c have a fluctuating strain evolution while the strains of most grids 

in Fig. 6d increase monotonically. The highest SSE should be caused by the fluctuating 

strain. Since the secondary twins are continuously concentrated near the crack-1, it 

can be easily inferred that the shear strain caused by secondary twins should be the 

main reason for the fluctuating strain in Fig. 6c. That is to say, the high strain rate 

caused by secondary twin should be an important mechanism responsible for the 

fracture in Mg alloys [55]. In general, a possible way to prevent Mg alloy rolled 

sheets from prematurely fracturing is by inhibiting the high-level strain rate caused by 

the inhomogeneity of strain distribution. 

4.2. Relationship between SF and microscopic strain 

From Fig. 3 and Fig. 6, it can be found that most regions with high-level strain or 

high strain rate are distributed in DBs. It can thus be inferred that the appearance of 

DBs is an important mode for strain accommodation. As it is well known, in sheets 
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for one deformation mode with large value of SF, a lower applied stress is required to 

activate its operation and its deformation becomes easier to be coordinated as well 

[56]. Firstly, the relationship between DBs and SFs of five important modes in Mg 

alloys were investigated. The calculation method for SF under different stress states 

was introduced from Xia et al. [51]. The results are shown in Fig. 7. It indicates that 

the SFs for prismatic <a> and tensile twinning are quite low. The SF for basal <a> is 

also not much higher. Even though the SF for pyramidal <a+c> is high, its 

contribution to deformation should be ignored due to the very high critical resolved 

shear stresses (CRSS) [13, 57, 58]. Compared with Fig. 6b and Fig. 7, however, it 

seems that there is no clear relationship between SFs and DBs. This infers that the 

appearance of DBs and their gradually joining together with increasing dome height 

may not be or may not only be dominated by SF.  

It is notable that most of the SFs under BTSS are quite low, especially for 

prismatic <a> and tensile twinning. The SFs for the same five deformation modes 

under UTSS were calculated as a comparison (Fig. 8). The loading direction is along 

RD. The SFs for prismatic <a>, pyramidal <a> and tensile twinning under UTSS are 

much higher than those under BTSS. The activation for these three modes are much 

harder under BTSS. Mg alloys are well known for having a lack of easy deformation 

modes at room temperature, even under uniaxial stress state. In the present 

investigation, the lack of deformation modes should be more serious. The 

inhomogeneous strain distribution should also be partly influenced by such 

“hardening” caused by low SFs. 

4.3. Deformation compatibility in DBs 

The strain compatibility offered by DBs should depend on the local strain 

compatibility in themselves. To study the local strain compatibility in DBs, the 

compatibility factors (m´) was employed [59, 60]. The microstructures and 

morphological evolutions of three different representative regions in DBs are 

presented in Fig. 9-11. Since just basal <a> and prismatic <a> slip traces were 

observed, all their possible orientations for the studied grains are listed in Fig. 9-11 as 
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well [17]. The corresponding SFs and m´ values for the investigated grains in Fig. 

9-11 are listed in Tab. 1-3.  

In Fig. 9, a total of seven grains are present in the region covered by the 

micrograph. Only basal <a> slip traces were observed in both grains A and D with 

0.12 mm dome height. No twins were identified by EBSD. Tab. 1 suggests that the 

corresponding SFs and m´ values for these two grains are relatively higher than others. 

With the dome height increasing to 0.84 mm, the short prismatic <a> slip traces 

appear in grain E. However, both the corresponding SF and m´ values for the 

prismatic <a> in grain E are relatively low (Tab. 1). It can be inferred that the 

activation of prismatic <a> in grain E should be related to the high-level local stress. 

More importantly, “grain distortions” appear in grains B, E and F, which are free of 

slip traces during the whole tension (Fig. 9). The high-level strains are also 

concentrated in those grids with grain distortions. The morphology of the folds in 

grain F are similar to kink bands reported in the previous papers [61, 62]. In kink 

bands, non-basal slip is the dominant deformation mode. Since EBSD measurement 

was not available in these DBs, the stress concentration should be high. In these 

“grain distortions”, non-basal slip, contraction twins or secondary twins should be 

involved. All these phenomena suggest that the deformation compatibility in these 

regions is poor.  

As a comparison, in Fig. 10, the basal traces appear in grains H, J and K with 

0.12 mm dome height. Their corresponding SFs and m´ values are much higher than 

the other five grains (Tab. 2). In addition, the short prismatic traces are observed in 

grains L and M. The SFs for their prismatic <a> are low but their m´ values are high. 

Tensile twins are found in grain N as well. With the dome height increasing to 0.84 

mm (0.138 macroscopic strain), several shear ledges are found in grain J. The micro 

strains are higher in these grids crossed by the shear ledges. According to the 

identification in Fig. 5b2 and b3, it can be concluded that the secondary twins should 

also exist in these shear ledges (Fig. 10). The stress level here is higher than other 

parts. However, the SFs and m´ values in Tab. 2 are higher than those in Tab. 1. No 
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grain distortion is found in this region and the strain distribution is a little more 

homogeneous as well. All these phenomena suggest that the deformation 

compatibility here is better than that in Fig. 10. 

In Fig. 11, approximately seven of the eight grains are full of slip traces with 

0.12 mm dome height. Most of matrix in grain P is occupied with tensile twins. Basal 

traces are found in the tensile twins. The corresponding SFs or m´ values in Tab. 3 are 

higher than those in Tab. 2 and much higher than those in Tab. 1. It should be note 

that the m´ between tensile twin and basal slip is theoretically maximum at 0.46 in 

grain F in Tab. 3. Besides, the SF of tensile twin in grain P is the SF for the activated 

variant, so is the m´. With the dome height increasing to 0.84 mm, the basal traces can 

be observed in every grain, especially for the tensile twins. Since the strain of most 

grids is high, the micro cracks appear at grain boundaries. A grain distortion is 

observed at the boundary between grains J and Q as well. There should be no 

secondary twins since no shear ledges are observed in Fig. 11. The stress level may be 

lower than that in Fig. 10 or Fig. 9. Hence, the deformation accommodation in Fig. 11 

should be the best among these three regions. 

For slip-dominated deformation, strain localization at the inter-granular scale is 

located at the place where both m´ values and high SFs for certain deformation modes 

in adjacent grains should be met under uniaxial stress state [63]. A low m´ value 

usually leads to a high boundary obstacle effect [64]. However, no matter how good 

the compatibility is in these regions, DBs (or high-level strains) still concentrate in 

these regions and offer important strain compatibility for deformation. The 

distribution of DBs or inhomogeneous strains should not result from good or poor 

deformation compatibility in grains. 

4.4. Influences of stress state and texture on microscopic strain distribution 

A strong basal texture can lead to a lack of easy deformation modes in Mg alloys 

at room temperature. Chun et al. [53] reported that with a strong basal texture, more 

pronounced shear bands appeared in Mg alloys during rolling due to the lack of 

deformation modes. The formability of Mg alloy rolled sheets also decreased with a 



12 

 

stronger basal texture at room temperature. The mechanism is that a limited amount of 

prismatic <a> slip was activated in a strong basal texture, further leading to an 

increase of shear bands [20]. In the present investigation, strong basal texture also 

exists (Fig. 2b) and shear bands are observed (Fig. 5d). Most of the observed traces 

are identified as the basal slip as shown in Tab. 4 in which the total number of grains 

in meshed regions are 244 and traces of other kinds of slip models are not found. The 

grains with the presence of prismatic slip increases slowly from 2 to 8 with dome 

height increasing from 0.12 mm to 0.84 mm. The prismatic slip traces are much less 

than basal traces during the entire deformation. Non-basal slip traces are rarely 

observed. Yin et al. [65] listed all three reasons for the absence of slip traces: (1) the 

amount of mobile dislocations was not large enough to form an obvious slip trace, (2) 

the Burgers vector of the dislocation was parallel to the sample surface, and (3) the 

dislocation did not move to the sample surface. In the present work, the main reasons 

for very few prismatic <a> or non-basal slip traces should be reason (1). Hence, basal 

slip should always be the main deformation mode, which offers the most deformation 

accommodation during deformation under BTSS. There is a lack of easy deformation 

modes in AZ31 rolled sheets during forming at room temperature. In this case, the 

stress rapidly concentrates in some regions, which finally causes grain distortion or 

DBs. This phenomenon should belong to a kind of inhomogeneous geometric texture 

softening [53]. 

With the same strong texture, the SFs in Fig. 8 under UTSS are much higher than 

those in Fig. 7 under BTSS. The deformability for Mg alloys under UTSS is better 

than that under BTSS [51]. The strong basal texture is not the only reason for the lack 

of easy deformation modes or for the inhomogeneous strain distribution. The previous 

works [51] have proved that the BTSS dominated the distribution of SF on (0001) 

pole figure. The SFs for prismatic <a>, pyramidal <a> and tensile twinning rapidly 

reduces when two conditions are simultaneously satisfied: (i) Mg alloy sheet is under 

BTSS in plane; (ii) the intensity of the basal texture is high (both satisfied in this 

paper). In addition, the accommodations between tensile twins and prismatic <a>, 
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pyramidal <a> and tensile twinning are also deteriorated because of BTSS. More 

importantly; the BTSS can even lead to a higher tangent modulus, which is significant 

higher than that under UTSS. The strain hardening in Mg alloys is different under 

BTSS as well [66, 67]. The deformation stress is much higher under BTSS than that 

under UTSS. This may lead to the increase of stress or strain concentration level. 

Hence, the BTSS should also be an important reason responsible for the 

inhomogeneous strain distribution. Therefore, if it is not possible to weaken the strong 

basal texture, the BTSS should be adjusted to obtain a better formability of Mg alloy 

rolled sheets. A method to adjust the stress state during formation of Mg alloy rolled 

sheets is currently being investigated. 

 

5. Conclusion 

In this paper, in situ biaxial tension in SEM combined with EBSD and a digital 

image processing techniques were applied to quantitatively investigate the forming 

behavior of Mg alloy rolled sheets with strong basal texture at room temperature. 

The following conclusions were made: 

(1) The distribution of microscopic strain in AZ31 rolled sheet is quite 

inhomogeneous during forming at room temperature. The micro strain distribution 

under BTSS is more inhomogeneous than that under UTSS. This inhomogeneity 

of strain is not in the macro-scale, but at grain level. The deformability is limited 

by the inhomogeneity of strain distribution. 

(2) The formation of DBs is an important mode for strain compatibility. The 

compatibility between different deformation modes in DBs could be good, poor or 

intermediary. It is primarily due to the corresponding SFs for the activated modes 

in the adjacent grains. However, the strain rate in DBs is always higher than other 

regions. 

(3) In the regions with poor compatibility, the activation of the easiest modes (basal 

<a>, prismatic <a> and tensile twinning) are limited. In this case, the “grain 

distortion” resulted from the high-level stress concentration, which plays an 
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important role in accommodating deformation. However, the grain distortions are 

often accompanied by micro cracks, which may lead to fracture. Hence, creating 

grain distortions should be avoided in order to improve the formability of Mg 

alloy sheets. 

(4) By limiting the SFs for deformation modes and the compatibility between slips 

and twinning, both the strong basal texture and the BTSS are the main reasons for 

the lack of easy deformation modes. They further cause the formation of DBs or 

inhomogeneous strain distribution in AZ31 rolled sheet. Hence, Mg alloy sheets 

with strong basal texture deform under BTSS during formation should be avoided. 
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Fig. 1. (a) Dimensions of samples for biaxial tension and (b) schematic of micro 

biaxial tension system for in-situ EBSD. 
 

 
Fig. 2. (a) Initial microstructure, (b) (0001) pole figure and (c) typical uniaxial tensile 

true stress-strain curves for the annealed AZ31 alloy sheet along RD, TD and 45 º. 
The grids in (a) were superimposed to show their position. 
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Fig. 3. Strain evolution maps (a) 0.12, (b) 0.24, (c) 0.36, (d) 0.48, (e) 0.72, (f) 0.84, (g) 

1.08 and (h) 1.50 mm dome height.  

 
Fig. 4. (a) Normalized strain distribution and (b) standard deviation of strain as a 

function of scale length at different strain levels (ε is the measured strain of every grid 
and <ε> is the average strain of the entire meshed region). 
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Fig. 5. Morphological evolution with (a) 0 mm, (b) 0.12 mm, (c) 1.50 mm and (d) the 

microstructure in RD-ND plane with 1.50 mm dome height. At the top of (d) is the 

measured surface of the sample. 
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Fig. 6. (a) Distribution of SSE with gird numbers, (b) the shear bands and microscopic 
cracks appeared when the dome height was 1.08 mm, “75” is the gird number, (c) the 
fluctuant strain of some grids and (d) the monotonic increasing strain of some grids. 

 

 

Fig. 7. Distribution of SF for (a) basal <a>, (b) prismatic <a>, (c) pyramidal <a>, (d) 
pyramidal <a+c> and (e) tensile twinning under BTSS. 
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Fig. 8. Distribution of SF for (a) basal <a>, (b) prismatic <a>, (c) pyramidal <a>, (d) 

pyramidal <a+c> and (e) tensile twinning under UTSS with loading along RD. 
 

 

Fig. 9. Microstructural and morphological evolutions of a region in DBs with 

increasing dome height. Distorted grains are highlighted using red dotted ellipse. The 

white numbers are the corresponding strains of the grids with corresponding dome 

height and the number of special grids is also indicated by arrows (similarly 

hereinafter). 
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Fig.10. Microstructural and morphological evolutions of a region in DBs including 

tensile twins and secondary twins with increasing dome height to 0.84 mm. 

 

Fig. 11. Microstructural and morphological evolutions of a region in DBs including 

tensile twins with increasing dome height. Distorted grains are highlighted using 

dotted ellipse. 
  



21 

 

 
Tab. 1 Statistical results of SFs and m´ of grains in Fig. 9. 

 SF m´ 
B C D E F G 

A 
basal <a> 0.18 0.92* 0.89* 0.61 0.27 0.94* 0.95* 

B 
basal <a> 0.18*  0.89*     

C 
basal <a> 0.08*   0.74*    

D 
basal <a> 0.45    0.53*   

E 
prismatic <a> 0.01     0.13*  

F 
basal <a> 0.17*      0.99* 

G 
basal <a> 0.03*       

*As no slip traces are observed in grain B, C, F and G, we use their basal <a> slips to 
calculate responding SFs and m´ and their results are highlighted using bold italics as 
a reference since they are not activated (the same below). 
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Tab. 2 Statistical results of SFs and m´ of grains in Fig. 10 

 SF m´ 
I J K L M N 

H 
basal <a> 0.36 0.83* 0.98 0.93 0.17  0.73 

I 
basal <a> 0.13*  0.83*    0.46* 

J 
basal <a> 0.36   0.78    

K 
basal <a> 0.36    0.30   

L 
prismatic <a> 0.02     0.88  

M 
prismatic <a> 0.007      0.47 

N 
tensile twin 0.42       

V 
basal <a> 0.27 0.95* 0.82     

 
 

Tab. 3 Statistical results of SFs and m´ of grains in Fig. 11 

 SF m´ 
P J Q R S T U 

O 
basal <a> 0.41 0.70  0.15  0.01 0.02  

P 
tensile twin 0.42  0.46 0.32   0.38 0.78 

J 
basal <a> 0.35   0.90     

Q 
basal <a> 0.15    0.89    

R 
basal <a> 0.25     0.95   

S 
basal <a> 0.20      0.82  

T 
basal <a> 0.31       0.77 

U 
basal <a> 0.32        
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Tab. 4 Number of grains in which slip traces appear with different dome height. 
 0.12 mm 0.36 mm 0.84 mm 

Basal <a> 60 81 85 
Prismatic <a> 2 5 8 
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