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A B S T R A C T   

Poor formability at room temperature is a key problem that limits the application of Mg alloys. Formability is 
closely dependent on both large work-hardening capacity and high tensile elongation. Herein, we develop a Mg- 
3Al-1Zn-0.4Mn (wt%) alloy with heterogeneous grains, obtaining an exceptionally high difference between ul
timate tensile strength (UTS) and yield strength (YS) (UTS− YS: 164 MPa) and a good tensile elongation (22%). 
The uneven deformation of large and small grains is mainly affected by the size difference between grains rather 
than texture. The high strain hardening is attributed to the pile-up of geometrically necessary dislocations at 
grain boundaries between large and small grains due to uneven microstrain. The fraction of non-basal disloca
tions increases greatly with the increase of tensile strain, contributing to the improved ductility. Thus, we put 
forward a new strategy for improving the formability potential of Mg alloys via introducing heterogeneous- 
grained structure.   

Magnesium (Mg) alloys, the lightest metal structural materials (pure 
Mg density: ~1.74 g/cm3), possess high specific strength and good 
damping capacity, offering a considerable application potential for 
aerospace, military hardware, automotive, 3C (computer, communica
tion, and consumer electronic) and other fields [1–4]. Nevertheless, Mg 
alloys also have inherent disadvantages, such as poor formability at 
room temperature (RT), resulting in insufficiency for the forming of 
many structural components [3–5]. 

Numerous efforts and attempts have been made in the past few years 
to overcome this bottleneck of Mg alloys [6–10]. Basal texture weak
ening/randomization via alloying and process control, expressed by 
basal pole figures, is the common method to study and improve the 
formability of Mg alloys [4,6–9]. It has been reported that elements such 
as rare earth (RE) and Ca could randomize/weaken the basal texture of 
Mg alloys. Kim et al. [4] designed a novel Mg-3Al-1Zn-1Mn-0.5Ca (wt%) 
alloy with a weak texture consisting of split basal poles along rolling 
direction caused by Ca/Zn grain boundary (GB) co-segregation, 
obtaining a high formability at RT. Huang et al. [6–8] and Bian et al. 
[9] proposed the new processes such as high-temperature final rolling 

for weakening basal texture in Mg-Al based alloys. In addition, there are 
a few reports that alloying elements promote the formability of Mg al
loys by forming deformable precipitates such as Al2Ca [8,10]. On the 
whole, the mechanism explanation of formability (plastic deformation) 
is somewhat inadequate, such as rare observation of in-situ micro
structure evolution, and thus the detailed internal mechanism still needs 
to be further studied. 

High formability is strongly correlated to both high tensile elonga
tion and large work-hardening capacity [10,11]. Kim et al. [11] studied 
detailedly the relationship between formability and uniform 
elongation/work-hardening capacity of Mg alloys at RT, and reported 
that the high formability is more closely related with large 
work-hardening capacity in case of high uniform elongation, rather than 
yield strength (YS) or uniform elongation alone, regardless of alloy 
composition. A typical example is that Zhu et al. [10] predicted the high 
formability of Mg-6Al-1Ca (wt%) alloy by taking advantage of the high 
elongation (27%) and large work-hardening capacity, in which the 
work-hardening capacity was evaluated by the difference value between 
ultimate tensile strength (UTS) and YS (UTS− YS: 135 MPa). Such 
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combination of high elongation and large UTS− YS value is difficult for 
most Mg alloys, including AZ31 alloy. In general, the elongation and 
UTS− YS value of AZ31 alloys are approximately 10–20% and 30–90 
MPa, except for a few cases of AZ31 alloys prepared by special processes 
[12,13]. 

In this work, we reported a Mg-3Al-1Zn-0.4Mn (wt%) alloy (marked 
as H-AZ31 alloy) with high elongation (22%) and work-hardening ca
pacity (UTS− YS: 164 MPa). Through the microstructure evolution 
analysis, we confirmed that introducing the heterogeneous grains in a 
certain size range is the main reason for the high formability potential of 
this AZ31 alloy. 

The H-AZ31 alloy was prepared by the two-step extrusion: the as-cast 
commercial AZ31 alloy (diameter: 380 mm) was extruded at 275 ◦C with 
an extrusion ratio of 20:1 and a die-exit speed of 1.2 m min-1 in the first 
step, and then the one-step extruded alloy bar was extruded with an 
extrusion ratio of 25:1 and a die-exit speed of 2 m min-1 at 200 ◦C in the 
second step, and the finial diameter of extrusion bar is 15.5 mm (see 
Table S1 for details). The flat dog-bone tensile samples with gage length 
of 10 mm, width of 2 mm and thickness of 1 mm were cut by spark 
machining, mechanically ground, and electropolished by 10% 
perchloric acid alcohol solution at 20 V for 100 s at − 20 ◦C. The tensile 
direction was parallel to the extrusion direction (ED), and the test was 
conducted at an initial strain rate with 1 × 10–3 s-1. The scanning elec
tron microscope (SEM, Quanta 250F) equipped with NordlysMax3 
electron backscattered diffraction (EBSD) system was used to obtain 
EBSD data and secondary electron images with strains of 0%, 3%, 10%, 
and 17%. The EBSD results were dealt with the orientation imaging 
microscopy software Azteccrystal 2.1, and the slip trace analysis was 
calculated by the MATLAB code. Quantitative measures of surface dis
placements on tensile specimens with different strains were obtained 
using the atomic force microscope (AFM, Dimension Icon, Bruker). The 
dislocation structure was characterized by the transmission electron 

microscope (TEM, Talos F200X, Thermo Fisher Scientific, USA), and the 
thin-foil samples of TEM were prepared by ion-milling using PIPS II 
system (Gatan 695, USA) at − 30 ◦C. 

Fig. 1(a) shows the stress-strain curve of the H-AZ31 alloy. The YS of 
this alloy is approximately 113 MPa, while the UTS is as high as 277 
MPa, showing a huge UTS− YS value of 164 MPa. Here, the UTS− YS 
value is used as a measure to evaluate the work-hardening capacity [10, 
11]. Moreover, the alloy simultaneously displays a high elongation of 
failure, about 22%. As shown in Fig. 1(b), the H-AZ31 Mg alloy presents 
a superior combination of UTS− YS and elongation as compared to most 
reported wrought Mg alloys containing other AZ31 alloys [6–22], sug
gesting the higher formability of the H-AZ31 alloy. 

The polycrystalline structure of the H-AZ31 alloy is illustrated in 
Fig. 1(c) by means of EBSD inversed pole figure (IPF) map referring to 
ED. The H-AZ31 alloy is completely recrystallized, and the average grain 
size is measured to be 8.2 µm (Fig. 1c). Fig. 1(d) presents the (0002) pole 
figures. The alloy shows a moderately strong basal texture (maximum 
intensity: 7.7), and large and small grains have similar texture intensity. 
It is worth noting that, unlike most fully recrystallized Mg alloys with 
roughly the same grain size [13], the grain size of H-AZ31 alloy in this 
study varies greatly, forming a typical heterostructure with multiple 
“small” grains surrounding “large” grains. 

To better reveal the underlying deformation mechanism of this 
heterogeneous-grained structure, the grains are divided into two cate
gories according to the grain size: “small” grains with size ≤ 10 µm and 
“large” ones with size ≥ 20 µm based on the statistical results of area- 
weight fraction vs. grain size, and the grains are also divided into 
three categories referring to the angle of deviation from normal direc
tion (ND), i.e., 0–30◦ (texture components (TC) A), 30–60◦ (TCB), and 
60–90◦ (TCC) tilting away from ND, referring to [23]. Based on the two 
classification standards (grain size and orientation), a total of 6 typical 
grains are selected for systematic analysis, i.e., grain A (TCA, “large”), 

Fig. 1. (a) Tensile engineering stress-strain curve of H-AZ31 alloy; (b) distribution map of UTS− YS and elongation of the H-AZ31 alloy and other wrought Mg alloys 
(note that all data have been transformed into engineering stress and strain) [6–22]; (c) IPF map and (d) (0002) pole figures of full grains, small grains (≤ 10 µm), and 
large grains (≥ 20 µm) of the H-AZ31 alloy. 
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grain B (TCA, “small”), grain C (TCB, “large”), grain D (TCB, “small”), 
grain E (TCC, “large”), and grain F (TCC, “small”). Microstrains of 
typical grains under different engineering strains (0%, 3%, 10%, 17%) 
along the ED are analyzed based on the in-situ EBSD observation 
(Figs. 1c, 2, S1, and S2). In the initial stage of deformation (engineering 
strain up to 10%), the measured microstrains of “large” grain A, grain C, 
and grain E are only 1.3%, 0.9%, and 1.4%, while those of “small” grain 
B, grain D, and grain F are as high as 6.5, 6.1, and 8.6%, respectively. As 
for the later stage of deformation (engineering strain from 10% to 17%), 
the increased microstrains of all grains are roughly the same, about 
4-5%. In addition, it is noted that there is no significant difference in 
microstrains between grains with similar sizes in different orientations. 

In order to further explore the uneven deformation of “large” and 
“small” grains, the in-situ EBSD results were analyzed in detail. The 
deformation twinning rarely appear in the tensile deformation process, 
and thus almost all grains are deformed by dislocation slip (Figs. S1 and 
S2). As for slip trace analysis, all possible slip plane traces were calcu
lated based on the average grain orientation information of the grain, 
and the slip system 11 (pyramidal І 〈a〉 slip (− 1101)[− 1–120]) is 
determined as the activated slip system (Fig. S3). Based on this method, 
all grains in Figs. 1(c) and S2 are analyzed, except a few grains that are 
too small to be analyzed, and the fraction of activated slip systems under 
different strains are calculated. The statistical results of activated slip 

systems show that although the basal 〈a〉 dislocation slip is the dominant 
deformation mechanism, especially in the initial stage, the fraction of 
non-basal dislocation slips (including prismatic 〈a〉, pyramidal I 〈a〉 and 
II 〈c + a〉) increases significantly with the increase of strain. As for grain 
rotation, we define the angle between c-axis and tensile direction as θc, 
and the value of grain rotation (θrot) as the θc difference between two 
different strains. Based on the statistical results of Fig. 3(b), it is not 
difficult to find that the small grains tend to have an obviously higher 
θrot. The tensile strain rate jump test and AFM observation were used to 
analyze GB sliding during plastic deformation (see Supplementary Ma
terial for detailed process), and the results suggest that the contribution 
of GB sliding in this H-AZ31 alloy is quite limited (Fig. 4 and Table S2) 
[24,25]. 

The loading-unloading-reloading (LUR) stress-strain curve and back 
stress of the H-AZ31 alloy are illustrated in Fig. 3(c). The back stress (σb) 
can be calculated by the following equation [26–29]: 

σb =
(σu + σr)

2
(1)  

where the σu and σr denote the unloading YS and reloading YS, respec
tively. It can be seen from Fig. 3(c) that the back stress of H-AZ31 alloy 
continuously reinforces with increasing tensile strains, which contrib
uted to the high strain hardening. Fig. 3(d) shows the Kernel average 

Fig. 2. Texture components maps of (a) TCA, (b) TCB, and (c) TCC groups; point to point misorientation measured along tensile direction (yellow arrow) with four 
strains (0%, 3%, 10%, 17%) of (a-1) grain A, (a-2) grain B, (b-1) grain C, (b-2) grain D, (c-1) grain E, and (c-2) grain F; “large” grain A and “small” grain B correspond 
to the position of the blue circles in (a), “large” grain C and “small” grain D correspond to the position of the blue circles in (b), “large” grain E and “small” grain F 
correspond to the position of the blue circles in (c). 
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miscorientation (KAM) maps of typical location in Fig. 1(c) under 
different strains. The geometrically necessary dislocations (GNDs) den
sity (ρGND) can be calculated by the following equation [30]: 

ρGND =
2KAM

ub
(2)  

where u is equal to the scanning step length, and b is the Burgers vector 
of the gliding dislocations (~0.23 nm for Mg alloys). Upon plastic 
deformation, the GNDs density at the GBs between large and small 
grains increases significantly. The increased GNDs density at these GBs 
corresponds to the increase of back stress. 

Fig. 3. (a) Statistics of the identified slip activity for H-AZ31 alloy under different strains. (b) Distribution of average θrot from 3% strain to 10% strain with respect to 
the grain size measured for the grains in Fig. 1(c). (c) LUR stress-strain curve and back stress. (d) KAM maps of typical location in Fig. 1(c) with different strains and 
corresponding GNDs density analysis at GBs. 

Fig. 4. GB sliding analysis of H-AZ31 alloy: (a) AFM image and height line profiles with different strains, (b) true stress-true strain curve obtained by the strain rate 
jump test. 
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Fig. 5 shows the bright field (BF) and weak beam dark field (WBDF) 
TEM images with diffraction vector g = [0002] and [2–1–10] (or 
[01–10]) near the [01–10] (or [2–1–10]) zone axis in the typical grains 
of the H-AZ31 Mg alloy under 10% strain. Based on the invisibility 
criterion of defects, if the g⋅b ¼ 0, the dislocations would be “out of 
contrast” (i.e., invisible). Basal 〈a〉 dislocations are dominant in both 
“small” and “large” grains, and there are also considerable pile-up non- 
basal dislocations around GBs. 

In this work, the H-AZ31 Mg alloy with heterogeneous grains ex
hibits relatively low YS (113 MPa), large work-hardening capacity 
(UTS− YS: 164 MPa), and high elongation (~22%). The average grain 
size of the H-AZ31 alloy is about 8.2 μm, and the Hall-Petch slope (k 
value) and intercept (σ0) of AZ31 alloys (basal texture; grain size > 2 
μm) are about 205±10.6 MPa μm1/2 and 124±4.5 MPa, respectively 
[31,32]. The YS of the H-AZ31 predicted by the Hall-Petch relationship 
is about 194 MPa, which is much higher than the YS obtained by 
experiment. Berbenni et al. [33] have reported that not only the average 
grain size plays a role but also the grain size distribution has an impact 
on the overall YS especially for fine-grained materials. In this work, the 
breakdown of the Hall-Petch relationship may be related to the internal 
stress and elastic stored energy between heterogeneous grains in the 
H-AZ31 alloy. In addition, the low-density pre-existing dislocations in 
the H-AZ31 alloy may also be one of the reasons for the low YS. 

The H-AZ31 alloy in this work has moderately strong basal texture 
(Fig. 1d), relatively higher than other highly deformable Mg alloys [4,8, 
10], suggesting that the texture factor is not the main reason for good 
formability. There is almost no difference in texture intensity between 
small grains and large grains (Fig. 1d), indicating a different deforma
tion mechanism with the reported bimodal microstructure [34–36]. The 
uneven deformation of such heterogeneous-grained structure is 
considered to be the critical reason for improving work-hardening ca
pacity and ductility in this study. According to the results of microstrain 
calculation, the microstrain of “small” grains is dominant during the 
deformation process (Fig. 2). Based on the statistical results in Fig. 3(b), 
the average θrot values of “small” grains is significantly higher than 
“large” grains, indicating that the different grain rotation degree is at 

least one of the reasons for the uneven microstrains between “small” and 
“large” grains. The uneven deformation of heterogeneous grains of the 
H-AZ31 alloy leads to the strain gradient near GBs between “small” and 
“large” grains, which is surely different from the deformation state of 
uniform-grained Mg alloys. GNDs would be generated to accommodate 
the strain gradient, and the pile-up of GNDs impose the long-range back 
stress near these GBs, contributing to the high work-hardening capacity 
(Fig. 3c and d) [26]. 

The significant increase of non-basal dislocations (including pris
matic 〈a〉, and pyramidal I 〈a〉 and II 〈c + a〉) during tensile deformation 
process is conducive to high ductility. The increase of non-basal slips of 
H-AZ31 alloy is obviously higher than that of most reported wrought Mg 
alloys with uniform grains [10], suggesting that the 
heterogeneous-grained structure promotes the activation of non-basal 
slips. Firstly, based on in-situ TEM observation, Liu et al. [37] have re
ported that the increased 〈c + a〉 dislocations slip may improve the 
ductility of Mg alloys at RT. Secondly, Zhao et al. [12] and Mayama et al. 
[38] found that the profuse prismatic 〈a〉 dislocation activities (Fig. 3a) 
would suppress twinning formation by rotating grains to preferred ori
entations for further deformation, leading a improved ductility. In this 
study, a considerable proportion of prismatic 〈a〉 dislocations are found 
(Fig. 3a) but there is almost no twinning even in large grains (Fig. S1) 
during deformation of the H-AZ31 alloy with large elongation, which is 
consistent with the previous results. 

In summary, the H-AZ31 Mg alloy with high work-hardening ca
pacity (UTS− YS: 164 MPa) and high elongation (~22%) has been pre
pared, which shows the potential for higher formability than other AZ31 
alloys. The grain size difference rather than texture causes the uneven 
microstrain during plastic deformation. The pile-up of GNDs at GBs 
between large and small grains is responsible for the high work hard
ening. The significant increase of non-basal dislocations during defor
mation process induced by heterogeneous grains contributes to the 
improvement of ductility. Unfortunately, the YS of H-AZ31 alloy is 
rather low. Introducing similar heterogeneous structure to the high- 
strength Mg alloys may be expected to develop more ideal high- 
performance Mg alloys with good formability. 

Fig. 5. BF and WBDF micrographs (using g = [0002] and g = [2–1–10] or [01–10]) revealing the 〈c〉 (green arrow), 〈a〉 (yellow arrow), and 〈c + a〉 (brown arrow) 
dislocations of (a-c) typical “small” grain ([01–10] zone axis) and (d-f) typical “large” grain ([2–1–10] zone axis) in the H-AZ31 alloy at 10% strain under ED tensile. 
White circles and short lines mark some pile-up non-basal dislocations at GBs. 
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