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Abstract
The synergy of excellent yield strength and ductility has always been a dilemma for conventional rolled magnesium alloys. In 
this paper, the contributions of alloying elements, deformation twinning and recrystallization to strengthening and toughening 
of the high strain rolled Mg–1.1Mn–0.5Al (wt%) alloys with variable rolling passes (1, 2, 4 and 7) at low temperature (473 K) 
were revealed. The results showed that the pyramidal < c + a > slips mediated dynamic recrystallization was prone to promote 
synergistic strengthening and toughening of the high strain rolled Mg–1.1Mn–0.5Al alloy. The progressive microstructure 
evolution was characterized with increasing rolling passes by the dominant {1012} tension twins, the balanced distribution 
of {1012} , {1011} , {1013} , {1011} − {1012} , {1013} − {1012} and {1012} − {1012} multi-system twins, the mixed twinning 
dynamic recrystallization, discontinuous dynamic recrystallization, continuous dynamic recrystallization and the complete 
recrystallization grains, finally resulting in significant grain refinement to 4.72 μm. It was experiment confirmed that the 
massive evenly distributed compression twins accompanied by the high < c + a > slips activity were able to coordinate local 
plastic deformation with each other so as to accommodate high strain rolling, promote strain softening effect and accelerated 
recrystallization rather than become a source of cracks during high strain rate rolling. Thanks to the micro and nano sized 
α-Mn and Al8Mn5 precipitates, which brought out an activation of non-basal slip and accelerated recrystallization additively, 
the recrystallized Mg–1.1Mn–0.5Al alloy with excellent yield strength (~ 311 MPa), ultimate tensile strength (~ 378 MPa) 
and fracture elongation (~ 20.4%) were obtained via 7 passes rolling without annealing.

Keywords  Mg–Mn–Al · Strength-ductility synergy · High strain rate rolling · Low temperature · Recrystallization

1  Introduction

Due to lower density, higher specific strength, excellent 
damping and electromagnetic shielding performance, mag-
nesium alloy has been considered one of the most potential 
metal structural materials in aerospace, national defense 
and transportation industries [1–4]. As a key component, 
Mg alloy ring parts play a decisive role in the reliability, 
stability and handling of the overall equipment. However, 
fewer activated slip systems and its resulting poor plas-
tic workability of the Mg alloys seriously limit its wide 
application [5]. The inefficiency and easy cracking ten-
dency of Mg alloy rings, formed by conventional process 
of successive casting, multiple forging, punching and multi 
pass rolling, have been always criticized [6]. Compared 
with gravity casting, centrifugal casting is more suitable 
for the forming of ring parts, which exhibit fine grains, 
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improving strength and better ductility [7]. The high 
strain rolling (HSR) of centrifugal casting rings reduces 
the intermediate plastic deformation process of multiple 
forging and punching, resulting in basal texture weakening 
and avoiding potential forging crack [8]. As one of severe 
plastic deformation (SPD) machining methods, HSR is 
an effective processing way for synergistic strengthening 
and toughening of Mg alloys. The rolled Mg–1.8Al–1.8Ca 
sheets at 573 K by single pass reduction of 78% exhibited 
improving mechanical properties for the YS of 298 MPa, 
UTS of 319 MPa and FE of 6% [9]. The YS, UTS and FE 
of the HSRed Mg–8.8Gd–3.4Y–1Zn–0.8Mn alloy at 723 K 
was 318 MPa, 434 MPa and 10.7%, respectively [10].

Generally, the rolled Mg alloys are prone to forming a 
strong basal texture, which causes anisotropy of stretch-
ing and compression. High strain rate plastic deforma-
tion at low temperature is conducive to reducing roll-
ing passes, weakening basal texture and avoiding yield 
asymmetry [11]. However, due to the lack of activated 
slip system, it is difficult for most Mg alloys to be rolled 
at low temperature. Mn element, which can reduce the 
cross-slip energy barrier and help to open non-basal slip 
of magnesium alloys, is considered as a beneficial ele-
ment for refining grain and improving ductility [12]. Al 
element can significantly increase the CRSS of basal slip, 
produce strong solution strengthening, and improve the 
yield strength of Mg alloys [13]. It was reported that the 
α-Mn and Al8Mn5 particles increased dynamic recrys-
tallization (DRX) nucleation ratio induced by particle 
stimulation nucleation (PSN) mechanism, and inhibited 
grain growth by pinning dislocation [14]. As-extruded 
Mg–1.3Al–0.4Mn–0.3Ca alloy exhibited improving 
yield strength (YS) of 287 MPa, ultimate tensile strength 
(UTS) of 343 MPa and fracture elongation (FE) of 20% 
[15]. The YS of Mg–0.6Mn–0.5Al–0.5Zn–0.4Ca alloy 
increased to 403 MPa after extrusion and rotary forging 
[16]. With the addition of 1.0 wt% Mn element, the YS 
of Mg–Zn–Al–xMn alloy was significantly enhanced by 
39 MPa [17]. Therefore, Mg–Mn–Al alloys, which pre-
sent excellent plasticity, corrosion resistance and economy, 
are considered to be an easily rolled wrought alloy [18]. 
However, researches on high strain rate rolling of centrifu-
gal casting Mg–Mn–Al alloys at low temperature are still 
rarely reported.

In this paper, the centrifugal casting Mg–1.1Mn–0.5Al 
alloy were prepared and then rolled to variable accumulative 
strain with single pass 20% reduction at 473 K. Due to acti-
vation of pyramidal < c + a > slips, local strain coordination 
induced by compression twins and accelerated recrystalliza-
tion, the excellent yield strength and ductility were simultane-
ously obtained via high strain rolling without further anneal-
ing. Meanwhile, the microstructure evolution, strengthening 

and toughening mechanism of the HSRed Mg–1.1Mn–0.5Al 
alloys were discussed.

2 � Experimental Procedures

The commercial raw materials of pure Mg (99.9 wt%), pure 
Al (99.9 wt%) and Mg-3Mn (wt%) were used to fabricate 
Mg–1.1Mn–0.5Al alloy. The alloys were melted under the pro-
tection of CO2 and SF6 gas mixture in a special well resistance 
furnace for magnesium alloy. After uniform stirring and slag 
removal at 973 K, the melt was cast into a rotating horizontal 
centrifugal casting mold preheated at 523 K for 30 min and 
eventually formed rings with inner diameter of 40 mm, outer 
diameter of 90 mm and height of 120 mm. The mold centrifu-
gal speed was kept constant at 600 r/min during pouring and 
solidification process. After solidification, the casting rings 
were water chilled to about 373 K and then naturally air cooled 
to room temperature.

The castings were homogenized at 673 K for 12 h, followed 
by water chilling to about 373 K and then cut into slabs with 
thickness of 24 mm. The cut slabs were held at 473 K for 
30 min, and then rolled with single pass reduction of 20% on 
a double-high rolling mill. All the samples were kept at 473 K 
for 10 min at intervals of each rolling pass. The rollers were 
kept at room temperature throughout the rolling process. The 
final rolled samples were cooled immediately in hot water to 
about 373 K. The final thickness, cumulative reduction and 
average strain rate of the rolled samples are shown in Table 1. 
The average strain rate of rolling was calculated as following 
[19]:

where 𝜀̇ is average strain rate of rolling, V  is roller linear 
velocity of constant 1.78 m/s, R is the radius of the roller 
equal to 85 mm, Δh is the single pass reduction, H and h are 
the thickness of the sheet before and after rolling. According 

(1)𝜀̇ =
2V

√

Δh∕R

H + h

Table 1   Final thickness, cumulative reduction and average strain rate 
of the HSRed alloys

Rolling 
passes

Thickness, mm Cumulative 
reduction (%)

Strain rate 𝜀̇ , s−1

0 24.0 0 –
1 19.2 20 19.6
2 14.4 40 22.5
3 12.0 50 24.8
4 9.6 60 27.7
5 7.7 68 30.9
6 6.1 75 34.7
7 4.9 80 38.8
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to the calculated results, 𝜀̇ increases from 19.6 to 38.8 s−1 
with the increasing rolling passes, which is much higher than 
that (9.1–11.3 s−1) of other conventional rolled magnesium 
alloys [4, 19].

The microstructure was observed by Olimpus PMG3 opti-
cal microscopy (OM), analyzed by FEI Nova 400 scanning 
electron microscopy (SEM) at 20 kV. The electron back-
scatter diffraction (EBSD) analysis was performed using 
JEOL JSM-7800F Field emission scanning tunneling elec-
tron microscope with the operating voltage of 20 kV, the 
beam current of 15 μA and the scanning step of 0.5 μm. 
The transmission electron microscope (TEM) and scanning 
transmission electron microscope (STEM) were observed 
using a Talos F200S microscopy operated at 200 kV. The 
alloying elements were determined by XRF-1800 X-ray fluo-
rescence spectrometer. Phase analysis was carried out by D/
Max-2500PC X-ray diffractometer with test voltage of 40 kV 
and current of 0.15 A. Mechanical tensile properties of the 
rectangular section specimens were tested on CMT-5105 
electronic universal testing machine with a constant strain 
rate of 10−3 s−1.

3 � Results

3.1 � Microstructure

Figure 1 show the optical microstructure (OM), inverse pole 
figure (IPF), local misorientation and corresponding kernel 

average misorientation (KAM) distribution maps of the cen-
trifugal casting Mg–1.1Mn–0.5Al alloys. In the IPF maps, 
the high angle grain boundaries (HAGBs, � ≥ 15

◦ ) and the 
low angle grain boundaries (LAGBs, 2◦ ≤ 𝜃 < 15

◦ ) were 
marked with black line and white line, respectively. Dif-
ferent from gravity casting alloy [13], some subcrystalline 
structure appeared in the grain interior of the centrifugal 
casting alloys. Generally, the generation of subcrystalline is 
usually due to the dislocation slip, plugging, rearrangement 
and merging during the plastic deformation of the alloys. 
Hence, the corresponding local misorientation maps was 
given to quantitatively confirm dislocation density of the 
centrifugally cast alloys. The geometrically necessary dis-
location (GND) density was calculated by [20]:

where �GND is average GND density, Δ�i is mean value 
of KAM, � is EBSD step size and b is the Burgers vector 
(0.32 nm in use). Consequently, the calculated GND den-
sity of centrifugal castings are 3.39 × 10

13m−2 . Centrifugal 
casting melt was subjected to a combination of centrifugal 
force, viscous force, inertial force and repulsive force [7, 
21], which caused intergranular stress during solidification 
of centrifugal castings with high-speed spiral motion and 
activated dislocation slips. Considering the high frequency 
vibration of the centrifugal casting mold during rotation, 
this is beneficial to the grain refinement of the centrifugal 
castings.

(2)�GND = 2Δ�i∕�b

Fig. 1   Micrographs of the 
centrifugation casting alloy: a 
OM, b IPF, c local misorienta-
tion and d corresponding KAM 
distribution maps
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As shown in Fig. 2, more dispersed precipitates rich in 
Mn and Al elements with uneven sizes were distributed in 

the matrix. These Al-Mn precipitates were mainly granular, 
irregularly block or elongated rod-like distributed within the 

Fig. 2   Morphology and element 
composition of precipitated 
phases in centrifugation casting 
alloy: a SEM, b EDS image, c, 
d Mn/Al element distribution 
maps and e, f atomic percentage 
of P1/P2 particles

Table 2   The corresponding 
twinning systems in Fig. 6

Twin system Angle/axis of rotation Matrix Twins Type

{1012}1011 86.3
◦

∕1120 M
1

T
11

∼ T
16

Tension

{1013}3032 64
◦

∕1120 M
5

T
5

Compression
M

2
T
3

{1011}1012 56
◦

∕1120 M
2

T
21

M
6

T
8

{1011} − {1012} 38
◦

∕1120 M
2

T
22
,T

23
Secondary

M
4

T
4

M
6

T
7

{1013} − {1012} 22
◦

∕1120 M
5

T
5

M
6

T
6
,T

9
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α-Mg matrix or along grain boundaries. In which, the atomic 
ratio of Mn to Al elements in Mn-rich precipitates (P1) was 
nearly 2.53:1. Further experiments suggested that these 
large-sized Mn-rich particles were α-Mn elemental [22]. 
Meanwhile, the atomic ratio of Al to Mn elements in P2 par-
ticle was 1.62:1, which was close to that of Al8Mn5 phase. 
As shown in Fig. 3, the XRD analysis also confirmed that 
Al8Mn5 second phase and Mn elemental were the mainly 
precipitates in the centrifugation casting Mg–1.1Mn–0.5Al 
alloy.

The rolled Mg–1.1Mn–0.5Al alloys exhibited progressive 
plastic deformation characteristics with increasing strain, as 
shown in Fig. 4. When the sheets were rolled 1 pass to 0.2 
strain, massive twins spread throughout the matrix. Most 
of these twins were distributed in banded bundles, accom-
panied by a variety of twin variants. These twin variants 
intercrossed each other to form a typical fragmentation mor-
phology, with intersection angles of 50°–60°. Meanwhile, a 
few fine dynamic recrystallized (DRX) grains were formed 
around the twin intersection. As the cumulative strain was up 
to 0.4, abundant of subcrystalline structures spread through-
out interior and boundaries of the twins and matrix. As a 
result, these twins and grains tended to concomitantly be 
decomposed into even finer DRXed grains. When the accu-
mulated strain increased to 0.6, grain fragmentation became 
the dominant microstructure feature. Even more DRXed 
grains surrounded the initial grains, with a 30°–45° angle 
distribution along the rolling direction. Similar structures 
had been experimental confirmed, which were called the 
shear bands as typical features of rolled magnesium alloy 
[23]. With increasing strain to 0.8 through 7 passes rolling, 
these ubiquitous subgrain boundaries continued to incor-
porate the accumulated high-density dislocations and then 
transform into HAGBs, leading complete recrystallization.

The local misorientation, KAM and misorienta-
tion angle distributions of the rolled alloys are shown in 
Fig. 5. The maximum LAGBs frequency of the 2 passes 
rolled alloy was up to 75.34%. Then, with the increas-
ing DRXed grains, the LAGBs frequency decreased 
gradually. However, due to higher strain rate, the HSRed 
Mg–1.1Mn–0.5Al alloys presented higher LAGBs fre-
quency than as-extruded ( fLAGB = 13.9% ) or as-swaged 
Mg–0.6Mn–0.5Al–0.5Zn–0.4Ca alloys ( fLAGB = 27.2% ) 
[16]. These abundant LAGBs were suggested to impede 
dislocation slip, resulting in more lattice distortion and 
stress concentration [24]. Correspondingly, the GND 
density of the 2 passes rolled alloy increased to 6.25 × 
1014  m−2, significantly higher than that of single pass 
rolled alloy ( 3.11 × 10

14m−2 ) and centrifugal casting alloy 
( 3.39 × 10

13m−2 ). However, the increasing DRXed grains 
tended to absorb the nearby lattice dislocations, leading to 
the successive decrease of dislocation density in the 4 passes 

and 7 passes rolled alloys, with �GND = 4.78 × 10
14m−2 and 

�GND = 4.14 × 10
14m−2 , respectively.

As shown in Fig. 6, the activated twin systems were 
marked with colored lines based on their misorientation 
angles, where the maximum deviation of the ideal axes 
and the corresponding misorientation angles were both set 
to 5°. The corresponding characteristics of the twin sys-
tems in Fig. 6 are shown in Table 2. The mass of {1012} , 
{1011} and {1013} primary twins, together with nearly 
equal number {1011} − {1012} and {1013} − {1012} dou-
ble twins were distributed within the matrix intersecting or 
parallel to each other, becoming high-density dislocation 
plugging regions, which were distributed gray-black in the 
EBSD diffraction mass pattern. In addition, high strain 
was accumulated in several twins, resulting in difficult to 
be identified and taking on a gray color. Meanwhile, there 
were also some other uncommon twin systems, such as 
{1012} − {1012} , {1012} − {0112} and {1012} − {0112} 
twin variants and so on. Compared with the conventional 
thermoplastic magnesium alloy [25–27], the HSRed 
Mg–1.1Mn–0.5Al alloy activated more deformation twin-
ning systems, obtained a higher twinning fraction, and 

Fig. 3   XRD analysis of the centrifugation casting alloy

Table 3   Mechanical performance of the Mg–1.1Mn–0.5Al alloys

Samples UTS (MPa) YS (MPa) FE(%)

Centrifugal cast 197 ± 2 83 ± 1 12.4 ± 0.6
1 pass to 20% reduction 264 ± 2 127 ± 2 14.4 ± 0.6
2 passes to 40% reduction 317 ± 3 228 ± 2 14.2 ± 0.8
4 passes to 60% reduction 343 ± 3 266 ± 2 16.3 ± 1.2
7 passes to 80% reduction 378 ± 4 311 ± 3 20.4 ± 1.8
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promoted an even balanced distribution of the multiple 
system twins.

Figure 7 shows the recrystallization characteristics dis-
tribution and fraction of the 4 passes and 7 passes rolled 
alloys, in which the minimum misorientation angles to sep-
arate recrystallized, sub-structured, and deformed grains 
are 1 degree and 7.5 degree, respectively. Meanwhile, the 

color of fully recrystallized, sub-structured and deformed 
grains is defined by blue, yellow and red in sequence. With 
the increasing rolling pass, DRX dominated the plastic 
deformation of the rolled Mg–1.1Mn–0.5Al alloy. After 
7 passes rolling to cumulative 80% reduction, the rolled 
alloys presented a fully DRX structure with significantly 
refined grain size of 4.72 μm. However, some DRXed 

Fig. 4   OM and EBSD IPF maps 
of the HSRed alloys after a, b 1 
pass, c, d 2 passes, e, f 4 passes 
and h, i 7 passes rolling
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grains retained massive LAGBs and thus appeared as sub-
structures or deformed grains. In essence, DRX is a pro-
cess in which plugging and accumulating dislocation slip, 
causing local stress concentration, driving lattice torsion, 
forming LAGBs and transforming into HAGBs. Hence, 

these residual LAGBs are the potential driving force for 
further refinement of DRXed grains.

Fig. 5   Local misorientation, KAM and misorientation angle distributions maps of the HSRed alloys after a, b and c 1 pass, d, e and f 2 passes, 
g, h and i 4 passes and j, k and l 7 passes rolling
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3.2 � Mechanical Performance

Figure 8 shows the tensile stress–strain curves and mechan-
ical properties of the centrifugal casting and the rolled 
Mg–1.1Mn–0.5Al alloys, compared with other rolled or 
extruded Mg–Mn–Al alloys. Meanwhile, the correspond-
ing values of YS, UTS and FE are listed in Table 3. The 
tensile strength of the alloy increased synchronously with 
the increasing rolling pass. Ultimately, the rolled alloys 
by 7 passes to 80% cumulative reduction showed a highest 
YS of 311 MPa and UTS of 378 MPa. In addition, com-
pared with other rolled or extruded Mg–Mn–Al alloy, the 
Mg–1.1Mn–0.5Al alloys through high strain rate rolling 
presented excellent strength-ductility synergy.

However, due to higher stress concentration, the ductility 
of the 2 passes rolled alloy decreased slightly compared with 
that of the single pass rolled alloy. Thereafter, the ductility 
increased significantly with the increasing rolling passes, 
thanks to the sharp decrease in average grain size with the 
increase of DRX fraction and the associated decrease of 
GND density.

Fig. 6   EBSD band contrast and marked twins of the HSRed Mg–
1.1Mn–0.5Al alloy after 1 pass rolling

Fig.7   Dynamic recrystallization 
distribution and fraction of the 
HSRed alloys after a 4 passes 
and b 7 passes rolling
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4 � Discussion

4.1 � Effect of Twinning and Recrystallization 
on Basal Texture

As an essential strain coordination mechanism, deformation 
twinning is likely to be activated to coordinate the uniform 
plastic deformation at low temperature. Generally, high 

strain rolling at 473 K is not enough to activate sufficient 
slip systems, but promotes the nucleation and growth of 
deformation twins. Massive twin boundaries are more prone 
to accumulate dislocation and induce twinning dynamic 
recrystallization (TDRX) [23]. As shown in Figs. 4 and 
5, more extensive dislocation slips and higher dislocation 
density lead to more DRXed grains with increasing cumu-
lative deformation. Increasing dislocation density induces 

Fig. 8   Mechanical properties 
of the Mg–1.1Mn–0.5Al alloys 
for a the tensile stress–strain 
curves, b comparison of YS 
and FE with other rolled (RD) 
or extruded (ED) Mg–Mn–Al 
alloys in references [28–33], 
variation trend of c YS, UTS 
and d FE

Fig. 9   Twins weakening the 
{0001} texture in the 2 passes 
rolled alloys: a IPF map and 
the corresponding pole figure 
of b region A, c region B and d 
region C



526	 Metals and Materials International (2024) 30:517–532

1 3

even more discontinuous dynamic recrystallization (DDRX) 
at grain boundaries and continuous dynamic recrystalliza-
tion (CDRX) within deformation grains [6]. As a result, the 
DRXed grains fraction increases but the grain size decreases 

continuously. It has been evidenced that the activated twins, 
TDRX, DDRX and CDRX can lead to the orientation disper-
sion in basal texture or texture weakening in deformed Mg 
alloys [34–36].

As shown in Fig. 9, the misorientation of the twins in 
the 2 passes rolled Mg–1.1Mn–0.5Al alloys deflects rela-
tive to the matrix grains, resulting in the weakened {0001} 
basal texture. Furthermore, detwinning, double twinning or 
additional slip system can be activated during the plastic 
deformation of the twins, which can reduce the basal texture 
and asymmetry [37, 38]. Figure 10 shows that a common 
twinning boundary was formed when two coaxial {1012} 
twins interact. There are two possible common twinning 
boundary modes, basal/basal (BB) or prismatic/ prismatic 
intersection plane, due to the misorientation difference of the 

coaxial {1012} tension twins [39]. The interaction structures 
formed between different twin variants facilitate the local 
strains coordination so as to improve the ductility.

Fig. 10   EBSD IPF map of TTB by coaxial {1012} twin interaction in 
the 2 passes rolled alloys

Fig. 11   Pole figures of the 
HSRed alloys after a 1 pass, 
b 2 passes, c 4 passes and d 7 
passes rolling
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However, the orientation shift of these deformed twins 
relative to the matrix does not offset the texture enhancement 
caused by the corresponding increase in strain. As shown 
in Fig. 11, the single pass rolled alloy presented an obvious 
(0001) basal texture with a maximum polar density value of 
12.26. After 2 passes rolling, the maximum polar density 
of basal texture increased to 17.31. With 4 passes rolling to 
0.6 strain, the maximum polar density was up to the peak 
of 19.04.

On the contrary, DRX is an effective method for texture 
weakening in deformed Mg alloys. As shown in Fig. 11d, 
the maximum pole density of 7 passes rolled alloy reduced 
to 15.52 due to the texture weakening effect of complete 
dynamic recrystallization. In particular, an unusual double-
peak texture, where basal poles tilted about ± 20° away from 
ND to RD, was observed in the 7 passes rolled alloy. The 
published reports have evidenced that AZ31 magnesium 
sheets presented a c-axis//RD texture component and weak 
double-peak texture by means of equal channel angular roll-
ing and subsequent continuous bending. After annealing, the 
texture finally became a typical double-peak texture, lead-
ing to significantly improved stretch formability [40]. The 
accumulated reduction of the cold rolled AZ31 sheets with 
similar double-peak texture was up to 39.2%, nearly double 
the 18.3% of the sheets with strong basal texture [41]. EBSD 
analysis confirmed that the tilt direction and rotation angle 
of the double-peak texture were exactly consistent with the 
tension twins [40]. In addition, there were also definite evi-
dences that {1011} − {1012} double twinning was the under-
lying induction factor in the formation of the double-peak 
texture [42]. Therefore, it can be inferred that twins are one 
of the important causes for the double-peak {0001} texture.

4.2 � Alloying Elements and Precipitates

The first principles calculation recommends that the Mn ele-
ment is beneficial to accelerate the dislocation propagation 
by pairing some partial dislocations in the atomic plane, 

and Al element helps to activate non-basal slips so as to 
coordinate the uniform plastic deformation in magnesium 
alloys [43]. Meanwhile, Mn element can effectively reduce 
the energy barrier of cross slip, resulting in more activated 
slip dislocations in magnesium alloys [12]. Nakata et al. [44] 
found that a large amount of high-density Gunier–Preston 
(G.P) zones appeared in the extruded Mg–0.3Al–0.3Ca alloy 
with added Mn element, which was conducive to the refine-
ment of recrystallized grains.

In our study, an obvious dislocation plugging 
was observed around Mn-rich particles in rolled 
Mg–1.1Mn–0.5Al alloys, as shown in Fig. 12. This indi-
cated that Mn-rich particles acted as a barrier to pinning 
dislocations. The local dislocation density concentration 
caused by dislocation pinning effect was conducive to induce 
sub-structured grains and recrystallized grains nearby. The 
orientation of the DRXed grains was more randomized that 
that of the primary grains, resulting in significantly weaker 
texture than the original deformed basal {0001} texture. This 
texture weakening is undoubtedly beneficial to reduce yield 
anisotropy and improve mechanical workability of the rolled 
Mg alloys at low temperature.

As previously mentioned, Mn increases significantly the 
critical resolved shear stress (CRSS) of basal slips of magne-
sium alloy, with an equivalent effect as the same content of 
Gd and Y rare earth elements [12]. Moreover, mass of nano-
sized Al-Mn precipitates (~ 12 nm) are dispersed in the HSRed 
alloy, as shown in Fig. 13. These nanoparticles are proofed 
as Al8Mn5 precipitated phase to perform significant disper-
sion strengthening through pinning dislocations [13]. Due to 
the non-coherent relationship between Al-Mn particles and 
matrix grains, the precipitate strengthening can be calculated 
by Orowan strengthening mechanism [45]:

(3)�Orowan =
Gb

2�
√

1 − v
∙
1

�
∙ ln

�

Dp

r
0

�

Fig. 12   Particle stimulating 
nucleation in the 4 passes rolled 
alloy: a DRX and b KAM maps
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where G is the shear modulus (~ 16.6 GPa), b is the gliding 
dislocations Burgers vector (~ 0.32 nm), v is Poisson ratio 
(~ 0.33), � is precipitated phase spacing taken by the line 
segment method (~ 76.9 nm), r

0
 is dislocation core radius 

take as the modulus of Burgers vector and Dp is the precipi-
tate planar diameter (~ 12 nm). When the dislocation slips 
to the precipitates, the dislocation lines are blocked, result-
ing in arcing, extending, wrapping, reconnecting and form-
ing the Orowan dislocation ring. According to the Orowan 
mechanism in Eq. 3, the more precipitates in unit volume, 
the better the effect of precipitation strengthening. In our 
study, the calculated precipitation strengthening contribution 
is 48.8 MPa, which is 15.7% of yield strength (~ 311 MPa) 
in the 7 passes rolled Mg-Mn-Al alloys.

4.3 � Non‑basal Slip Mediated Compressive Twin 
Strain Softening

Compared with the matrix grains, the {1011} or {1013} com-
pression twins tend to form some lamellar “softening” regions, 
which are more prone to plastic deformation. Previous stud-
ies have suggested that the softening regions tend to be crack 
initiation zones, leading to premature material failure [46]. 
However, the high ductility of the HSRed Mg–1.1Mn–0.5Al 
alloy indicates that no premature cracks are formed in these 
softened regions. In fact, the primary reason why cracks tend 
to form in the compression twin region lies in the incongruity 

of the plastic deformation capacity between the harder matrix 
grains and the softened twin region. Thanks to mass of evenly 
distributed multisystem tension, compression and double 
twins, the HSRed Mg–1.1Mn–0.5Al alloy exhibits an overall 
softening characteristic, which is conducive to the improve-
ment of ductility and workability.

Figure 14 shows the comparison of twin distribution and 
misorientation intensity of rolled Mg–1.1Mn–0.5Al alloy with 
different compression twin fraction, in which the color scheme 
of local misorientation in Fig. 14c, d was marked with rainbow 
band and the subgrain angle was definited as 5 degree with 
filter size of 3 × 3. Although both alloys consisted mainly of 
deformation twins rather than recrystallization, the types of 
mainly activated twins were significantly distinguished. When 
the rolling reduction was 10%, the proportional fraction of ten-
sion twins was significantly greater than that of compression 
twins and secondary twins. Meanwhile, although the corre-
sponding average KAM value was only 0.8779, its peak inten-
sity reached as high as 1.154. Nevertheless, the stress concen-
tration pattern of marked regions 1–7 in Fig. 14 was not exactly 
the same. In regions 1–4 and 6, there were not only obvious 
regional stress concentration, but also some stress concentra-
tion sites (marked as red lines). In region 5 and 7, there was 
only a general regional stress concentration, but no obvious 
peak strength sites. However, in any case, these regions were 
stress concentration zones due to the dislocation slip barriers 
caused by the compression twin boundaries, which was not 

Fig. 13   Elements distribution 
of the 7 passes rolled alloy: a 
STEM, b EDS, c Mg, d Mn and 
e Al elements
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common around the tension twins. Hence, when compression 
twins were relatively rare in the rolled Mg–1.1Mn–0.5Al alloy, 
extremely high-density dislocations were concentrated in the 
coarse matrix grains around the softening {1011} compres-
sion twins and {1011} − {1012} double twins, which caused 
a severe incompatibility of ductility between the compression 
twins, tension twins and matrix grains. In contrast, when mas-
sive compression twins and double twins spread throughout 
the rolled alloy with 20% reduction, the peak dislocation den-
sity were decreased sharply to 0.641 despite the average KAM 
value increased to 1.3114. This indicated that the potential for 
local crack initiation in compression twins and double twins 
would be greatly reduced. Therefore, it can be inferred that 

the softening effect of abundant evenly distributed compres-
sion twins is conducive to improving the ductility, rather than 
making it a crack source.

It has been generally believed that the non-basal slip 
of magnesium alloys is a thermal activation process. The 
plastic deformation mechanism of low temperature rolled 
magnesium alloys is dominated by basal slip and deforma-
tion twinning [47]. However, the only basal < a > slip is not 
sufficient to coordinate the high strain rolling deformation 
of the Mg–1.1Mn–0.5Al alloy. According to the “g·b = 0 
invisible” dislocation extinction condition, the < c + a > dis-
locations are easily distinguished from basal < a > dis-
locations. Figure  15 shows that both basal < a > and 

Fig. 14   Comparison of twin distribution, local misorientation and 
misorientation intensity of the alloys: a, c, e with fewer compression 
and double twins while single pass rolled with 10% reduction and b, 

d, f with massive evenly distributed compression and double twins 
while single pass rolled with 20% reduction
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non-basal < c + a > dislocations are activated in the matrix 
and twins of the rolled Mg–1.1Mn–0.5Al alloy. The Schmid 
factor (SF) of basal < a > dislocation in compression twins is 
generally several times larger than that of matrix [46], which 
makes it easier to activate more dislocation slips inside the 
twins. These activated basal < a > dislocations induce non-
basal < c + a > dislocations lying in the strain coordination 
of the twinning interface, which facilitates uniform plas-
tic deformation of the rolled alloys. Some studies suggest 
that the dislocation in the residual matrix is a < c > dislo-
cation [46]. However, the forming of pure < c > disloca-
tion in the HCP magnesium alloy must rely on the reaction 
of < a > and < c + a > dislocations.

Figure 16 shows the Schmid factor frequency distri-
butions of the rolled alloys with different rolling passes. 
The SF of basal < a > and pyramidal II < c + a > slips of 
the single pass rolled alloy presents almost the same high 
value, but showing the opposite trends of regular decreas-
ing and significant increasing after two passes rolling, 
respectively. Meanwhile, pyramidal I < c + a > slips showed 
higher SF values in all investigated alloys and increased 
even more significantly with the increasing rolling passes. 

These pyramidal < c + a > slip systems are more eas-
ily activated due to the high SF factor. The activation of 
these non-basal < c + a > slip systems greatly improve duc-
tility and workability, which avoids crack initiation and 
material failure during the high strain rolling process of 
Mg–1.1Mn–0.5Al alloys. Thanks to the texture strengthen-
ing and fine-grain strengthening mediated by non-basal slips, 
the 7 passes rolled alloy with double-peak texture exhibits 
improved strength without loss of ductility. Huang et al. sug-
gested that the double-peak texture was resulted from recrys-
tallization and related to activated pyramidal < c + a > slips 
[48]. It has been proposed that recrystallization boundaries 
tend to absorb non-basal dislocations, resulting in rotation 
of the recrystallized grains. This rotation caused the ND-ori-
ented fine recrystallized grains in the strong {0001} texture 
to be redirected approximate 20° towards RD direction [48]. 
Furthermore, each peak of this unusual texture component 
spread transversely a wider orientation, which is considered 
to be related to the activated pyramidal < c + a > slips [49].

Fig. 15   Dislocation morphology 
near a {1011} − {1012} double 
twin in the 1 pass HSRed 
alloy under a g⃗ = 1011 and b 
g⃗ = 0002 beam conditions; c the 
diffraction spot at position c in 
picture a 



531Metals and Materials International (2024) 30:517–532	

1 3

5 � Conclusions

The centrifugal casting Mg–1.1Mn–0.5Al alloys present 
admirable plastic workability, which helps to accept high 
strain rate rolling at low temperature. The excellent yield 
strength and ductility were obtained simultaneously via 7 
passes rolling due to the activated non-basal slips, alloying 
elements and accelerated recrystallization. The main conclu-
sions of our research are as following:

(1)	 Massive evenly distributed compression twins were 
formed in the rolled Mg–1.1Mn–0.5Al alloy with the 
high strain rate of 19.6–38.8 s−1. Local strain coordina-
tion due to strain softening of sufficient compression 
twins contributes to the improvement of plasticity and 
workability rather than making it the cracks sources. 
This coordination and softening are important support-
ing measures for high strain rate rolling of Mg–1.1Mn–
0.5Al alloy without cracking.

(2)	 The strength and ductility of the Mg–1.1Mn–0.5Al 
alloy after 7 passes rolling are synchronously improved 
due to the DRXed grains refinement strengthening, the 
LAGBs residual dislocation strengthening, the acti-
vated pyramidal < c + a > slips coordination, and the 
synergistic enhancement of Nano-sized Al-Mn precipi-

tates on strength and plasticity. In which, the alloying 
elements of Mn and Al are considered to be brought out 
an activation of non-basal slip, allowing to acceptance 
of high strain rolling, and accelerated recrystallization.

(3)	 The large number of activated multiple twin-
ning systems are mainly {1012} , {1011} , {1013} , 
{1011} − {1012} , {1013} − {1012} and so on. These 
twins are roughly equal in proportion and evenly dis-
tributed, which is greatly beneficial for local strain 
coordination of twin-twin and twin-dislocation inter-
actions.

(4)	 The activated dislocations are basal < a > , pyramidal 
I < c + a > and pyramidal II < c + a > slip systems. Pris-
matic < a > slips are difficult to be activated due to its 
lower SF. The strengthening and strain coordination 
of activated < c + a > dislocation slip, which is also 
beneficial to accelerate dynamic recrystallization, are 
important strengthening and toughening mechanisms 
for rolled Mg–1.1Mn–0.5Al alloys.
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