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A B S T R A C T   

A novel sandwich grain structure of an Mg–Mn–Ce alloy was achieved by controlling the content of Mn in the 
traditional extrusion process. The solid-state Mn was dynamically precipitated during the extrusion. These finely 
precipitated particles hindered the grain boundary migration and refined the dynamically recrystallized grains. A 
sandwich-like grain structure was formed in as-extruded Mg–Mn–Ce alloys with Mn content increasing from 0.3 
wt% to 0.9 wt%. This sandwich-like grain structure induced a tensile yield stress (TYS) that was improved from 
86.5 MPa to 166.7 MPa; the Mg-0.9Mn-0.5Ce alloy exhibited improved yield isotropy. Here we discuss the 
formation mechanism for the sandwich-like grain structure and the strengthening mechanism in detail.   

1. Introduction 

Magnesium (Mg) alloys, owing to their low density, high specific 
strength, high thermal conductivity, and satisfactory damping capacity, 
are widely used in the automotive, aerospace, and mobile electronics 
industries [1–3]. However, large-scale application of Mg alloys is limited 
by their poor room-temperature formability. Although wrought Mg al
loys have better mechanical properties compared with cast alloys, the 
Mg alloy sheets usually possess limited ductility during the hot defor
mation process. This is mainly attributed to the limited availability of 
slip systems (mostly basal slip) for hexagonal close-packed (hcp) struc
tures [4–6]. Thus, extensive studies have been undertaken to enhance 
the mechanical properties of wrought Mg alloys [7–9]. 

The addition of solid solution elements [10–14] is a promising 
method to improve the formability of Mg alloys at room temperature. 
Rare earth (RE) elements are commonly used in Mg alloys to improve 
their ductility, because RE elements can increase the activity of 
non-basal slip systems [14–17]. For instance, Wu et al. [17] found easy 
cross-slip of <c+a> dislocations in Mg–Y binary alloys and an improved 
ductility compared to pure Mg. Huang et al. [18] also pointed out that 
the prismatic and pyramidal <c+a> slips are more active with the 

addition of Y. With the addition of Gd [19,20], Er [21], and Ce [22,23], 
similar activation of non-basal slip systems is also reported in recent 
research. Therefore, adding RE elements can potentially become a 
method for producing high-ductility Mg alloys, though their application 
is limited by the cost of RE elements. 

It is reported [24] that some non-RE elements can also be effective at 
enhancing ductility in the solid state; this is the case for Sn, Zn, Al, Ca, 
and Mn. Among these elements, Mn is considered to be promising ac
cording to recent studies [25–29]. Mn has low solubility in Mg alloys 
(about ~2.22 wt% at 650 ◦C). It was originally added to form an in
termediate compound with Fe and Si for the purification of Mg [30–32]. 
Later, it was found that Mn addition can also enhance the strength and 
ductility of Mg alloys. Yu et al. [33] pointed out that a high density of 
fine Mn precipitates during extrusion could refine the grains of Mg alloys 
and improve their mechanical performance. Most recently, the change 
in critical shear stress (CRSS) of basal slip resistance for alloy elements 
with maximum solid solubility has been calculated using first principles 
[34–36]. This work shows that Al, Zn, Y, Gd, Mn, Yb, Ag, Dy, and Er can 
increase the sliding resistance of basal slip and decrease the difference 
between the CRSS of basal slip and non-basal slip, which can activate 
more slip systems and improve their ductility and strength. Among these 
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elements, Mn is the lowest-cost element, which means that it is possible 
to create a high-ductility, low-cost Mg alloy. In addition, the extruded 
texture can be modified with the addition of Mn. Zhao et al. [28] re
ported that the as-extruded alloy with 0.5 wt% of added Mn has an 
elongation of more than 50% due to the favored orientation for basal slip 
and the reduction of twinning. Hu et al. [27] also found that 
Mg-0.4Al-1.5Mn alloy shows an excellent failure elongation of 52.5% 
owing to fine grain size and the high Schmid factor (SF) of non-basal 
slips. The above studies focus on the improvement of mechanical 
properties. However, the role of Mn in solid solution in the micro
structural evolution during extrusion, as well as the effect on the 
improvement of mechanical properties, has not been well studied. 

In this paper, the influences of different Mn concentrations in solid 
solution (0.3, 0.6, 0.9 wt%) on a Mg-(0.5 wt%) Ce alloy are studied. The 
Mn is dissolved into the matrix with a solid solution treatment and then 
extruded into sheets with the conventional extrusion method. The evo
lution of the alloy microstructure with as a function of Mn content, as 
well as the related mechanical properties, is discussed in detail. 

2. Experimental 

Commercially pure Mg (99.97 wt%), Mg-(3 wt%) Mn, and Mg-(30 wt 
%) Ce master alloys were used to make the Mg-xMn-(0.5 wt%) Ce alloys 
(where x = 0.3, 0.6, and 0.9 wt%). These master alloys were melted at 
720 ◦C in a crucible in an electrical furnace with a protective atmosphere 
of CO2 and SF6. Then the crucible was cooled in hot salt water to obtain 
the ingot. The compositions of these ingots were determined by X-ray 
fluorescence spectrometry (XRF), and these data are presented in 
Table 1. Next, these ingots were treated in solid solution at 530 ◦C for 
12h and quenched in cold water. After preheating at 400 ◦C for 2h, the 
ingots were extruded at 400 ◦C using an XJ-500 horizontal extruder with 
3 m/min ram speeds and 30 extrusion ratios. The size of the sheets was 
56 mm in width and 3 mm in thickness. 

Tensile samples with a gauge length of 14 mm and a width of 6 mm 
were machined from the as-extruded sheet, with direction tilting of 0◦, 
45◦, and 90◦ to the original extrusion direction (ED). A CMT6305-300 
KN testing machine was used to conduct tensile tests with a speed of 1.5 
mm/min at room temperature. In the mechanical property tests, three 
samples were tested and the average value was then obtained. The 
second phase was analyzed by an X-ray diffractometer (XRD, D/Max 
2500 PC). The microstructures of the as-cast, as-solid solution, and as- 
extruded alloys were determined by scanning electron microscopy 
(SEM, JEOL JSM-7800F) combined with energy-dispersive X-ray spec
troscopy. The optical microscopy (OM) was used to observe micro
structures (OLYMPUS OSL4000). For SEM and OM observations, the 
samples were first ground and then etched in alcohol solution containing 
4% of nitric acid.. Image Pro Plus software was used to measure the 
average grain size of the alloys in representative OM images (for at least 
five images). For electron backscatter diffraction analysis, the samples 
were prepared by metallurgical polishing and electro-polishing in an 
AC2 electrolyte. Electron backscattered diffraction (EBSD) data were 
obtained from the SEM, and then analyzed with HKL-Channel 5 soft
ware. The observed microstructure direction was parallel to the extru
sion direction (ED-ND) for all samples. 

The anisotropy test was carried out on the tensile sample. True 
strains following the sheet width (εw) and thickness (εt) were performed 
on the samples deformed at a tensile strain of 8%. Lankford r-values 

were obtained using equations (1) and (2) [37]: 

r=
εw

εt
=

lnb/b0

lnt/t0
(1)  

Δr =
1
2
|r0 − r90 − r45| (2)  

3. Results 

3.1. Phase composition of Mg–Mn–Ce alloys 

Fig. 1 exhibits the phase diagram of Mg-xMn-0.5Ce alloys and the 
XRD patterns of the as-solid solution Mg-xMn-0.5Ce alloys. In Fig. 1a, 
the thermodynamics equilibrium calculation results show that the sec
ond phase in Mg-rich side are Mg12Ce and α-Mn. Meanwhile, the Mn of 
the designed alloys can be totally dissolved in the Mg matrix at 530 ◦C as 
marked by the red lines. From the XRD patterns, the position of 
diffraction for all solid-solution alloys is similar. The Mg12Ce phases are 
detected in the three alloys, while α-Mn is not found. This indicates that 
α-Mn is completely solid in the Mg matrix, which is consisted with the 
calculation results in Fig. 1a. 

3.2. Microstructures 

Fig. 2 shows OM images of the as-cast Mg-xMn-(0.5 wt%) Ce alloys 
(x = 0.3, 0.6, 0.9 wt%). The Mg-0.3Mn-0.5Ce alloy shows a structure 
similar to a columnar crystal (Fig. 2a). With the increase in Mn content, 
the grain morphology of the alloys can be changed from a columnar 
crystal to a dendrite (Fig. 2c and e). According to the SEM-BSE results 
(Fig. 2b, d, and f), the second-phase particles are uniformly distributed 
in the Mg matrix. The EDS results in Fig. 2b indicate that they are mainly 
composed of Mg12Ce and α-Mn, as shown by points A and B in Fig. 2b. 

To observe the α-Mn dissolved in α-Mg, the SEM and EDS mapping of 
solid-solution Mg-xMn-0.5Ce alloys is shown in Fig. S1. After homoge
nization, the fraction of the second-phase particles is not significantly 
changed, as shown in Figs. S1a–c. Some second phases remain randomly 
distributed. The particles have block-shaped morphologies and a size of 
over 1 μm. According to EDS mapping results (Figs. S1d–f), these block- 
shaped particles are concentrated with Ce, so we conclude that the 
block-shaped particles are Mg12Ce. This also illustrates that the Mn 
atoms are completely dissolved in the three alloys, which is consistent 
with the phase diagram and the XRD results. 

A large-scale OM image of the as-extruded alloy was taken on the 
ND-ED planes, as illustrated in Fig. 3. The observed area spans the dis
tance from the surface to the center of the sheets. It can be seen that a 
fine and equiaxial grain structure is formed in the Mg-0.3Mn-0.5Ce and 
Mg-0.6Mn-0.5Ce alloys. The average grain sizes are refined from 12.08 
μm in Mg-0.3Mn-0.5Ce to 6.38 μm in Mg-0.6Mn-0.5Ce. However, in the 
Mg-0.9Mn-0.5Ce alloy, a bimodal grain structure can be seen, which is 
consistent with elongated, un-dynamic, recrystallized (un-DRXed) 
grains and some fine grains. These fine grains are around the un-DRXed 
grain and also exist on the surface of the sheet. The average size of the 
fine grains is 3.85 μm. This kind of structure is similar to a sandwich 
structure, which consists of a fine grain in the surface layer and a center 
part with a bimodal grain structure. The thickness of the surface layer is 
about ~350 μm. The formation mechanism for this special structure will 
be explained in section 4.1. 

In order to observe the distribution of the second phase after extru
sion, the SEM results of as-extruded Mg-xMn-0.5Ce alloys are exhibited 
in Fig. S2. It is clear that the coarse second-phase particles are broken 
apart during the extrusion. From Fig. S2a, which shows the Mg-0.3Mn- 
0.5Ce alloy, it is clear that these broken fine particles are discontinu
ously distributed along the extrusion direction. This phenomenon also 
exists in the Mg-0.6Mn-0.5Ce alloy in Fig. S2b. In the Mg-0.9Mn-0.5Ce 
alloy, the surface area also contains discontinuously distributed fine 

Table 1 
Chemical compositions of the as-cast Mg–Mn–Ce alloys (wt.%).  

Alloys Chemical composition 

Mn (wt.%) Ce (wt.%) Mg (wt.%) 

Mg-0.3Mn-0.5Ce 0.30 0.46 Bal. 
Mg-0.6Mn-0.5Ce 0.60 0.45 Bal. 
Mg-0.9Mn-0.5Ce 0.86 0.48 Bal.  
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particles (Fig. S2c), while the particles at the center part are continu
ously distributed (Fig. S2d). This shows that the surface of the Mg- 
0.9Mn-0.5Ce sheet may be subjected to higher stress, which results in 
more fragmented second-phase particles. The center part may be sub
jected to lower stress, which cannot break the bigger, second-phase 
particles. This also implies that the strain is uniformly distributed 
from the surface to the center. 

Fig. 4 shows bright-field TEM (BF-TEM) images of the as-extruded 
Mg-0.9Mn-0.5Ce alloy. Fig. 4a shows that both micron-scale (as 
marked by the red line) and nanoscale particles are found in the matrix. 
Meanwhile, some nanoscale particles are inside of the micron-scale 
particles. From the EDS results in Fig. 4b and c, the nanoscale parti
cles in the matrix are identified as Mg12Ce phase and α-Mn. The micron- 
scale particles are identified as a Mg12Ce phase, according to the EDS 
results from point 2 in Fig. 4c. Also, the results from points 2 and 3 
indicate that α-Mn and Mg are oriented in a certain way with respect to 
one another. These orientation relationships (OR) for Mg and α-Mn 
precipitates were previously observed in Fig. 4c. For OR (parallel to the 
c-axis [0001] of Mg) they are: {201}Mn||{01–10}Mg, {021}Mn|| 
{-1103}Mg. Fig. S3 shows High Angle Annular Dark Field Imaging 
(HADDF) and EDS mapping images of the Mg-0.9Mn-0.5Ce alloy. Be
sides the micro-scale Mg12Ce particles, many nano-scale α-Mn pre
cipitates are also observed. 

It was found that some of the nanoparticles were sheared by dislo
cation during the extrusion process (see Fig. S4). Recent studies [38–41] 
have shown that under certain conditions, precipitates in Mg alloys may 
be shearable. The conditions that determine whether a precipitate can 
be sheared are the shape of the precipitates, the size of the precipitates, 
and the degree of crystal mismatch between the precipitates and the 
matrix. Fig. S4a shows the second-phase pinning of the dislocation, 
which can hinder the movement of dislocations. Hence, dislocations are 
becoming tangled with each other. The high-resolution TEM images of 
Figs. S4b and S4c show that dislocations shear the precipitates. The plate 
precipitate was divided by dislocation lines as shown by a green arrow in 
Fig. S4b. The (2110) and (1120) planes of the trace line were marked by 
red lines in Fig. S4c, and there is an angle of ~29.8◦ between the trace 
line and the plane of the precipitate. It is observed that the mismatch is 
about 0.58 nm along the [110] direction of the precipitate, which 
approximately corresponds to the distance between two neighboring 
atomic planes of the precipitate. This indicates that the precipitates with 
a size of 160 nm and mismatch of 0.58 nm along the [110] direction are 
shearable. 

3.3. Texture evolution 

The EBSD IPF image and the pole figure of the alloys are illustrated in 
Fig. 5. The observation direction is along the ND-ED planes. With the 
addition of Mn, the number of blue and green grains increases, indi
cating that there are more [1010]- and [2110]-oriented grains. The c 
axis of [1010]- and [2110]-oriented grains are perpendicular to the ED. 
More grains in the [1010] and [2110] orientation indicate a stronger 
basal texture. Fig. 5 shows that the maximum pole figure intensity of the 
Mg-xMn-0.5Ce alloys increased from 8.83 to 30.42 with increasing Mn 
content. 

3.4. Mechanical properties of the as-extruded Mg-xMn-0.5Ce alloys 

The engineering stress-strain curves of the Mg-xMn-0.5Ce alloys are 
shown in Fig. S5. The test direction is along the 0◦, 45◦, and 90◦ angles of 
the sheets. Table 2 lists the corresponding values of TYS, ultimate tensile 
strength (UTS), and failure elongation (FE). With the addition of Mn, the 
TYS and the UTS are obviously improved. The FE increases first and then 
decreases. The Mg-0.9Mn-0.5Ce alloy shows the highest TYS and UTS in 
all directions compared to other alloys. 

In general, the anisotropy of sheets at room temperature is signifi
cantly influenced by the r-value. According to Eq. (1) and Eq. (2), the r- 
values for Mg-xMn-0.5Ce alloys are obtained by conducting tensile tests, 
and the results are listed in Table 2. The Δr values for three sheets are 
0.61, 0.49, and 0.34, respectively. The Mg-0.3Mn-0.5Ce alloy has the 
highest Δr, while the Mg-0.9Mn-0.5Ce alloy has the lowest Δr. For a 
given sheet, the r-value represents the plastic strain ratio. The larger the 
r-value, the more severe the anisotropy. Thus, the Mg-0.9Mn-0.5Ce alloy 
has the smallest value of Δr, indicating that the Mg-0.9Mn-0.5Ce alloy 
tends to be isotropic among the three sheets. 

4. Discussion 

4.1. Microstructure variation as a function of Mn content 

In this study, the Mn content was increased from 0.3 wt% to 0.9 wt%, 
and the added Mn can be completely solid in the Mg matrix after heat 
treatment. The different content of Mn in the solid solution leads to 
different microstructures in the as-extruded Mg-0.5 wt%Ce alloy. 
Therefore, the effects of Mn on recrystallization behavior, microstruc
ture evolution, and sandwich structure formation are studied in detail. 

4.1.1. DRXed behaviors with Mn content in solid solution 
It is known that the DRX process that occurs during extrusion is 

Fig. 1. (a) Phase diagram of Mg-xSc alloys, (b) XRD patterns of the solid-solution Mg-xMn-0.5Ce alloys (x = 0.3, 0.6, 0.9 wt%).  
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divided into two parts: nucleation and growth. In order to clarify the 
effect of Mn content in solid solution on DRX behavior, the influence of 
Mn in solid solution on nucleation and growth of DRXed grains is 
discussed. 

Through the EBSD analysis method, the abovementioned mechanism 
of DRX can be identified in detail. As shown in Fig. 6, it is clear from the 
EBSD and TEM-HADDF map of the center part of the Mg-0.9Mn-0.5Ce 
sheet. From Fig. 6a, the large grains are surrounded by fine grains in 
the shape of a necklace. Fig. 6b confirms that these fine grains are DRXed 
grains. The (0001) orientation distribution of the fine DRXed grains is 
similar to that of the parent grains, as shown in Fig. 6a. In addition, the 
orientation of the DRXed grains is completely consistent with that of the 
deformed grains in the pole figure, as shown in Fig. S7. The main reason 
for the formation of this similar orientation is that these fine DRXed 
grains are influenced by the orientation of parent grains. In addition, the 
formed DRXed grains may be discontinuous dynamic recrystallization 

(DDRX), which proceeds by high-angle-grain boundaries (HAGBs) 
arching nucleation and grain boundary migration to make DRXed grains 
grow, and finally leads to the formation of the DRXed grains with the 
same texture as the parent grains. 

In Fig. S6, the DRX distribution and relative frequency of as-extruded 
Mg-xMn-0.5Ce alloys exhibit that the volume of DRXed grains of three 
alloys are 80.38%, 51.78% and 27.83, respectively. And the volume of 
deformed grains of three alloys are 11.30%, 44.87% and 70.88%, 
respectively. It is showed that the volume of deformed grains is increase 
with Mn addition. And, these deformed grains often show a stronger 
basal texture. In addition, Grains formed by DDRX have a similar texture 
to the parent grains. In generally, the texture intensity of the Mg-0.9Mn- 
0.5Ce alloy stronger than that of the other two alloys. Furthermore, a 
small number of residual dislocations and second-phase particles are 
also found in Fig. 6d (as shown with a yellow arrow). These residual 
dislocations and particles can act as nucleation sites for DRX during 

Fig. 2. (a) OM image and (b) BSE SEM image obtained from Mg-0.3Mn-0.5Ce alloy, (c) OM image and (d) BSE SEM image obtained from Mg-0.6Mn-0.5Ce alloy, (e) 
OM image and (f) BSE SEM image obtained from Mg-0.9Mn-0.5Ce alloy. 
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extrusion. In Fig. 6b, there are DRXed grains around twins and second- 
phase particles. In the KAM map, a large number of nucleation points 
around twins and second-phase particles can also be found. Thus, a small 
number of residual dislocations and second-phase particles serve as 
nucleation sites for recrystallization in the extrusion process. In sum
mary, there are a large number of LAGBs in the microstructure, which 
means that DDRX is the main DRX mechanism. In addition, twin dy
namic recrystallization (TDRX) and particle stimulation nucleation 
(PSN) mechanisms also exist during extrusion. 

When the DRXed grains nucleate, the second process will proceed: 
grain growth. The precipitates play a major role in suppressing the 
growth of DRXed grains. In the process of DRXed-grain growth, the 
second-phase particles will have a pinning effect on the grain boundary, 
thereby affecting the migration of the grain boundary [42]. The rela
tionship between second-phase particles and grain growth can be sum
marized with the following equations [43]: 

Fig. 3. Large-scale OM of the as-extruded alloy sheet, (a) the schematic of the 
observation position, (b) Mg-0.3Mn-0.5Ce alloy, (c) Mg-0.6Mn-0.5Ce alloy, and 
(d) Mg-0.9Mn-0.5Ce alloy. 

Fig. 4. (a)The BF-TEM images of the as-extruded Mg-0.9Mn-0.5Ce alloy, (b) and (c) local higher magnification of (a).  

Fig. 5. EBSD IPF image and the corresponding pole figure of the as-extruded 
Mg-xMn-0.5Ce alloys, (a) Mg-0.3Mn-0.5Ce alloy, (b) Mg-0.6Mn-0.5Ce alloy, 
and (c) Mg-0.9Mn-0.5Ce alloy. 

Table 2 
The TYS, UTS, FE, r-value, and average r-value (Δr) of the Mg-xMn-0.5Ce alloys 
(x = 0.3, 0.6, 0.9 wt%).  

Sheets Directions TYS 
(MPa) 

UTS 
(MPa) 

FE 
（%） 

r- 
value 

Δr  

Mg-0.3Mn- 
0.5Ce 

0◦ 86.5 186.9 13.4 0.53 0.61 
45◦ 113.3 200.9 11.4 0.65 
90◦ 174.6 225.9 10.5 1.09 

Mg-0.6Mn- 
0.5Ce 

0◦ 124.6 207.7 20.0 0.92 0.49 
45◦ 138.2 214.5 20.5 0.70 
90◦ 159.5 225.7 14.5 1.19 

Mg-0.9Mn- 
0.5Ce 

0◦ 166.7 233.1 17.7 0.41 0.34 
45◦ 167.6 227.6 18.4 0.57 
90◦ 168.4 226.4 14.2 0.52  
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V =M0exp
(

−
Q

RT

)
(
PRex

D − PZ − PC
)

(3)  

PZ =
3Fvγ

2r
(4)  

where M0 is the constant of boundary migration, Q is the activation 
energy, R is the gas constant, T is the deformation temperature, PRex

D is 
the recrystallization driving force, PZ is the Zener pinning stress, PC is 
the boundary curvature stress, Fv is the volume of the second phase, γ is 
the energy of the grain boundary, and r is the average radius of second 
phase. Thus, the grain boundary migration rate mainly depends on the 
difference between the recrystallization driving force and the pinning 
stress. The pinning stress hinges on the volume fraction and size of 
precipitates. The smaller the size and the larger the number of pre
cipitates, the stronger the pinning effect. In the HADDF map (Fig. 6d), it 
can be observed that the precipitated phase is distributed inside the 
grains and along the grain boundaries. These precipitated phases, which 
are distributed along the grain boundary, will hinder the migration of 
the grain boundary, thereby forming fine DRXed grains. In this work, 
when the Mn content increases to 0.9 wt%, the volume of precipitated 
α-Mn phase will increase, and the pinning effect of α-Mn will be 
enhanced, thus the fine DRXed grains are formed. At the same time, 
precipitated phases also hinder the migration of the parent grain 
boundary, and coarse un-DRXed grains are formed. Hence, both coarse 
un-DRXed grains and fine DRXed grains structures are formed. 

4.1.2. The origin of sandwich microstructure 
When the Mn increases to 0.9 wt%, a sandwich structure is formed. 

The sandwich structure contains a surface layer with uniform equiaxed 
grains and a center part with elongated un-DRXed grains and fine DRXed 
grains. During the extrusion process, the distribution of stress from the 
surface of the material to the center is different, and the structure formed 
is also different. To understand the formation mechanism of this sand
wich structure, the distribution of internal residual stress in the extruded 
alloy was studied. The KAM map of the Mg-0.9Mn-0.5Ce sheet and the 
formation of the sandwich structure are illustrated in Fig. 7. From 
Fig. 7a, it is found that the KAM value for the Mg-0.9Mn-0.5Ce sheet 
presents a gradient distribution, which increases gradually from the 
surface to the center, and significant unfinished microstructure 
(unDRXed microstructure) is retained. What’s more, the large strain on 
the surface of the sample is easier to nucleate, while the low strain in the 
center part is not easy to nucleate, so considerable strain remains inside. 

Based on previous analysis of the DRX process and strain distribu
tion, the nucleation and growth process can be summarized as follows 
(Fig. 7b):  

1. First, the sample is undergoing a long period of solution treatment 
before extrusion, and the solid-solution atoms are dissolving in the 
matrix to form a single-phase, solid-solution alloy.  

2. In the initial stage of extrusion, the strain of the sample has a 
gradient distribution in the thickness direction. Due to the different 
forces of the extrusion cylinder, the surface strain of the sample is the 
largest, while the central strain of the sample is small. Therefore, 
more dislocations, sub-grain boundaries, and precipitates are 
generated on the surface rather than in the center of the sample, 
which provides many nucleation points for the subsequent extrusion 

Fig. 6. The EBSD and HADDF map results for the center part of the Mg-0.9Mn-0.5Ce sheet: (a) IPF map; (b) DRX distribution map; (c) PSN map; and (d) HADDF 
map images. 
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process. At the same time, the high strain at the surface provides a 
higher driving force for DRX, while the low strain at the center 
provides a lower driving force for DRX.  

3. In this situation, due to more defects and larger strain on the surface, 
the surface nucleation ratio is higher than the center nucleation 
ratio. The surface layer forms a DRX grain structure and the center 
layer still maintains a deformed grain structure.  

4. Finally, due to the formation of more precipitated phases and the 
pinning effect on the surface than in the center. Thus, fine DRXed 
grains are formed on the surface and consume the storage energy and 
dislocations at the surface. At the same time, the grain boundary at 
the center is also pinned by the precipitated phases, and a bimodal 
grain structure forms. 

4.2. Evolution of mechanical properties 

In this work, the improved mechanical strength of as-extruded 
Mg–xMn-0.5Ce alloys are due mostly to the second-phase strength
ening, grain-refining strengthening, texture strengthening and solid- 
solution strengthening. However, due to the limited solubility of Mn 
content in the alloy at room temperature, the solution strengthening 
effect is not discussed here. 

4.2.1. Strengthening mechanism of second-phase particles 
The second-phase particles are an important and complex consider

ation for the improvement of mechanical properties, which are influ
enced by their size, morphology, and distribution. In the Orowan 
relationship, the TYS is based on the particle size (d) and volume fraction 
(f) of the second phase [44]: 

YS∝f
1
2d− 1Ind (5) 

Obviously, the YS could be improved by reducing the particle size 
and increasing the volume fraction. In this work, the Ce content is the 
same, while the Mn content is different. With the increase in Mn content, 
the volume of α-Mn precipitate will increase. Therefore, the effect of 
Orowan strengthening is increased by increasing the Mn content. Our 
previous work [4,29,45] showed that when the Mn content increases to 
1 wt%, the TYS increases by 20–30 MPa. In this work, when the Mn 
content increases to 0.9 wt%, the TYS of the ED direction increases by 
80 MPa (190%). Furthermore, referring to the research work of Mg al
loys, which contains Mn [8,28,29,46], the TYS improvement with Mn 
particles cannot reach 190% or 80 MPa, which is far below this value. 
Hence, the enhanced TYS of the Mg–Mn-0.5Ce alloy is not only related 
to the Mn particles, but also to other strengthening factors. 

4.2.2. Strengthening mechanism of grain size 
Grain size is a crucial parameter that affects the mechanical prop

Fig. 7. (a) KAM maps of as-extruded Mg-0.9Mn-0.5Ce alloys; (b) Schematic diagram of sandwich structure formation during extrusion.  
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erties of alloys. The engineering stress-strain curves are shown in Fig. S5. 
With the incremental increase in Mn content, the YS increases with the 
decreasing average grain size. The Hall-Petch (H–P) relationship can be 
used to analyze the strengthening mechanism of grain size on YS, as 
follows [47]: 

σGB = kd− 1/2 (6)  

where k is the coefficient of HP related to alloys, and d is the average 
grain size of alloys. The YS is inversely proportional to the grain size. 
This implies that the finer grains bring more grain-boundary strength
ening, and thus present a better strengthening effect. The Mg-0.3Mn- 
0.5Ce and Mg-0.6Mn-0.5Ce alloys exhibit a relatively uniform grain 
structure, while the Mg-0.9Mn-0.5Ce alloy has a bimodal microstructure 
containing DRXed and un-DRXed grains. The grain-boundary strength
ening of the Mg-0.3Mn-0.5Ce and Mg-0.6Mn-0.5Ce alloys can be eval
uated by the HP relationship directly. However, the grain-boundary 
strengthening of the Mg-0.9Mn-0.5Ce alloy should be divided into two 
parts [28]: 

σgs = σReVRe + σUnVUn (7)  

where σgs is the grain-boundary strength of bimodal grains, σRe and σUn 
are the YS of DRXed grains and un-DRXed grains and VRe and VUn are the 
volume fraction of DRXed grains and un-DRXed grains, respectively. 
According to the EBSD result (Fig. 5), the volume fractions of DRXed 
grain and un-DRXed grain structure of the Mg-0.9Mn-0.5Ce alloy are 
25% and 75%, respectively. The average grain size of the DRXed grains 
and un-DRXed grains are 3.57 μm and 12.88 μm, respectively. Moreover, 
the average grain size of the Mg-0.3Mn-0.5Ce and Mg-0.6Mn-0.5Ce al
loys are 12.08 μm and 6.38 μm, respectively. Therefore, the grain 
boundary strengthening can be calculated be calculated by Eq. (6) and 
Eq. (7), and thus the strengthening value of Mg-0.9Mn-0.5Ce alloy is 
121% for Mg-0.3Mn-0.5Ce alloy, and 87% for Mg-0.6Mn-0.5Ce alloy. 

4.2.3. Strengthening mechanism of the texture 
To analyze the influence of texture on the TYS, the YS versus the 

Schmid factor (SF) for basal<a> slip is shown in Fig. 8. The relationship 
between the YS and the SF for basal<a> slip can be shown by Ref. [48]: 

σs = τ/ms (8)  

where τ is the CRSS of basal<a> slip and ms is the SF of basal<a> slip. 

The yield strength is inversely proportional to the SF of basal<a> slip. 
Therefore, the TYS tends to improve when the SF has a lower value. The 
low SF value means that the grain orientations are not favorable to basal 
slip, which enhance yield strength [49]. It can be found that the 
Mg-0.9Mn-0.5Ce alloy has the lowest SF in the three directions 
compared with the other two alloys. The lowest SF value is attributed to 
the sandwich grain structure of the Mg-0.9Mn-0.5Ce alloy, which con
sists of small DRXed grains and coarse un-DRXed grains. The orientation 
of these un-DRXed grains is parallel to the tensile axis, causing a low SF 
for basal<a> slip. In addition, most of the fine DRXed grains are in the 
direction of [1010] and [2110], which is also parallel to the loading 
direction. Therefore, high stress is needed to activate basal<a> slip, 
which improves the TYS of the Mg-0.9Mn-0.5Ce alloy. 

4.3. Effect of sandwich-like grained microstructure on the anisotropy 

Wrought Mg alloy sheets usually have a strong basal texture, which 
induces mechanical anisotropy. The mechanical anisotropy makes it 
difficult for Mg sheets to deform further. It is important to overcome this 
difficulty with wrought Mg alloys. Like gradient structured (GS) mate
rials, sandwich-like grain structure materials can improve the defor
mation mechanism and mechanical properties and have a significant 
impact on anisotropy. This can be analyzed and discussed from two 
points-of-view: grain structure distribution and grain orientation. 

On the one hand, from the point-of-view of grain structure distri
bution, the sandwich-like grain structure is similar to GS materials. 
According to reports, the deformation mechanism of GS materials has 
been studied through computer simulations. Zeng et al. [50] used the 
crystal plasticity finite element model and found that there is a large 
stress/strain gradient in GS Cu under uniaxial load. In order to adapt to 
the incompatibility of deformation, a gradient variation of GS Cu was 
established, which leads to an increase in certain mechanical properties. 
On the other hand, in order to coordinate the non-uniform deformation 
of GS materials (specifically, IF steel and GS Cu [51–53]), a large 
number of geometrically necessary dislocations (GNDs) must be stored 
in the microstructure. The GNDs are the origin of the back stress. They 
have a significant strengthening effect on GS IF steel and GS Cu, which 
improves the mechanical properties of the sample. In this paper, it is 
found that the anisotropy of the Mg-0.9Mn-0.5Ce alloy with a 
sandwich-like structure is significantly smaller than that of the other two 
alloys in Fig. S5. The main reason is that the deformation mechanism of 
the sandwich-like grain structure is similar to the GS material. Hence, 
the stress state between the surface and the core is different; that is, a 
stress gap exists in the thickness of the sheet. During the initial process of 
deformation, the sandwich-like grain structure sample undergoes 
elastic-plastic deformation. The coarse-grained layer first begins to 
plastically deform, while the fine-grained layer on the surface remains 
elastically deformed. Hence, an elastic-plastic deformation interface is 
formed between the fine-grained layer and the coarse-grained layer. 
When the strain increases, this interface will coordinate the non-uniform 
plastic deformation between the fine-grained and the coarse-grained so 
that they deform together. Hence, the deformation of the sample in all 
directions tends to be uniform. In addition, due to the existence of a 
stress gap, there may be a large number of GNDs between the surface 
and the core, resulting in back stress. Back stress provides additional 
strain at the initial stage of elastic-plastic deformation. Finally, the TYS 
of the Mg-0.9Mn-0.5Ce alloy is improved. 

Grain orientation is also an important factor affecting the mechanical 
anisotropy of the Mg alloy. In this work, the SF values of the Mg-0.9Mn- 
0.5Ce alloy are lower than the other two alloys. Meanwhile, the differ
ence in SF values at 0◦, 45◦ and 90◦ is also less than that of the other two 
samples. This indicates that for the lower SF values of the Mg-0.9Mn- 
0.5Ce alloy, it is hard to initiate the basal<a> slip, and this results in 
a higher TYS. The small difference of SF values in various directions has 
a similar effect on the activation of the basal<a> slip, showing almost 

Fig. 8. The yield strength as a function of average Schmid factor for basal<a>
slip in the Mg-0.3Mn-0.5Ce, Mg-0.6Mn-0.5Ce, and Mg-0.9Mn-0.5Ce alloy sheets 
along the three tensile directions at room temperature. 
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equal TYS values. On the contrary, for the higher SF value, it is easy to 
activate the basal<a> slip, and this induces a lower TYS. The sharp 
difference among SF values in various directions causes a completely 
different degree of difficulty in activating basal<a> slip, which indicates 
a strong yield anisotropy. From Fig. 8, the Mg-0.9Mn-0.5Ce alloy with 
the smallest difference among SF values in various directions results in a 
weak yield anisotropy. 

5. Conclusions 

In this work, the effect of solid-solution Mn content on the evolution 
of the microstructure and on mechanical properties of the Mg-0.5 wt% 
Ce alloys has been studied. The main conclusions are as follows:  

(1) With the Mn addition, the grain size of as-extruded Mg–Mn–Ce 
alloy was significantly refined from 12.67 μm to 3.96 μm. The 
Mg-0.9Mn-0.5Ce alloy exhibited a sandwich-like grain structure, 
which consisted of fine grains on the surface and bimodal grains 
in the center.  

(2) The Mg-0.9Mn-0.5Ce alloy sheet presented better comprehensive 
mechanical properties than other alloys. The Mg-0.9Mn-0.5Ce 
alloy sheet exhibited and isotropic yield, and TYS along 0◦, 45◦, 
and 90◦ were 166.7, 167.6, and 168.4 MPa, respectively.  

(3) Sandwich-like grain structure is formed due to the combination of 
the gradient strain in the extrusion cylinder and the pinning effect 
of the nanoscale α-Mn particles. The large strain on the surface 
induced the formation of fine grains, and the pinning effect of 
nanoscale α-Mn particles assisted in grain refinement. The α-Mn 
particles, which were also located at the unDRXed grain bound
aries, delayed the DRX process.  

(4) The improved mechanical properties resulted in second-phase 
strengthening, grain-boundary strengthening, and grain orienta
tion. The grain-boundary strengthening was the dominant 
strengthening mechanism. The modified anisotropy was attrib
uted to the small difference among the SF values in the three 
directions. The Mg-0.9Mn-0.5Ce alloy sheet with the sandwich 
structure has the advantages of low alloy content, good me
chanical properties, and a simple manufacturing process, all of 
which indicate good development prospects and the need for in- 
depth research in the future. 
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