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Abstract: The effect of Mn on the microstructure and mechanical properties of as-extruded Mg-0.55r
alloy were discussed in this work. The results showed that high Mn alloying (2 wt.%) could
significantly improve the mechanical properties of the alloys, namely, the tensile and compressive
yield strength. The grain size of as-extruded Mg-0.55r alloys significantly was refined from 2.78 um
to 1.15 pm due to the pinning effect by fine x-Mn precipitates during the extrusion. Moreover, it also
showed that the tensile yield strength and the compressive yield strength of Mg-0.55r-2Mn alloy
were 32 and 40 percent age higher than those of Mg-0.55r alloy, respectively. Moreover, the strain
hardening behaviors of the Mg-0.55r-2Mn alloy were discussed, which proved that a large number of
small grains and texture have an important role in improving mechanical properties.
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1. Introduction

Magnesium (Mg) alloys have the advantages of lightweight, outstanding specific stiffness, great
specific strength, and dimensional stability, which lead to their wide application in aerospace, electronics,
and transportation [1-3]. However, the poor deformation ability of Mg alloys at room temperature
limits their large-scale application. This is mainly due to the fact that the Mg alloys with hexagonal
closepacked (hcp) structure have less slip system at room temperature. Thus, in order to enhance the
mechanical properties of extruded Mg alloys, massive studies have been done at home and abroad [4].

Some studies have been developed to improve the properties of extruded Mg alloys, such as
weakening the texture to improve ductility [5-7], refining the microstructure to improve strength and
ductility simultaneously [8-12], and implementing precipitation hardening to improve strength [2,13,14].
The mechanical properties of Mg alloys can be significantly improved by adding alloying elements. As
we know, rare earth elements (REs) such as Ce, Y, Gd, and Nd can significantly improve the ductility of
Mg alloys by weakening the texture and refining the microstructure. However, the large-scale industrial
applications of Mg alloys containing these REs have been limited for the high price and resource issues.
Hence, RE-free wrought Mg alloys with high mechanical properties should be developed.

Mg-alkali alloys are currently attracting considerable attention due to their excellent performance.
For example, Mg-Sr alloys which have been widely studied have shown great potential in the
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development of low-cost and high-performance Mg alloys. Researches have indicated that Sr can
improve the ductility and the tension-compression yield asymmetry of Mg alloy [15,16]. However, the
application of Mg-Sr binary alloy is limited due to their low mechanical properties. Recently, Mn is
considered good alloying element to improve the mechanical properties of Mg-Sr binary alloy. Firstly,
the existence of a high density of fine Mn precipitates during extrusion could evidently refine the grains
of Mg alloys [17]. Secondly, the presence of un-dynamic recrystallized (un-DRXed) grain regions were
generated in Mg alloys containing Mn, which has been proved to be helpful to improve the strength of
the alloys [18,19]. Moreover, Mn element is a low-cost alloying element. Thus, Mg-Mn-5r is a designed
high strength and ductility Mg alloy [20-26]. Borar et al. had done many studies on the effect of Sr
on the mechanical properties of Mg-Mn-Sr alloy, and they found that the strength and ductility of
Mg-Mn-Sr alloy improved with the addition of Sr, but the tension—-compression yield asymmetry of
Mg-Mn-5r alloy decreased [22]. They also clarified that the texture of Mg-Mn-Sr alloy was weakened
during extrusion at 300 °C, which was caused by random orientation caused by continuous dynamic
recrystallization (CDRX) [20]. Celikin et al. also investigated the microstructure and the creep behavior
of Mg-Sr-Mn alloy and proved that the creep behavior was caused by the precipitation of Mn phase at
the grain boundary during the creep process [25].

However, these researches are mainly focused on the effect of Sr on the microstructure and creep
behavior of Mg-Mn-Sr alloys, and there are few studies about the effect of Mn on the microstructure
and mechanical properties of Mg-Mn-5r alloys. This study is to reveal the role of high Mn content
on the microstructure and mechanical properties of the extruded Mg-Sr alloy, which can develop
Mg-Sr-Mn alloy with a fine-grained microstructure and good mechanical properties.

2. Experimental Procedure

In this paper, the nominal compositions of alloys are Mg-0.55r, Mg-0.55r-1Mn, and Mg-0.55r-2Mn
(wt.%), respectively. The experimental alloys were prepared by commercially pure Mg (99.9 wt.%),
Mg-3 wt.% Mn, and Mg-30 wt.% Sr master alloys (Hunan Rare Earth Metal Material Research Institute,
Hunan, China). The alloying components were completely melted in a steel crucible under the mixture
gas of CO, and SF6 at ~720 °C. Subsequently, the Mg-Mn-Sr melt was poured into a steel mould with a
diameter of 100 mm and 150 mm in height, which had been preheated at 320 °C. The compositions of the
samples were measured by X-Ray Fluorescence (XRF), and showed in Table 1. The difference between
nominal composition and chemical composition was caused by the burning loss of alloy elements.

Table 1. The chemical compositions of Mg-0.55r-xMn alloys (wt.%).

Alloys Sr Mn Mg
Mg-0.55r 0.15 0 Bulk
Mg-0.55r-1Mn 018 094 Bulk
Mg-0.55r-2Mn 014 198 Bulk

The ingots were preheated at 300 °C, for 1 h, and then extruded at 300 °C by a XJ-500 Horizontal
Extrusion Machine (Yuanchang Machinery, Wuxi, China). The rods were extruded with a diameter
of 16 mm, corresponding to extrusion ratio of 25:1, extrusion speed of 1 mm/min, and air-cooled to
room temperature. The size of the tensile sample used for the tensile test is 25 mm in gage length and
5 mm in gage diameter, and the compression sample size in the compression test is 12 mm in gage
length and 8 mm in gage diameter. The mechanical properties were analyzed by SANSIUTM 5000
(Xinsansi, Shenzhen, China) with a strain rate of 1.0 x 1073 s~1. The instruments used to observe the
microstructure are optical microscope OM, ( ZEISS NEOPHOT 3, Jena, Germany), scanning electron
microscope SEM, (JEOL JSM-7800F, Tokyo, Japan) with an energy dispersive X-ray spectrometer (EDS)
detector, transmission electron microscope TEM, (Tecnai G2 F20 S-TWIN, FEI, Hillsboro, OR, USA).
For OM and SEM observations, the experiment samples were first ground on SiC paper, then etched in
alcohol nitrate. For TEM observation, the experiment samples were first cut into thin slices of 0.5 mm
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thickness and ground to 60 pm thickness on metallographic sandpaper, then thinned by argon ion
beam. The precipitated phase was analyzed by X-ray diffractometer (XRD, D/Max 2500 PC, Rigaku,
Tokyo, Japan). The results of EBSD were detected by SEM (JEOL JSM-7800F, Japan) equipped with
Oxford Instrument Nordlys Nano EBSD detector, and processed by Aztec and channel 5 software
(Oxford instruments, Oxford, UK). In addition, EBSD experiment was carried out at 20 kV, 14 mm
working distance, 70° tilt, and 0.2-0.3 scanning step.

3. Results

3.1. Microstructures before Extrusion

Figure 1a—c shows the OM observations of the as-cast samples. The Mg-0.55r alloy (Figure 1a)
consists of a coarse irregular grain structure. With Mn addition, the morphology of the Mg-Sr alloy
becomes more dendritic. The grain size of the as-cast Mg-0.55r-xMn decreases gradually with the
addition of Mn from 0 to 2 wt.%.

Figure 1. The optical microscope (OM) observations of as-cast alloys: (a) Mg-0.5 wt.% Sr, (b) Mg-0.5
wt.% Sr-1 wt.% Mn, (c) Mg-0.5 wt.% Sr-2 wt.% Mn.

Figure 2 shows the SEM-BSE images of the as-cast Mg-0.55r-xMn alloys. The second phases were
analyzed with EDS and the results were marked in the images. Mg17S5r2 particles and fine Mn particles
are observed in Figure 2. And the Mg175r2 particles are distributed both at the grain boundaries and
in the grains, while the Mn particles exist in the grains.

g(}ppm

I
Figure 2. SEM-BSE micrographs of as-cast Mg-0.55r-xMn alloys: (a) x = 0 wt.%, (b) x =1 wt.%, (c) x =2

wt.%.

Figure 3 shows the XRD results of the as-extruded Mg-Sr-xMn alloy. The results indicated that the
Mg-Sr-Mn alloy is composed of x-Mg (matrix), a-Mn, and Mg175r2. And the existence of Mn phase
was found in Mg-0.55r-1Mn and Mg-0.55r-2Mn alloys.
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Figure 3. XRD patterns of as-extruded Mg-0.55r-xMn alloys, x = 0, 1, and 2 (wt.%).

3.2. Grain Structure after Extrusion

Figure 4 shows the inverse pole figures (IPF) maps and {0001} pole figure of the as-extruded
Mg-0.55r-xMn alloys, which is perpendicular to the extrusion direction (ED). The average grain size
of the as-extruded Mg-0.55r-xMn alloys is refined apparently by the addition of Mn. The grain size
decreases from 2.78 um to 1.15 pm with Mn addition. The IPF images indicate that the microstructures
of Mg-0.55r-1Mn and Mg-0.55r-2Mn alloys consist of DRXed grain structures and un-DRXed grain
structures. The structure of un-DRXed grains is dominated by coarse grains which is colored by blue
in Figure 4c. The pole figures reveal that Mg-Sr alloy exhibits similar texture to the Mg-RE alloys,
which is basal plane parallel to the ED. And Mg-0.55r-1Mn and Mg-0.55r-2Mn alloys exhibit the typical
fiber texture. In addition, the intensity of {0001} texture in Mg-0.55r-2Mn alloy is largest among the
Mg-0.55r-xMn alloys.

{0001}

MAX=12.10 ‘@  MAX=18.17 7%

Figure 4. EBSD orientation maps and pole figures of as-extruded Mg-0.55r-xMn alloys: (a,d) x =0
wt.%, (b,e) x =1 wt.%, (¢,f) x = 2 wt.%.

MAX=11.70
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3.3. Second Phase

The TEM results of the as-extruded Mg-0.55r-2Mn alloy is shown in Figure 5. The bright field (BF)
image (Figure 5a) presents that the grain size is very small and nearly 1 um. This result is the same as
the above EBSD result. Several second phases are uniformly distributed in the Mg matrix, as shown
in the BF image (Figure 5b). And it’s found that the size of Mg17Sr2 phase is about 5 um, as shown
in Figure 5c. The results of high-angle annular dark field (HADDF) and EDS mapping are shown in
Figure 5d-f. The green color represents the distribution of Mg element and the red color represents the
distribution of Mn element. It can be seen that the spherical-shaped precipitates are -Mn phase.

Figure 5. TEM micrographs of the of the as-extruded Mg-0.5 wt.% Sr-2 wt.% Mn alloy. (a) and (b)
Bright field (BF) image; (c) BF and EDS results of second phase Mg175r2; (d-f) High Angle Annular
Dark Field Imaging (HAADF) with EDS mapping.

3.4. Mechanical Properties

Figure 6 shows the engineering stress-strain curves of the as-extruded Mg-0.55r-xMn alloys. The
mechanical properties are shown in Table 2. As shown in Figure 6a,b, with the Mn addition, tensile
yield strength (TYS) increases from 228 MPa to 300 MPa and ultimate tensile strength (UTS) increases
from 255 MPa to 316 MPa. The elongation of alloys decreases from 19.68 to 17.39%. Compression
yield strength (CYS) increases from 180 MPa to 252 MPa. The results show that the CYS of all alloys
is significantly lower than the TYS. The value of CYS/TYS decreases from 0.79 (Mg-0.55r) to 0.71
(Mg-0.55r-1Mn), and then increases to 0.84 (Mg-0.55r-2Mn).
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Figure 6. Effect of Mn on mechanical properties of as-extruded Mg-0.55r-xMn alloys in tensile
testing along the extrusion (x = 0, 1, and 2 wt.%). (a) Engineering tensile stress-strain curves; (b)
Engineering compression stress-strain curves; (c¢) Comparison of tensile yield strength (TYS) vs. strain
for Mg-XMn-0.55r alloys with some common low-cost alloys [27-36].
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Table 2. Mechanical properties of as-extruded Mg-0.55r-xMn alloys with different Mn (x = 0, 1,

and 2 wt.%).
Alloys TYS (MPa) UTS (MPa) EL (%) CYS (MPa)  CYS/TYS
Mg-0.5Sr 22812 25512 19.6f§_§ 1807 0.79
Mg-0.55r-1Mn 270% 2867 162107 193j3§ 0.71
Mg-0.55r-2Mn 3001 316", 17342 2521) 0.84

Compared with the conventional low-cost alloys, the TYS and EL of Mg-0.55r-xMn alloys are
shown in Figure 6¢. The ductility of Mg-0.55r-xMn alloys is higher than Mg-Ga-Al/Sn alloys and the
TYS of Mg-0.55r-xMn alloys is higher than Mg-Zn-Mn/Al/Sn alloys. In general, Mg-Sr-Mn alloy is a
kind of potential low-cost and high-performance Mg alloys.

3.5. Work-Hardening Behavior

Figure 7a shows the true stress-strain curves of the extruded Mg-Sr-Mn alloys. The relevant
analysis data of work hardening behavior are all from this curve. The strain hardening behavior of
Mg-0.55r-xMn samples were analyzed by means of the strain hardening rate 6, defined as [37]:

0 =do/de (1)

where o and ¢ are true stress and plastic strain, respectively. Figure 7b shows the work-hardening rate
vs. true plastic strain curves and Figure 7c shows the work-hardening rate vs. (0-00.2) curves of the
extruded Mg-0.55r-xMn alloys. In the beginning of work hardening, because of a short elastic-plastic
transition, the work-hardening rates of all the samples decrease sharply with the increase of strain,
which corresponds to stage I of work hardening. Secondly, the work-hardening rate decreases almost
linearly with the increase of strain, corresponding to stage IIl. However, stage II does not exist in
experiment alloys, which means a horizontal line exists between stage I and stage III on curves. Thus,
according to the results, the work-hardening rate increases with the increment of Mn content during
stage L. In contrast, the work-hardening rate decreases with the increase of Mn content during stage III.
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Figure 7. (a) Tensile flow curves of the tensile-loaded samples with different Mn; Work-hardening rate
curves of the extruded Mg-Sn-Mn alloys: (b) 6 vs. ¢, (c) 6 vs. (0-00.2).

The hardening capacity Hc of the alloys is defined as follows [38]:
He = (ours = 002)/00. @)

where oy7s is ultimate tensile strength, and oy is the tensile yield strength. The hardening capacities
of all the alloys are shown in Figure 8. It can be seen that the value of Hc decreases from 0.21 to 0.06
with the increase of Mn content from 0 to 2 wt.%.
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Figure 8. Hardening capacity and hardening exponent plots of the as-extruded Mg-Sr-Mn alloys.

The hardening exponent is determined as follows [39]:
o = Ke" 3)

where n is the hardening exponent and K is constant; the values for all the samples are given in Figure 8.
Hardening exponent is an important parameter used to evaluate the formability of materials [40]. The
value of n decreases from 0.12 to 0.01 with the increase of Mn content from 0 to 2 wt.%.

4. Discussion

4.1. Microstructures and Texture

The grain size of as-cast Mg-0.55r—xMn decreases obviously with the addition of Mn, as shown in
Figure 1, and the structure changes from irregular to dendrite. In this investigation, a number of second
phases are observed in as-cast alloys (See Figure 2). The Mg175r2 and Mn precipitates can inhibit the
growth of grain and contribute to form fine grain. In general, the fine grain of as-cast Mg-0.55r alloy is
attributed to the increase of Mn content.

The microstructure and texture can be determined by several factors during extrusion. Grain
boundary bulging, dynamic recrystallization (DRX), particle stimulated nucleation (PSN), and grain
growth after extrusion affect the microstructure and texture [41-43].

Figure 4a—c showed that the grain size of as-extruded Mg-0.55r—xMn decreases with the addition
of Mn. Mg-0.55r-2Mn alloy shows bimodal structures (DRXed and un-DRXed grain structures), while
Mg-0.55r and Mg-0.55r-1Mn alloys exhibit DRXed structures. Previous studies have shown that the
existence of particles precipitated during extrusion can refine grains in Mg-Sr-based alloys [41], which
also existed in Mg-Al-Mn alloys [42]. In this work, the presence of fine Mn particles can restrain
grain growth and form fine DRXed grain structures during extrusion. At the same time, un-DRXed
grains were formed in Mg-Sr alloys with high Mn content. The fine structure is due to many grain
boundaries and second particles served as the nucleation sites during recrystallized through DRX
and PSN mechanisms. It is reported that the fine precipitated phase can pin the recrystallized grain
boundary and the fine recrystallized grains are preserved. On the other hand, stacking of dislocations
closed to the grain boundary can also cause the nucleation of recrystallized grains. In this work, a large
amount of Mn exists near the grain boundary in the as-extruded Mg-0.5 Sr—2 Mn alloy, as shown in
Figure 9. It can be seen that nanoscale Mn precipitates distribute along the grain boundaries or in the
grain interiors. They exhibit strong pinning effect and suppress the growth of the recrystallized grains.
Thus, refined grains were generated. Moreover, many tiny Mg175r2 precipitates lay in the interior of
the grains and along the grain boundary in as-cast experiment alloys, as shown in Figure 2. They are
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the nucleation sites that induce the nucleation of the recrystallized grains through PSN mechanism
during extrusion. Generally, under the two mechanics, the fine recrystallized grains were obtained
after extrusion.

&

Figure 9. (a) S-TEM image of Mg-2 wt.% Mn-0.5 wt.% Sr alloy; (b) and (c) Bright field TEM images of
Mg-2 wt.% Mn-0.5 wt.% Sr alloy. «-Mn are marked by red arrows and ellipses, and the Grain boundary

are marked by yellow font. (c) is a partial enlarged view of (b), representing a complete grain.

The PSN mechanism plays a vital role in the texture intensity of the recrystallized grains [43,44].
Due to the PSN mechanism, the fine grain and random texture, which were different from the original
crystal grains, were obtained. The Mg-0.55r alloy has a similar texture to the Mg-RE alloys, so, the
orientation is more random than Mg-0.55r alloy. The Mg-0.55r-1Mn and Mg-0.55r-2Mn alloys show
a typical fiber texture after extrusion and have higher intensity of texture than the Mg-0.55r alloy.
In general, fine DRXed grains can weaken the intensity of texture, while coarse un-DRXed grains
generally exhibit strong basal texture. With the content of Mn increases, the number of un-DRXed
grains increases, so, the intensity of basal texture increases.

4.2. Mechanical Properties

The mechanical properties of as-extruded alloys are mainly affected by the grain size, precipitates,
and the intensity of texture. Grain boundaries can hinder dislocation slip and twin growth. Grain
refinement means that the total area of grain boundaries increases, thus, enhancing the yield strength.
In this paper, the effect of grain size on yield strength is explained by the Hall-Petch (HP) equation [45]:

Ogs = kd /2 (4)

where ogs is the strength contribution from grain boundaries, k is the coefficient of HP related to
the alloys, and d is the grain size. Researches have indicated that the parameters of the tensile yield
strength depend on the grain size and texture. And due to the high k coefficient, Mg alloys have more
pronounced hardening behavior than that of Al alloys [46,47]. Yuan et al. [48] found that k is 205 MPa
um'2 when the grain size is about 2 um. In this work, the grain size and texture are similar to Yuan’s
work. So, ignoring the difference in solute strengthening between AZ31 and the Mg-Sr-Mn alloy, the
above-mentioned value can be used to estimate the grain refinement and hardening effect. Therefore,
the strength contribution from grain boundaries of the Mg-0.55r-xMn (x = 0, 1, and 2 wt.%) alloys is
125 MPa, 141 MPa, and 191 MPa, respectively.

The other important factor is the precipitated phase, which also affects the TYS of the experiment
alloys. In general, the uniform distribution of the fine second phase in the magnesium matrix is good
to mechanical performance [37]. Figure 9 shows that the Mg-0.55r-2Mn alloy have many nanoscale
a-Mn particles dispersed in the matrix, which can effectively impede the movement of dislocations. In
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general, the interaction between the second phases and dislocations can be quantitatively assessed by
Orowan relationship [49] as follows:

Gb Dp)
Ops = M————1In[ — 5
P 2nA V1l —v (7’0 ©)

where 0y is the yield strength of precipitation strengthening, M is the Taylor factor (M = 4.5), G is the
shear modulus of Mg matrix (G = 1.66 x 10* MPa), b is the Burgers vector of gliding dislocations (b =
3.21 x 10719 m), A is the effective inter-particle spacing of a-Mn, v is the Poison ratio (v = 0.29), D, is
the mean diameter of precipitated particle, rg is the core radius of the dislocation, which is usually
considered to be rg = b. Thus, according to Orowan relationship, the second phase strengthening is
calculated to be 34 MPa.

Texture is also a vital factor to affect the mechanical properties of Mg alloys. In Figure 4f, the
Mg-0.5 wt.% Sr-2 wt.% Mn alloys shows the highest intensity of texture, which is unfavorable to
activation of basal dislocation slip, thus, promoting the improvement of the strength. In this work,
combined with the effect of grain size and intensity of texture on the strength can be explained by
follows [50]: 03

o -t = EO g (6)
where g+ is the yield strength including the effect of grain size and the intensity of texture, m; is the
average Schmid factor, and o, is the strength contribution from the grain boundaries. According to the
EBSD data results, the value of o4 for Mg-0.5Sr-2Mn alloy is calculated to be 220 MPa.

The tensile and compression yield asymmetry (CYS/TYS) is often observed in Mg alloys. In
this work, Mg-0.5Sr-1Mn and Mg-0.55r-2Mn alloys have the fiber texture. And {101(—)2} extension
twinning can occur during compression along the ED. It can be seen from Figure 4, the addition of
Mn improves the texture intensity due to the volume of the un-DRXed grains increasing. Twinning is
more likely to occur in un-DRXed grains, which improves the tension-compression asymmetry [51].
Also, the reduction of grain size has a greater influence on CYS than TYS, which decreases the yield
asymmetry. Therefore, under the combined action of grain size and the number of un-DRXed grains,
the CYS/TYS of Mg-0.55r-xMn alloys decrease from 0.79 to 0.71, and then increase from 0.71 to 0.84.

4.3. Work-Hardening Behavior

At room temperature, Mg alloys have limited slip systems due to their hep structure, which causes
the strain hardening behavior of Mg alloys to be different from that of cubic metals. It is reported that
the strain hardening behavior dominated by dislocation slip and twinning can be greatly influenced by
texture, solid solution element, and grain size [52]. In the present study, the solid solution element is
negligible because Mn has low solubility at room temperature. So, the effect of texture and grain size
on the strain hardening behavior are mainly discussed in this section.

From the above, it's known that the texture affects the deformation behavior of Mg alloys. Previous
studies [53] have reported that {101(—)2} twinning has significant influence on the tensile deformation
when the tensile axis is 0° to the c-axis of the grain. The basal slip becomes its dominant deformation
mechanism when the tensile axis is 45° to the c-axis of the grain. The basal slip and {101(—)2} twins
are difficult to activate when the tensile axis is 90° to the c-axis of the grain and the deformation
mechanism is mainly dominated by prismatic slip. Mg-0.5S5r alloy has a weaker texture intensity as
compared with the alloys containing Mn. The reason is the DRX mechanism. So, the strain hardening
behavior of Mg-0.55r alloy can be divided into three stages, shown in Figure 7. In stage I or the
elastoplastic transformation stage, {101(—)2} initiation of tensile twins results in macroscopic yielding.
In stage II, {101(—)2} nucleation and growth stages of twins occur. The initial strain hardening rate
is low, but the strain hardening rate increases linearly as the strain increases. In stage III, {101(-)2}
tensile twins are saturated and the strain hardening rate falls off gradually with the growth in strain.
However, Mg-0.55r-1Mn and Mg-0.55r-2Mn alloys have high-intensity texture due to the existence of
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un-DRXed grains. Some grains are oriented in a hard orientation, which can hinder the initiation of
basal dislocation slip and promote the activation of twins to coordinate the plastic deformation. So, the
strain hardening behaviors of Mg-0.55r-1Mn and Mg-0.55r-2Mn alloys change from stage I to stage
III directly.

Valle et al. [53] reported that grain size affects the work-hardening behavior. For Mg-0.55r-1Mn and
Mg-0.55r-2Mn alloys, linear hardening stage strings along the dramatic decrease in strain hardening
rate stage (i.e., a unique slip deformation behavior, in which the grain size and dynamic recovery
significantly affect the work hardening behavior [53]). In other words, for equiaxed small grains of
uniform size, dislocations cannot be readily trapped inside because it is easy to reintegrate into the grain
boundaries from all directions within a short distance. Thus, many dislocations which accumulated at
the grain boundaries lead to stress concentration at the grain boundaries. Therefore, most stresses are
due to reorganization and annihilation inside the boundaries. In a word, with the grain size decreases,
most stresses can easily balance out through non-basal slip, dynamic recovery, and grain boundary
sliding during the plastic deformation process. In this case, the contribution of twinning reduces, and
the pronounced work hardening cannot be sustained. Similarly, we can explain the phenomenon based
on the work hardening rate in stage IIl. The Oy represents the work-hardening rate during stage III
and it is obtained by extrapolating to (¢ — 0p2) = 0 (shown in Figure 7c). The values of Oy of Mg-0.55r,
Mg-0.55r-1Mn, and Mg-0.55r-2Mn alloys are 852, 629, and 435 MPa, respectively. The result shows
that Oy; decreases with Mn addition because of the grain refinement. In addition, strong basal texture
can also decrease the work hardening rate. Liao et al. [54] have also reported that the increase of Mn
content leads to decrease in the work hardening rate in Mg alloys.

5. Conclusions

High yield strength and ductility in as-extruded Mg-0.55r alloy were achieved by high Mn alloying
in this study. The major conclusions are summarized as follows:

1. The grain size of as-extruded alloys is refined by the addition of Mn. The main reason is that the
growth of recrystallization grains is suppressed by the nanoscale Mn precipitates during extrusion.

2. The main factors for the improvement in the TYS and CYS of Mg-0.55r-xMn alloys are refined
microstructure, strengthened texture, and large volume of nanoscale Mn precipitates.

3. Mn can significantly reduce the work hardening behavior of Mg-Sr alloy. With the addition of
Mn, the values of Hc and n significantly decreased. The decrease in the alloy’s work-hardening
ability is mainly due to grain refinement by addition of Mn.

4. Mg-0.55r alloy with Mn addition has fine microstructures and good mechanical properties, which
is a potential low-cost and high-performance magnesium alloy.

Author Contributions: Conceptualization, T.L.; methodology, S.Z., X.H., PP, and T.L.; software, S.Z. and X.H.;
validation, P.P,, T.L., G.S. and EP; formal analysis, S.Z. and L.T.; investigation, S.Z., X.H., PP, T.L., G.S., A.T. and
F.P; resources, T.L. and F.P; data curation, PP, T.L. and PE; writing—original draft preparation, S.Z. and PP;
writing—review and editing, P.P. and T.L.; supervision, G.S., T.L., A.T. and EP,; funding acquisition, T.L. and EP.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (51901028, 51971042,
51531002, and 51474043), the National Key Research and Development Program of China (2016YFB0301100),
the Natural Science Foundation of Chongqing (cstc2017jcyjBX0040, cstc2018jcyjAX0070), and the Chongging
Academician Special Fund (cstc2018jcyj-yszxX0007). The authors would like to thank joint lab for electron
microscopy of Chongqing University.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Xu, T,; Yang, Y.; Peng, X.; Song, J.; Pan, F. Overview of advancement and development trend on magnesium
alloy. J. Magnes. Alloy 2019, 7, 536-544. [CrossRef]


http://dx.doi.org/10.1016/j.jma.2019.08.001

Materials 2020, 13, 4176 11 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Zhang, J.; Liu, S.; Wu, R.; Hou, L.; Zhang, M. Recent developments in high-strength Mg-RE-based alloys:
Focusing on Mg-Gd and Mg-Y systems. J. Magnes. Alloy 2018, 6, 277-291. [CrossRef]

You, J.; Huang, YJ.; Liu, C.M.; Zhan, H.Y.; Huang, L.X.; Zeng, G. Microstructural study of a Mg-Zn-Zr Alloy
Hot Compressed at a High Strain Rate. Materials 2020, 13, 20. [CrossRef] [PubMed]

Mordike, B.L.; Ebert, T. Magnesium: Properties—applications—potential. Mater. Sci. Eng. A 2001, 302, 37-45.
[CrossRef]

Mishra, RK.; Gupta, A.K,; Rao, PR.; Sachdev, A K.; Kumar, A.M.; Luo, A.A. Influence of cerium on the
texture and ductility of magnesium extrusions. Scripta Mater. 2008, 59, 562-565. [CrossRef]

Wu, B.L.; Zhao, YH.; Du, X.H.; Zhang, Y.D.; Wagner, F.; Esling, C. Ductility enhancement of extruded
magnesium via yttrium addition. Mater. Sci. Eng. A 2010, 527, 4334-4340. [CrossRef]

Ye, X.; Cao, HSS,; Qi, FG.; Ouyang, X.P; Ye, Z.S.; Hou, C.H.; Li, L.H.; Zhang, D.F,; Zhao, N. Effect of Y
addition on the microstructure and mechanical properties of ZM31 alloy. Materials 2020, 13, 14. [CrossRef]
Kim, W].; Jeong, H.G.; Jeong, H.T. Achieving high strength and high ductility in magnesium alloys using
severe plastic deformation combined with low-temperature aging. Scripta Mater. 2009, 61, 1040-1043.
[CrossRef]

Orlov, D.; Raab, G.; Lamark, T.T.; Popov, M.; Estrin, Y. Improvement of mechanical properties of magnesium
alloy ZK60 by integrated extrusion and equal channel angular pressing. Acta Mater. 2011, 59, 375-385.
[CrossRef]

Toth, L.S.; Gu, C. Ultrafine-grain metals by severe plastic deformation. Mater. Charact. 2014, 92, 1-14.
[CrossRef]

Peng, P; She, J.; Tang, A.; Zhang, J.; Zhou, S.; Xiong, X.; Pan, F. Novel continuous forging extrusion in
a one-step extrusion process for bulk ultrafine magnesium alloy. Mater. Sci. Eng. A 2019, 764, 138144.
[CrossRef]

She, ].; Peng, P.; Tang, A.T.; Zhang, ].Y.; Mao, ].J.; Liu, T.T.; Zhou, S.B.; Wang, Y.; Pan, E.S. Novel on-line twist
extrusion process for bulk magnesium alloys. Mater. Des. 2019, 182, 108011. [CrossRef]

Guan, K,; Yang, Q.; Bu, F; Qiu, X; Sun, W.; Zhang, D.; Zheng, T.; Niu, X; Liu, X.; Meng, J. Microstructures
and mechanical properties of a high-strength Mg-3.5Sm-0.6Zn-0.5Zr alloy. Mater. Sci. Eng. A 2017, 703,
97-107. [CrossRef]

Kang, ].-W.; Sun, X.-F; Deng, K.-K.; Xu, F-J.; Zhang, X.; Bai, Y. High strength Mg-9Al serial alloy processed
by slow extrusion. Mater. Sci. Eng. A 2017, 697, 211-216. [CrossRef]

Gu, X.N.; Xie, X.H.; Li, N.; Zheng, Y.F,; Qin, L. In vitro and in vivo studies on a Mg-Sr binary alloy system
developed as a new kind of biodegradable metal. Acta Biomater. 2012, 8, 2360-2374. [CrossRef]

Tie, D.; Guan, R.; Liu, H.; Cipriano, A.; Liu, Y.; Wang, Q.; Huang, Y.; Hort, N. An in vivo study on the
metabolism and osteogenic activity of bioabsorbable Mg—1Sr alloy. Acta Biomater. 2016, 29, 455-467.
[CrossRef]

She, J.; Zhou, S.B.; Peng, P; Tang, A.T.; Wang, Y.; Pan, H.C.; Yang, C.L.; Pan, F.S. Improvement of
strength-ductility balance by Mn addition in Mg-Ca extruded alloy. Mater. Sci. Eng. A 2020, 772, 138796.
[CrossRef]

Yu, Z.; Tang, A.; Wang, Q.; Gao, Z.; He, ].; She, |.; Song, K.; Pan, F. High strength and superior ductility of an
ultra-fine grained magnesium-manganese alloy. Mater. Sci. Eng. A 2015, 648, 202-207. [CrossRef]

Pan, F.; Mao, J.; Zhang, G.; Tang, A.; She, ]. Development of high-strength, low-cost wrought Mg-2.0mass%
Zn alloy with high Mn content. Prog. Nat. Sci. Mater. Int. 2016, 26, 630-635. [CrossRef]

Borkar, H.; Gauvin, R.; Pekguleryuz, M. Effect of extrusion temperature on texture evolution and
recrystallization in extruded Mg-1% Mn and Mg-1% Mn-1.6%5r alloys. ]. Alloys Compd. 2013, 555,
219-224. [CrossRef]

Borkar, H.; Hoseini, M.; Pekguleryuz, M. Effect of strontium on flow behavior and texture evolution during
the hot deformation of Mg-1wt%Mn alloy. Mater. Sci. Eng. A 2012, 537, 49-57. [CrossRef]

Borkar, H.; Hoseini, M.; Pekguleryuz, M. Effect of strontium on the texture and mechanical properties of
extruded Mg-1%Mn alloys. Mater. Sci. Eng. A 2012, 549, 168-175. [CrossRef]

Borkar, H.; Pekguleryuz, M. Microstructure and texture evolution in Mg—1 %Mn-Sr alloys during extrusion.
J. Mater. Sci. 2012, 48, 1436-1447. [CrossRef]

Celikin, M.; Kaya, A.A.; Pekguleryuz, M. Microstructural investigation and the creep behavior of Mg-Sr—Mn
alloys. Mater. Sci. Eng. A 2012, 550, 39-50. [CrossRef]


http://dx.doi.org/10.1016/j.jma.2018.08.001
http://dx.doi.org/10.3390/ma13102348
http://www.ncbi.nlm.nih.gov/pubmed/32443743
http://dx.doi.org/10.1016/S0921-5093(00)01351-4
http://dx.doi.org/10.1016/j.scriptamat.2008.05.019
http://dx.doi.org/10.1016/j.msea.2010.03.054
http://dx.doi.org/10.3390/ma13030583
http://dx.doi.org/10.1016/j.scriptamat.2009.08.020
http://dx.doi.org/10.1016/j.actamat.2010.09.043
http://dx.doi.org/10.1016/j.matchar.2014.02.003
http://dx.doi.org/10.1016/j.msea.2019.138144
http://dx.doi.org/10.1016/j.matdes.2019.108011
http://dx.doi.org/10.1016/j.msea.2017.07.058
http://dx.doi.org/10.1016/j.msea.2017.05.017
http://dx.doi.org/10.1016/j.actbio.2012.02.018
http://dx.doi.org/10.1016/j.actbio.2015.11.014
http://dx.doi.org/10.1016/j.msea.2019.138796
http://dx.doi.org/10.1016/j.msea.2015.09.065
http://dx.doi.org/10.1016/j.pnsc.2016.11.016
http://dx.doi.org/10.1016/j.jallcom.2012.12.078
http://dx.doi.org/10.1016/j.msea.2012.01.029
http://dx.doi.org/10.1016/j.msea.2012.04.029
http://dx.doi.org/10.1007/s10853-012-6896-y
http://dx.doi.org/10.1016/j.msea.2012.03.117

Materials 2020, 13, 4176 12 of 13

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Celikin, M.; Pekguleryuz, M. The role of a-Mn precipitation on the creep mechanisms of Mg—Sr-Mn. Mater.
Sci. Eng. A 2012, 556, 911-920. [CrossRef]

Zhou, H.; Chen, C.; Wang, Y,; Du, Y,; Liu, S. Experimental investigation and thermodynamic calculation of
the Mg-Mn-Sr system. Calphad 2016, 52, 110-119. [CrossRef]

Kim, S.-H.; Lee, J.U.; Kim, Y.J.; Jung, J.-G.; Park, S.H. Controlling the microstructure and improving the tensile
properties of extruded Mg-Sn-Zn alloy through Al addition. . Alloys Compd. 2018, 751, 1-11. [CrossRef]
Park, H.; Kim, S.-H.; Kim, H.S.; Yoon, J.; You, B.S. High-speed indirect extrusion of Mg-Sn-Al-Zn alloy and
its influence on microstructure and mechanical properties. J. Alloys Compd. 2016, 667, 170-177. [CrossRef]
Cheng, W.L,; Tian, Q.W.; Yu, H.; Zhang, H.; You, B.S. Strengthening mechanisms of indirect-extruded Mg-Sn
based alloys at room temperature. |. Magnes. Alloy 2014, 2, 299-304. [CrossRef]

Gao, M,; Cao, Y.; Zeng, X.Y.; Lin, T.X. Mechanical properties and microstructures of hybrid laser MIG welded
dissimilar Mg-Al-Zn alloys. Sci. Technol. Weld. Join. 2010, 15, 638-645. [CrossRef]

He, J.; Mao, Y.; Gao, Y.; Xiong, K.; Jiang, B.; Pan, F. Effect of rolling paths and pass reductions on the
microstructure and texture evolutions of AZ31 sheet with an initial asymmetrical texture distribution. J.
Alloys Compd. 2019, 786, 394-408. [CrossRef]

Zhao, X; Li, S.; Xue, Y.; Zhang, Z. An investigation on microstructure, texture and mechanical properties
of AZ80 Mg alloy processed by annular channel angular extrusion. Materials 2019, 12, 1001. [CrossRef]
[PubMed]

Wang, L.; Zhaob, Y.; Zhang, ].; Ma, R.; Liu, Y.; Wang, Y;; Zhang, Q.; Li, W.; Zhang, Y. Quantitative analysis on
friction stress of hot-extruded AZ31 magnesium alloy at room temperature. J. Mater. Sci. Technol. 2018, 34,
1765-1772. [CrossRef]

Zhang, H.; Yan, Y,; Fan, J.; Cheng, W.; Roven, H.].; Xu, B.; Dong, H. Improved mechanical properties of AZ31
magnesium alloy plates by pre-rolling followed by warm compression. Mater. Sci. Eng. Struct. Mater. Prop.
Microstruct. Process. 2014, 618, 540-545. [CrossRef]

Jiang, D.; Dai, Y.; Zhang, Y.; Liu, C.; Yu, K. Effects of Strontium addition on microstructure, mechanical
properties, corrosion properties and cytotoxicity of Mg-1Zn-1Mn alloy. Mater. Res. Exp. 2019, 6, 1-12.
[CrossRef]

Zhang, D.-F; Shi, G.-L.; Zhao, X.-B.; Qi, F.-G. Microstructure evolution and mechanical properties of
Mg-x%Zn-1%Mn (x=4, 5, 6, 7, 8, 9) wrought magnesium alloys. Trans. Nonf. Metals Soc. China 2011, 21, 15-25.
[CrossRef]

Kocks, U.F.; Mecking, H. Physics and phenomenology of strain hardening: the FCC case. Prog. Mater Sci.
2003, 48, 171-273. [CrossRef]

Liu, T,; Pan, F; Zhang, X. Effect of Sc addition on the work-hardening behavior of ZK60 magnesium alloy.
Mater. Des. 2013, 43, 572-577. [CrossRef]

Zhao, C.; Chen, X.; Pan, E; Gao, S.; Zhao, D.; Liu, X. Effect of Sn content on strain hardening behavior of
as-extruded Mg-Sn alloys. Mater. Sci. Eng. A 2018, 713, 244-252. [CrossRef]

Zhang, Z.Y.; Wu, Y.; Zhou, ].; Wang, H.; Liu, XJ.; Lu, Z.P. Strong work-hardening behavior in a Ti-based bulk
metallic glass composite. Scripta Mater. 2013, 69, 73-76. [CrossRef]

Celikin, M.; Gauvin, R.; Pekguleryuz, M. Dynamic co-precipitation of x-Mn/Mg12Ce in creep resistant
Mg-Sr-Mn-Ce alloys. Mater. Sci. Eng. A 2018, 719, 199-205. [CrossRef]

Cao, P; Qian, M,; John, D.H. Effect of manganese on grain refinement of Mg—Al based alloys. Scripta Mater.
2006, 54, 1853-1858. [CrossRef]

Huang, K.; Marthinsen, K.; Zhao, Q.; Logé, R.E. The double-edge effect of second-phase particles on the
recrystallization behaviour and associated mechanical properties of metallic materials. Prog. Mater Sci. 2018,
92,284-359. [CrossRef]

Jung, I.-H.; Sanjari, M.; Kim, J.; Yue, S. Role of RE in the deformation and recrystallization of Mg alloy and a
new alloy design concept for Mg-RE alloys. Scripta Mater. 2015, 102, 1-6. [CrossRef]

Yu, H,; Li, C; Xin, Y.; Chapuis, A.; Huang, X.; Liu, Q. The mechanism for the high dependence of the
Hall-Petch slope for twinning/slip on texture in Mg alloys. Acta Mater. 2017, 128, 313-326. [CrossRef]

Pan, H,; Qin, G.; Ren, Y,; Wang, L.; Sun, S.; Meng, X. Achieving high strength in indirectly-extruded binary
Mg—Ca alloy containing Guinier—Preston zones. J. Alloys Compd. 2015, 630, 272-276. [CrossRef]


http://dx.doi.org/10.1016/j.msea.2012.07.091
http://dx.doi.org/10.1016/j.calphad.2015.12.005
http://dx.doi.org/10.1016/j.jallcom.2018.04.063
http://dx.doi.org/10.1016/j.jallcom.2016.01.163
http://dx.doi.org/10.1016/j.jma.2014.11.003
http://dx.doi.org/10.1179/136217110X12813393169697
http://dx.doi.org/10.1016/j.jallcom.2019.01.385
http://dx.doi.org/10.3390/ma12061001
http://www.ncbi.nlm.nih.gov/pubmed/30917622
http://dx.doi.org/10.1016/j.jmst.2018.02.011
http://dx.doi.org/10.1016/j.msea.2014.09.066
http://dx.doi.org/10.1088/2053-1591/ab0803
http://dx.doi.org/10.1016/S1003-6326(11)60672-9
http://dx.doi.org/10.1016/S0079-6425(02)00003-8
http://dx.doi.org/10.1016/j.matdes.2012.07.050
http://dx.doi.org/10.1016/j.msea.2017.12.074
http://dx.doi.org/10.1016/j.scriptamat.2013.03.004
http://dx.doi.org/10.1016/j.msea.2018.02.041
http://dx.doi.org/10.1016/j.scriptamat.2006.02.020
http://dx.doi.org/10.1016/j.pmatsci.2017.10.004
http://dx.doi.org/10.1016/j.scriptamat.2014.12.010
http://dx.doi.org/10.1016/j.actamat.2017.02.044
http://dx.doi.org/10.1016/j.jallcom.2015.01.068

Materials 2020, 13, 4176 13 of 13

47.

48.

49.

50.

51.

52.

53.

54.

Razavi, S.M.; Foley, D.C.; Karaman, I.; Hartwig, K.T.; Duygulu, O.; Kecskes, L.J.; Mathaudhu, S.N.;
Hammond, V.H. Effect of grain size on prismatic slip in Mg-3Al-1Zn alloy. Scripta Mater. 2012, 67, 439-442.
[CrossRef]

Yuan, W.; Panigrahi, S.K.; Su, ].Q.; Mishra, R.S. Influence of grain size and texture on Hall-Petch relationship
for a magnesium alloy. Scripta Mater. 2011, 65, 994-997. [CrossRef]

Nie, J.E. Effects of precipitate shape and orientation on dispersion strengthening in magnesium alloys. Scripta
Mater. 2003, 48, 1009-1015. [CrossRef]

Liu, D,; Liu, Z.; Wang, E. Effect of rolling reduction on microstructure, texture, mechanical properties and
mechanical anisotropy of AZ31 magnesium alloys. Mater. Sci. Eng. A 2014, 612, 208-213. [CrossRef]

Zhao, T'S.; Hu, Y.B.; He, B.; Zhang, C.; Zheng, T.X.; Pan, ES. Effect of manganese on microstructure and
properties of Mg-2Gd magnesium alloy. Mater. Sci. Eng. Struct. Mater. Proper. Microstruct. Process. 2019, 765,
10. [CrossRef]

Bettles, C.; Barnett, M. Advances in Wrought Magnesium Alloys: Fundamentals of Processing, Properties and
Applications; Elsevier: Amsterdam, The Netherlands, 2012.

del Valle, J.A.; Carrefio Ruano, O.A. Influence of texture and grain size on work hardening and ductility in
magnesium-based alloys processed by ECAP and rolling. Acta Mater. 2006, 54, 4247-4259. [CrossRef]

Liao, H.; Kim, J; Liu, T;; Tang, A.; She, J.; Peng, P.; Pan, F. Effects of Mn addition on the microstructures,
mechanical properties and work-hardening of Mg-1Sn alloy. Mater. Sci. Eng. A 2019, 754, 778-785. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.scriptamat.2012.05.017
http://dx.doi.org/10.1016/j.scriptamat.2011.08.028
http://dx.doi.org/10.1016/S1359-6462(02)00497-9
http://dx.doi.org/10.1016/j.msea.2014.06.034
http://dx.doi.org/10.1016/j.msea.2019.138292
http://dx.doi.org/10.1016/j.actamat.2006.05.018
http://dx.doi.org/10.1016/j.msea.2019.02.021
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Procedure 
	Results 
	Microstructures before Extrusion 
	Grain Structure after Extrusion 
	Second Phase 
	Mechanical Properties 
	Work-Hardening Behavior 

	Discussion 
	Microstructures and Texture 
	Mechanical Properties 
	Work-Hardening Behavior 

	Conclusions 
	References

