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Abstract  21 

In this study, the Mg-0.8Mn (M08, wt.%) alloy is subjected to hot extrusion at 22 

various temperatures ranging from 150 ℃ to 300 ℃, and the correlations between the 23 

microstructure evolution, tensile properties, and work hardening behavior at ambient 24 

temperature are elaborated. The M08 alloy extruded at 150 ℃ exhibits a bimodal 25 

microstructure, which included undynamic recrystallized (unDRXed) grains and fine 26 

dynamic recrystallized (DRXed) grains with an average size of 1.4 μm. As the extrusion 27 

temperature exceeds 210 °C, fully DRXed grains can be observed with grains growth 28 

becoming more pronounced with the increase of extrusion temperature. Notably, Mn 29 

atomic segregations are evident at the grain boundaries (GBs) in the M08 alloy extruded 30 

at 150 °C. It is also essential to highlight that the propensity for GB segregation is 31 

diminished with higher extrusion temperature, and the amount of α-Mn precipitates 32 

within grain interiors is increased in the M08 sample extruded at 300 ℃. An intriguing 33 

observation is the abnormal rise in yield strength (YS) with grain size as the extrusion 34 

temperature is increased. This phenomenon can be attributed to the diminishing effect 35 

of GB sliding and the concurrent enhancement of GB strengthening effect. However, 36 

as the extrusion temperature is raised from 150 °C to 300 °C, the ductility of M08 alloy 37 
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experiences a substantial decline from 74% ± 4% to 16% ± 3%. Meanwhile, the grain 1 

growth can bring about an increased strain hardening rate, which is primarily dependent 2 

on the transition in the dominant deformation mechanism from grain boundary sliding 3 

(GBS) to dislocation slip. This transition leads to a more substantial accumulation of 4 

dislocations within the coarser grains, thereby affecting the mechanical behavior of 5 

M08 alloy. This work provides valuable insights into the influence of extrusion 6 

temperature on the microstructure evolution and mechanical properties of Mg-0.8Mn 7 

alloy, offering a foundation for optimizing the processing parameters to achieve desired 8 

mechanical performance. 9 

Keywords: Mg-Mn alloy; DRXed grain size; Mechanical property; Grain boundary 10 

segregation; Work hardening behavior 11 

1. Introduction 12 

The ongoing advancements in industrial manufacturing have heightened the 13 

demand for lightweight materials to realize the reduction in energy consumption and 14 

carbon emissions[1–3]. Among the potential candidates, magnesium (Mg) alloys are 15 

particularly noteworthy because of their high strength-to-weight ratio, making them 16 

ideal for various structural applications requiring lightweight properties [4]. Despite 17 

these advantages, Mg alloys is usually constrained by their inherently low ductility at 18 

ambient temperatures. This limitation is primarily derived from their hexagonal close-19 

packed (HCP) crystal structure, which restricts the availability of slip systems, thus 20 

cannot satisfy the von Mises criterion for sufficient plastic deformation in polycrystals 21 

[5].   Accordingly, the enhancement in the comprehensive mechanical properties of Mg 22 

alloys is crucial for expanding their practical use in the industrial fields. 23 

Recent studies have demonstrated that microalloying and grain refinement are two 24 

effective strategies for enhancing the ductility and work-hardening behavior of Mg 25 

alloys[6]. For instance, the introduction of microalloying elements such as manganese 26 

(Mn) has been adopted to reduce stacking fault energy (SFE) and critical resolved shear 27 

stress (CRSS) of non-basal slip systems, thus promoting the activation of additional slip 28 

systems at room temperature and consequently enhancing ductility[7–9]. A comparative 29 

study on as-extruded Mg-xCa/Mn/Ce alloys and pure Mg highlighted the role of these 30 

elements in grain refinement and texture modification, which directly improved the 31 

ultimate tensile strength and elongation[8]. Meanwhile, incorporating the alloying 32 

elements is conducive to promote grain boundary sliding (GBS) in fine-grain Mg alloys 33 

at ambient temperature, which contributes to the enhanced ductility. Besides, 34 

controlling the grain size through thermomechanical processing techniques like 35 
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extrusion has emerged as a key method for improving the overall plastic deformation 1 

of Mg alloys, and the resultant grain refinement is beneficial for  promoting the 2 

prismatic and pyramidal slips, which are typically challenging to activate in coarse-3 

grained materials [10,11].  4 

Another critical factor influencing the mechanical behavior of Mg alloys is GBS, 5 

which becomes a dominant deformation mechanism under high-temperature conditions, 6 

typically higher than 0.5Tm ( Tm: melting temperature) [12].  Studies on pure Mg [13], 7 

Mg-Mn [14], Mg-Bi [15]and Mg-Li [16] alloys with ultrafine grains have demonstrated 8 

that grain refinement can activate GBS at lower temperatures, significantly improving 9 

ductility even at room temperature[17,18]. For example, the fine-grained pure Mg with 10 

a mean grain size of 1.3 μm revealed that the plastic deformation was primarily 11 

accommodated through GBS, rather than dislocation activity within individual grains 12 

[19]. This verifies the synergistic effect of GBS and grain rotation in reducing stress 13 

concentration and enhancing ductility. Additionally, the Mg-0.3 Mn (at.%) binary alloy 14 

subjected to hot extrusion processing exhibited an average grain size of 2.5 µm., and 15 

the post-deformation microstructural observations revealed that the fracture was 16 

predominantly initiated from the cavitation associated with GBS instead of deformation 17 

twinning, resulting in a high strain rate sensitivity (m-value) ranging from 0.06 to 0.22 18 

[20].  Similarly, high-pressure torsion processing of Mg-8Li (wt.%) alloy achieved 19 

remarkable room-temperature superplasticity of approximately 440 %, with around 60 % 20 

of the total elongation deriving from the enhanced GBS.  The increase of GBS was 21 

attributed to the rapid diffusion along grain boundaries (GBs, which was facilitated by 22 

Li atomic segregation and the formation of Li-rich interphases[21]. 23 

Owing to their HCP crystal structure, Mg alloys are typically characterized by 24 

limited ductility and pronounced work hardening rates (𝜃𝜃) at room temperatures[22]. 25 

The mechanical performance of Mg alloys, such as strength, ductility and deformability, 26 

are intricately related to work hardening behavior. This work hardening behavior is 27 

mainly determined by the grain size and its distribution, which can regular the response 28 

of materials to deformation processes[23,24]. For example, the impact of 29 

microstructure on the strain rate sensitivity (SRS) was explored in AZ31 Mg alloy, and 30 

the reduced grain size can cause a substantial increase in SRS, particularly below 15 31 

μm. This enhanced SRS was found to be strongly correlated with strain hardening, 32 

revealing that finer grains tend to decrease the work hardening rate at ambient 33 

temperatures, contrary to conventional predictions[25]. Moreover, after equal-channel 34 

angular extrusion followed by annealing, the AZ31B Mg alloy exhibited substantial 35 

elongation of 47% during tensile testing at room temperature. The fine grain structure 36 

was critical in activating non-basal slip systems and promoting dynamic recovery, 37 
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which not only improved ductility but also potentially influenced the work hardening 1 

rate [26]. This evidence underscores the importance of microstructural control in 2 

improving both the strength and ductility of Mg alloys. Therefore, controlling grain size 3 

and optimizing GB conditions are essential to affect the deformation modes and 4 

improve the comprehensive mechanical response.     5 

In our previous study, a detailed analysis was conducted to understand the 6 

influence of Mn content on the microstructural characteristics and mechanical behavior 7 

of Mg-Mn alloys processed by extrusion. Specifically, the Mg-0.8 wt.% Mn (M08) 8 

alloy, characterized by a bimodal structure comprising fine dynamic recrystallized 9 

(DRXed) grains of approximately 2.3 μm and elongated unDRXed regions, 10 

demonstrated exceptional ductility at room temperature. This superior ductility can be 11 

attributed to the effective interaction of GBS within the fine-grained microstructure, 12 

which is enhanced by the presence of α-Mn nano-precipitates at GBs[27]. Building 13 

upon this, the current work further explores the impact of extrusion temperature on 14 

grain refinement, grain boundary segregation and precipitation behavior in the as-15 

extruded M08 alloy. By systematically varying the extrusion temperature, the purpose 16 

is to elucidate how these microstructural changes can affect the mechanical properties, 17 

particularly focusing on the work-hardening behavior and ductility during tensile 18 

deformation. It can provide an in-depth understanding of the relationship between 19 

extrusion temperature, grain size, mechanical behavior and work-hardening response 20 

of fine-grained Mg-0.8Mn (wt.%) alloy. Through the controlled adjustment of extrusion 21 

conditions, this work seeks to address the limitations posed by the inherently poor 22 

ductility of Mg alloys at room temperature. The findings are expected to contribute to 23 

refining extrusion processing techniques to achieve superior mechanical performance 24 

in Mg-0.8Mn (wt.%) alloys, particularly in applications requiring enhanced ductility at 25 

room temperature. 26 

2. Experimental section 27 

The Mg-0.8Mn (wt.%) alloy, denoted as M08, was produced through permanent 28 

mold direct-chill casting using commercially pure Mg and a Mg-3.2Mn (wt.%) master 29 

alloy. The actual chemical composition was determined as Mg-0.81Mn (wt.%) by 30 

inductively coupled plasma (ICP) mass spectrometry. The ingots underwent a 31 

homogenization treatment at 510 °C for 12 h, and then placed in warm water at 50 °C 32 

to cool down. Direct extrusion was performed at a ram speed 0.1 mm/s at various 33 

temperatures of 150 °C, 180 °C, 210 °C, 250 °C and 300 °C, respectively (in order to 34 

simplify, the samples were named as M08-150, M08-180, M08-210, M08-250, and 35 
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M08-300, respectively). The extrusion ratio was set as 12. 1 

The microstructural features of the as-extruded M08 alloys were examined using 2 

a scanning electron microscope (SEM, ZEISS Supra 55 SAPPHIRE) fitted with an 3 

electron backscattered diffraction (EBSD) detector, as well as a transmission electron 4 

microscope (TEM, Talos F200X). Specimens for EBSD analysis were polished by SiC 5 

sandpaper to #4000, and then electrolytic polishing was used until the surface was like 6 

a mirror. Finally, the argon ion polishing was used to remove the surface stress. The 7 

EBSD step size was set as 0.4 μm, and the acceleration voltage was 20 kV. EBSD data 8 

were analyzed using Channel 5 software. A grain orientation spread (GOS) of 1° was 9 

employed as a standard threshold to differentiate between DRXed) and unDRXed 10 

grains. 11 

The mechanical properties of the as-extruded M08 alloys were assessed using an 12 

Instron-5569 testing apparatus at ambient temperature, and the strain rate was set as 1 13 

х10-3 s-1. Tensile test samples, featuring a gauge length of 15 mm and a cross-sectional 14 

area of 6×2 mm², were cut from the extrusion rods oriented along the extrusion direction 15 

(ED). The tensile yield strength and ultimate tensile strength were determined using the 16 

0.2% offset method, in accordance with the ASTM E8 standard [28]. A Young’s 17 

modulus of 45 GPa, corresponding to that of pure Mg [5], was employed for calculating 18 

the strengthening contributions from structural factors. This is due to the minimal effect 19 

of the microalloying addition of Mn on the Young’s modulus of Mg. To ascertain the 20 

SRS (m-value) of the M08 alloy after hot extrusion, nanoindentation creep tests were 21 

performed using a Berkovich tip with an applied load of 500 mN. The tests involved a 22 

constant loading and unloading rate of 50 μN/s and a hold period of 500 s. 23 

3. Results and Analysis 24 

3.1 Microstructure characteristics of different as-extruded M08 alloys   25 

Fig. 1 presents the inverse pole figure (IPF) maps of M08 alloy extruded at various 26 

temperatures, with the observations taken along ED.  It is evident from the IPF maps 27 

that the unDRXed regions contain amount of low angle grain boundaries (LAGBs). 28 

Typically, when the extrusion temperature does not exceed 210 °C, the as-extruded M08 29 

alloy exhibits a bimodal microstructure consisting of fine DRXed grains and elongated 30 

coarse grains. As shown in Fig. 1(a-c), the volume fractions of DRXed grains in the as-31 

extruded M08 alloy at extrusion temperatures of 150 °C, 180 °C, and 210 °C are 32 

estimated to be 80.7%, 90.8%, and 95.1%, respectively. Moreover, the average sizes of 33 

the DRXed grains at these temperatures are measured to be 1.4 ± 0.1 μm, 2.3 ± 0.2 μm, 34 
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and 2.9 ± 0.2 μm, respectively. When the extrusion temperature exceeds 250 °C, a 1 

completely DRXed microstructure can be obtained. Specifically, after extrusion at 2 

250 °C and 300 °C, the average DRXed grain sizes of M08 samples are determined to 3 

be 2.9± 0.2 μm and 4.9± 0.3 μm, respectively. These observations suggest a direct 4 

relationship between the extrusion temperature, the extent of dynamic recrystallization, 5 

and the grain size in the as-extruded M08 alloy. Fig. 1(f) shows the variation in grain 6 

size and the fraction of low-angle grain boundaries (LAGBs) with extrusion 7 

temperature, respectively. The volume fraction of LAGBs in the as-extruded M08 alloy 8 

with a bimodal microstructure is 20.7%, which is decreased to 14.8% in the M08-300 9 

sample with a fully DRXed structure. 10 

 11 

 12 
Fig. 1. IPF maps of the Mg-0.8Mn alloy extruded at various temperatures: (a) 150 ℃; (b) 180 ℃; 13 

(c) 210 ℃; (d) 250 ℃; (e) 300 ℃; (f) Histogram of grain size distributions and fraction of low-14 

angle grain boundary in as-extruded M08 sample with the variation of extrusion temperatures.  15 

Fig. 2 shows IPF images taken from the different microstructural regions, 16 

including both fully DRXed and unDRXed areas of the as-extruded M08 alloy with 17 

various temperatures. All the as-extruded M08 alloys present typical fiber texture with 18 

{0001} planes and <011�0> directions parallel to the ED. As illustrated in Fig. 2 (a), the 19 

M08-150 sample possesses a bimodal structure, which exhibits a texture intensity of 20 

3.98 within the DRXed region and 22.22 within the unDRXed region. As compared to 21 

the M08-150 sample, the texture intensity in the DRXed regions of M08-210 alloy is 22 

increased to 4.47, while in the unDRXed regions, it is diminished to 12.75 (Fig 2(c)).  23 
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Despite the increase in extrusion temperature from 150 °C to 300 °C, the overall texture 1 

type remains unchanged. Besides, the basal texture intensity in the DRXed regions 2 

shows an upward trend as the extrusion temperature rising, which is probably ascribed 3 

to the preferential growth of DRXed grains [29]. 4 

    5 

 6 
Fig. 2 IPF figures from Full regions, un-DRXed regions, DRXed regions of the as-extruded Mg-7 

0.8Mn alloy with different temperature: (a)150 ℃, (b) 180 ℃, (c) 210℃, (d) 250 ℃ and (e) 300 ℃. 8 

Fig. 3 shows the SEM images of different as-extruded M08 samples. Fig. 3(f) 9 

shows the changes in volume fraction and particle size distribution of precipitates as 10 

the extrusion temperature increasing. Obviously, the precipitates in M08-150 alloy 11 

exhibit an average particle size of 0.4±0.03 μm, whereas in the M08-300 alloy, the 12 

mean particle size of precipitates is increased to 0.8±0.04 μm.  It should be noted that 13 

the proportion of precipitates is increased with the rise in extrusion temperature. The 14 

measured volume fractions of precipitates in the M08 samples extruded at 150 °C, 15 

180 °C, 210 °C, 250 °C and 300 °C are 0.05%, 0.12%, 0.27%, 0.33% and 0.38%, 16 

respectively. These results demonstrate an obvious positive correlation between the 17 

extrusion temperature, the particle size and volume fraction of precipitates, suggesting 18 

that higher extrusion temperatures can facilitate the growth and increased density of 19 

precipitates within the α-Mg matrix.   20 
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 1 

Fig. 3 SEM images of precipitates in M08 alloy extruded at various temperatures: (a) 150 ℃; (b) 2 

180 ℃; (c) 210 ℃; (d) 250 ℃ and (e) 300 ℃.   3 

Fig. 4 displays the TEM images and elemental mappings of the M08-150 and M08-4 

300. A comparative analysis of Fig. 4(a) and Fig. 4(f) reveals that as the extrusion 5 

temperature is increased from150 °C to 300 °C, the average size of DRXed grains is 6 

increased from 1.4 μm to 5 μm. As shown in Fig. 4(b) and (g), numerous nanosized 7 

particles are uniformly distributed within the grain interior and at GBs. According to 8 

our previous work [27], the nanosized particles can be identified as α-Mn phase. With 9 

the rise in extrusion temperature, the α-Mn particles exhibit a gradual increase in the 10 

size from 7±2 nm to 12±3 nm, and the volume fraction is enhanced from 0.18% to 11 
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0.36%. Fig. 4(c) and (h) show the HAADF-STEM images of the M08-150 and M08-1 

300 samples, respectively. For the M08-150 sample, noticeable solute segregation of 2 

Mn atoms and fine precipitates with approximately 5 nm in size are detectable at GBs. 3 

In contrast, as shown in Fig. 4(h)-(j), when the extrusion temperature is increased to 4 

300 °C, the solute segregation of Mn atoms at GBs disappears, and instead a higher 5 

volume of α-Mn particles precipitates within the Mg-matrix, demonstrating the 6 

influences of extrusion temperature on both precipitation behavior and solute 7 

distribution in the Mg-Mn dilute alloy system. 8 



10 

 1 

Fig. 4 TEM images of as-extruded M08 samples: Bright field TEM images, precipitates and 2 

HAADF-STEM images and elemental mapping distributions of Mg and Mn: (a-e) M08-150 sample; 3 

(f-j) M08- 300 sample.  4 

3.2 Mechanical performance of the as-extruded M08 alloy with different DRXed grain 5 

sizes 6 

Fig. 5(a) displays the engineering stress-strain curves for M08 samples extruded 7 
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at various temperatures, while Fig. 5(b) includes digital images of the tensile samples 1 

both before and after fracture. The tensile yield strength (TYS), ultimate tensile strength 2 

(UTS), and elongation at failure (EL) of the as-extruded M08 samples are listed in Table 3 

1. According to the Hall-Petch relationship, it is commonly observed that a decrease in 4 

grain size leads to an increase in yield strength. However, based on Fig. 1 and Fig. 5(c), 5 

it is noteworthy that the TYS and UTS of the as-extruded M08 alloy exhibit an 6 

abnormally increase with the grain growth of α-Mg matrix. When the extrusion 7 

temperature is increased from 150 ℃ to 300 ℃, the TYS of M08 alloy is increased 8 

from 117 MPa to 132 MPa, while the EL is reduced from 74±4 % % to 16±3 %. Fig. 9 

5(c) shows that the true tensile stress-strain curves and work hardening (WH) behavior 10 

of the as-extruded M08 alloy at various extrusion temperatures. Meanwhile, the 11 

uniform elongation (𝜀𝜀𝑢𝑢) of the as-extruded M08 alloy experiences a slight increase with 12 

the enhanced strain hardening rate at higher extrusion temperatures, but the 𝜀𝜀𝑢𝑢 value 13 

still remains below 6%, indicating that high ductility is primarily attributed to the non-14 

uniform deformation.  15 

  16 

 17 

Fig. 5 (a) The tensile engineering stress-strain curves of M08 alloy; (b) Digital photographs of 18 

tension samples before and after fracture; (c) Plots of work hardening rate versus tensile true stress 19 

- strain curves of as-extruded M08 alloy with varies temperatures; (d) The correlation between yield 20 
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strength and total elongation with the reciprocal square root of the average DRXed grain size (d –1 

1/2). 2 

  Table 1. Mechanical performance of M08 alloys subjected to hot extrusion at various temperatures 3 

Extrusion 
Temperature 

(T/℃) 

DRXed 
grain 

size(μm) 

f DRXed (%) TYS 
(MPa) 

UTS 
(MPa) 

𝜀𝜀𝑢𝑢 (%) δ (%) 

Cast    10 106  7.6 
150  1.4 81.7 117±2 173±2 5.7 74±4 
180  1.8 90.8 120±3 175±1 5.1 48±2 
210  2.3 95.1 125±2 177±2 4.1 34±3 
250  2.9 100 129±1 189±2 4.5 18±2 
300  4.9 100 132±4 200±3 5.6 16±3 

 4 

Fig. 6 presents the SEM images of the fracture morphologies for the M08-150 and 5 

M08-300 samples. As shown in Fig. 6(a), the fracture surface of the fine-grained M08-6 

150 sample is predominantly characterized by dense and fine dimples (Zone A), along 7 

with a few small cleavage facets (indicated by white arrows). Under uniaxial tensile 8 

stress, the fine dimples are generated due to the presence of fine DRXed grains, while 9 

the cleavages are originated from the unDRXed regions. As a result, the M08-150 10 

sample exhibits a ductile fracture mode, allowing it to sustain high strain before failure. 11 

In contrast, as shown in Fig. 6(c), the large amount of cleavage surfaces and cavities 12 

(indicated by red arrow) can be observed in the M08-300 sample. Particularly, Fig. 6 13 

(d) shows numerous cleavages and shallow dimples, indicating that a mixed ductile-14 

brittle fracture occurs during the tension process at room temperature. The  similar 15 

phenomenon is also found in the pure Mg containing fine grains of ~5.5 μm [30].  16 

 17 



13 

 1 

 2 

Fig. 6 SEM images of the fracture surface in the as-extruded Mg-0.8Mn samples: (a, b) Fine grained 3 

M08 sample extruded at 150 ℃ and (c, d) Coarse grained M08 sample extruded at 300 ℃, 4 

respectively. 5 

4. Discussion 6 

4.1 The relationship between the precipitates and Mn segregation at GBs under 7 

different extrusion temperatures 8 

Based on the above TEM and SEM observations, solute segregation and fine 9 

precipitates can be detected at GBs of M08-150 sample. Nevertheless, upon increasing 10 

the extrusion temperature to 300 °C, no Mn atomic segregation at GBs is observed, 11 

whereas the Mn particles with approximately 12 nm in diameter appear within the grain 12 

interior of α-Mg matrix. Figs. 7(a-d) show the TEM images of the homogenized M08 13 

alloy. It presents only a small number of Mn particles with approximately 70 nm in size, 14 

without any detectable nano-sized precipitates. To better visualize the dynamic 15 

precipitation of Mn particles during the extrusion process, the homogenized M08 alloy 16 

was subjected to a pre-extrusion treatment at 150 °C for 20 min, as shown in Figs. 7(e-17 

h). It can be found that the microstructure is composed of long rod-shaped Mn particles 18 
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with the length of up to 200 nm, but with no evidence of nano-sized Mn particles. This 1 

observation can be attributed to the significant density difference between the Mg 2 

matrix and Mn particles at room temperature. When the Mn particles precipitate in the 3 

Mg matrix, they can induce significant tensile stress, which thermodynamically 4 

promotes the occurrence of phase transformation. To minimize strain energy and reduce 5 

tensile stress, Mn particles tend to adopt morphologies with higher axial ratios [31]. 6 

However, substantial compressive stress is produced by the density difference between 7 

the Mn particles and the Mg matrix, which can partially alleviate the tensile stress. As 8 

illustrated in Fig. 4, the Mn precipitates initially form rod-shaped particles, which 9 

subsequently become spherical to minimize the contact energy during extrusion. 10 

Furthermore, due to the short holding time of the M08 billets at prior to extrusion, the 11 

Mn solutes cannot be fully dissolved in the supersaturated Mg matrix. As shown in Fig. 12 

4, additional precipitation of finer Mn particles occurs during the hot extrusion. Besides, 13 

the extrusion-induced defects can provide new nucleation sites to facilitate the 14 

precipitation of fine particles [32]. 15 

 16 

Fig. 7 TEM images and mappings of M08 alloy: (a-d) homogenized; (e-h) Pre-treated before 17 

extrusion 18 

The atomic radius of Mn (0.15 nm) is smaller than that of Mg (0.16 nm), and the 19 

solute atom mismatch of 6.25 % can provide the driving force for the Mn segregation 20 

at GBs [33]. Generally, the trend of GB segregation is primarily governed by the Gibbs 21 

free energy associated with GB segregation [34]. According to the traditional 22 

Langmuir-McLean (L-M) equation [35], the solute atom distribution can be represented 23 

by the following Eq. (1).   24 
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𝑋𝑋𝐺𝐺𝐺𝐺
1−𝑋𝑋𝐺𝐺𝐺𝐺

= 𝑋𝑋𝑖𝑖
1−𝑋𝑋𝑖𝑖

 exp (- ∆𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠
𝑅𝑅𝑅𝑅

),                                     (1), 1 

where 𝑋𝑋𝐺𝐺𝐺𝐺  and 𝑋𝑋𝑖𝑖  are the molar grain boundary occupation fraction and the molar 2 

concentration of i atom in the Mg-matrix, respectively, and ∆𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠 is the free energy of 3 

segregation. According to Eq. (1), it can be deduced that an increase in the extrusion 4 

temperature can induce the decreased Mn atomic segregation at GBs. This reduction 5 

may diminish the solute drag effect on the GB mobility, leading to an unavoidable grain 6 

growth with the increase of extrusion temperature [36]. The precipitation of Mn 7 

particles in Mg-Mn alloys is regarded as a rapid process. Therefore, an elevated 8 

extrusion temperature can facilitate the generation of Mn particles within the α-Mg 9 

grains.   10 

 11 

4.2 Strengthening mechanisms of M08 samples extruded at different temperatures 12 

      As shown in Fig. 8(a), the SRS exponent (m-value) of the M08 alloy extruded at 13 

various temperatures can be determined by the change in indentation depth with time. 14 

The connection between stress σ and strain rate ̇ε during the creep test is described by 15 

the traditional Tabor relation, as illustrated in Eq. (2) [37]. 16 

   𝜎𝜎 = 𝑏𝑏(𝜀𝜀)̇𝑚𝑚                                                      (2), 17 

where σ is uniaxial flow stress, 𝜀𝜀̇ is uniaxial strain rate, b is material-related constant, 18 

and m is SRS exponent. The actual effective strain rate ( ε̇eff ) is defined as the 19 

instantaneous rate of the decrease of indentation during the indentation process divided 20 

by the indentation depth, which can be expressed as [38]: 21 

ε̇eff = A×ε ̇= A× ( 1
h
) (dh

dt
)                                             (3) 22 

where A is a constant of 0.1[39,40], h is the indentation depth, t is the effective creep 23 

time. As presented in Fig. 8(b), the m-value is determined as 0.16, 0.15, 0.1, 0.09 and 24 

0.006 for the M08 alloy extruded at 150 °C, 180 °C, 210 °C, 250°C and 300 °C, 25 

respectively. The grain growth occurs with the increase of extrusion temperature, which 26 

subsequently diminishes the role of GBS in the overall deformation process. As a result, 27 

dislocation slip becomes the dominated deformation mode for the M08-300 sample. 28 

It is noteworthy that the inverse relationship between grain size and YS is primarily 29 

attributed to changes in the deformation mechanism [41]. In present work, GBS plays 30 

a dominant role in the deformation mode of M08 alloy extruded at 150 °C. The 31 

nanoindentation creep experiments confirmed an m-value of 0.15, indicating the effect 32 

of grain boundary softening. Conversely, in the M08 alloy extruded at 300 °C, 33 

dislocation slip becomes the primary deformation mechanism. The low m-value in this 34 
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case also suggests the presence of grain boundary strengthening, which can explain the 1 

observed increase in YS with grain coarsening. 2 

 3 

 4 
Fig. 8 (a) The variation of indentation depth as a function of time in the M08 alloy extruded at 5 

different temperatures; (b) Plots of SRS (m-value) against the average DRXed grain size. 6 

The strengthening mechanisms of the M08-150 and M08-300 samples with 7 

distinct microstructure characteristics are discussed as follows. The TYS of the Mg-8 

Mn alloy can be estimated by Eq. (5), 9 

σtys= σ0+σgb + σp+σdis                                                 (5) 10 

where σ0  is solid solution strengthening [42], σgb  is GB strengthening, σp  is particle 11 

strengthening, and  σdis is dislocation strengthening.  12 

It is generally accepted that the  σ0  is approximately equivalent to the yield 13 

strength of as-cast M08 alloy (~10 MPa). As reported, for pure Mg containing fine 14 

grains of 0.65 μm, and the GBS is the dominant deformation mode. The critical shear 15 

stress needed for GBS is  significantly lower than that required for basal slip [43]. 16 

Therefore, the contribution of σgb in the fine-grained DRXed regions to TYS of M08-17 

150 sample can be neglected.  18 

The KAM map obtained from EBSD can be used to quantitatively calculate the 19 

geometric necessary dislocation (GND) density, providing insight into the 20 

homogenization of plastic deformation. Higher KAM values correspond to greater 21 

plastic deformation or higher defect densities [44]. Based on the EBSD analysis, the 22 

KAM values in the DRXed and un-DRXed regions are 0.03o and 0.016o, respectively 23 

(see Fig 8). According to the Eq. (6) [45], the density of GND in the unDRXed and 24 

DRXed regions of the M08-150 sample can be determined as 3 ×1014m-2  and 25 
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2.29×1014m-2, respectively. 1 

ρGND= 2KAM�������

μb
 ,                                                     (6) 2 

where μ is the EBSD step size of 0.4 µm and b is the Berger's vector (0.32 nm). The 3 

σGND can be calculated by Eq. (7) [46],  4 

σGND= 𝑓𝑓𝐷𝐷𝑅𝑅𝑋𝑋𝑠𝑠𝐷𝐷MαGb�ρGND + (1 − 𝑓𝑓𝐷𝐷𝑅𝑅𝑋𝑋𝑠𝑠𝐷𝐷)MαGb�ρGND                  (7) 5 

where the value of M for DRXed regions with strong texture is 2.5 [47], α is a constant 6 

(~0.20); G is shear modulus (16.6 GPa), b is the Burger's vector (0.32 nm), 𝑓𝑓𝐷𝐷𝑅𝑅𝑋𝑋𝑠𝑠𝐷𝐷 is 7 

the volume fraction of DRXed (80.7 %). The σGND values of the DRXed and unDRXed 8 

regions are determined to be 33 MPa and 12 MPa, respectively, and thereby the total  9 

σGND is estimated to be 45 MPa. 10 

The contribution of σp can be estimated  by Eq. (8) [48]  11 

σp = 𝑀𝑀𝐺𝐺𝑀𝑀
2𝜋𝜋√1−𝜐𝜐(0.779

�𝑓𝑓𝑝𝑝
−0.785)𝐷𝐷𝑝𝑝

ln 0.785𝐷𝐷𝑝𝑝
𝑀𝑀

 ,                                 (8) 12 

where G is shearing modulus, 𝜈𝜈 is Poisson's ratio (0.3), b is Burger's vector, 𝑑𝑑𝑝𝑝 is the 13 

average diameter of the spherical precipitates, fp  is the volume fraction of the 14 

precipitates. Two distinct precipitate sizes are present, i.e. 300 nm and 7 nm in diameter. 15 

The respective volume fractions for the larger and smaller precipitates are 0.05% and 16 

0.18%. The σp  values in the M08-150 sample with fine and large precipitates are 17 

calculated as 2 MPa and 58 MPa, respectively. Accordingly, the precipitation 18 

strengthening effect contributes an increment of 60 MPa to the M08-150 sample. Hence, 19 

based on Eq. (5), the yield strength for M08-150 sample is calculated to be ~115 MPa. 20 

Since dislocation slip is the main deformation mechanism in the M08-300 sample 21 

with the fully DRXed grains of 4.9 μm, the contribution of GB strengthening σgb for the 22 

M08-300 sample can be calculated using Eq. (10) [46]. 23 

σgb= k∙d-1/2                                              (10) 24 

where k is the Hall-Petch coefficient taken as ~ 157 MPa∙μm-1/2 [49] (Here we choose 25 

the k-value of extruded pure Mg with similar mechanical properties and grain size 26 

between 4-63 μm). The σgb  in the M08-300 sample is calculated to be 70 MPa. 27 

According to the Eq. (8), the contributions of two types of large-sized (800 nm, 0.34 %) 28 

and small-sized (15 nm, 0.36%) precipitates are 2 MPa and 50 MPa, respectively. It can 29 

be seen from Fig. 9 (c) and (f) that the KAM value of the M08-300 sample is 0.016 o, 30 



18 

and the ρGND calculated by Eq. (6) is about 1.02×1014m-2. Thus, the  σdis  of M08-300 1 

sample is calculated to be 26 MPa. According to the Eq. (5), the TYS of M08-300 2 

sample is estimated as ~158 MPa. Although the calculated TYS is higher than the 3 

experimentally measured TYS, both exhibit a consistent variation trend. The 4 

discrepancy between the calculated and measured strengths may be attributed to the 5 

model selection and potential measurement errors. 6 

 7 

 8 
Fig. 9 KAM maps of the as-extruded M08 samples: (a,d) DRXed regions of M08-150 sample; (b,e) 9 

unDRXed regions of M08-150 sample; (c,f) Full DRXed regions of M08-300 sample.  10 

Table 2 The strengthening contributions of M08-150 and M08-300 samples  11 

Sample σp 
(MPa) 

σ𝐷𝐷𝑖𝑖𝑠𝑠  
(MPa) 

σ0 
(MPa) 

σgb 
(MPa) 

Calculated YS 
(MPa) 

Measured YS 
(MPa) 

M08-150 60  46 10 - 118 117 
M08-300 52 26 10 73                                                                                                                                       158 132 

 12 

It is noteworthy that the TYS of the M08 sample is increased with the DRXed 13 

grain growth, which is contrary to the Hall-Petch relationship. This is probably 14 

associated with a transition in the plastic deformation mechanism, and an analogous 15 

increase in the TYS has been documented in pure Mg as the grain size was increased 16 

from 2.4 µm to 93 nm [50]. Based the nanoindentation creep experimental results as 17 

shown in Fig. 9, the m-value is dependence of the extrusion temperature. It is found that 18 

the m-value for the full DRXed M08-210 alloy is 0.1, while the m-value for the M08-19 

300 alloy is only 0.009. The contribution of GBS was calculated using the roughness 20 

in the x-z direction of AFM. As shown in Fig. 10, the contribution of GBS to plastic 21 
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deformation in the M08-150 sample is 35 %, whereas this contribution is reduced to 1 

15% in the M08-210 sample. A lower m-value suggests that plastic deformation is 2 

primarily governed by dislocation slip [42]. This could be derived from the transition 3 

of plastic deformation mechanism when the extrusion was performed at 210 °C. In the 4 

M08-300 sample, due to the small m-value (0.009), dislocation slip accounts for a 5 

significant contribution in deformation. The dominance of GBS in plastic deformation 6 

is evidenced by a higher m-value. However, when the extrusion temperature 7 

exceeds 210 ℃, the influence of GBS is diminished, while the contribution of 8 

dislocation slip becomes more pronounced. In particular, when the extrusion 9 

temperature is increased, Mn particles are precipitated [43]. Therefore, as the grain 10 

growth occurs with the rise in extrusion temperature, the contribution of GBS is 11 

diminished, while the significance of dislocation slip becomes more prominent. 12 

 13 

 14 

Fig. 10 AFM images illustrating the surface roughness of as-extruded M08-150 and M08-210 15 

samples: (a) and (b) Surface roughness images prior to the tensile test; (c) and (d) Surface roughness 16 

images after tensile test.  17 

4.3 Effect of DRXed grain size on work hardening in as-extruded M08 alloys 18 

Fig. 11 shows the impact of various DRXed grain sizes on work hardening rate 19 
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(𝜃𝜃).  It is evident that as the DRXed grain size is increased from 1.4 to 4.9 μm, and there 1 

is a corresponding rise in the work hardening rate. The influence of grain size was also 2 

observed in the as-rolled AZ31 alloys in relation to the change in the slip system [26]. 3 

As reported, the deformation mechanism of pure Mg containing fine grains of 50 nm 4 

was dominated by GBS [51]. When subjected to external stress, fine grains undergo 5 

GBS, the dislocations are not easily accumulated within the grains. In contrast, for the 6 

coarse-grained M08-300 alloy, the dislocation slip becomes the main deformation 7 

mechanism.  8 

 9 

Fig. 11 Effect of the DRXed grain size on the WH behavior of the as-extruded M08 alloy:  a plot of 10 

𝜃𝜃 against ( 𝜎𝜎-𝜎𝜎0.2).   11 

To elucidate the association between DRXed grain size and the work hardening 12 

rate (𝜃𝜃), Fig. 12 presents the volume fractions of LAGBs for the M08-150 and M08-13 

300 alloys before and after tension test. The M08-150 and M08-300 samples are 14 

selected as the typical representatives on work hardening of the dislocation slip and 15 

GBS, respectively.  Since the two typical alloys continue to have a basal fiber texture 16 

before and after tension, the effect of the texture on 𝜃𝜃 is not primarily considered. By 17 

comparing the EBSD-IPF results of M08-150 samples before tension and after fracture 18 

in Figs. 12(a) and (c), an increase in the gray line is visually observed. The dislocation 19 

density in the unDRXed area is significantly increased, and the volume fraction of the 20 

LAGBs is increased from 17.7% to 20.7%. As shown in Figs. 12(b) and 11(d), the 21 

dislocation density of the M08-300 samples reaches 1.71×1014m-2 , and the volume 22 

fraction of LAGBs is significantly enhanced from 26.6 % to 32.4%. Both the elongated 23 

unDRXed grains and micron-sized DRXed grains are favorable for dislocation storage. 24 

Therefore, grain size has a profound impact on work hardening rate. The grain size of 25 
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as-extruded M08 sample is positively correlated with the work hardening rate, and the 1 

M08-300 sample with coarse grains is more prone to dislocation stored, resulting in a 2 

higher work hardening rate [52].  3 

 4 

 5 

Fig. 12 EBSD-IPF, small angle grain boundary volume fractions and full pole and reverse pole 6 

figures: (a-c) M08-150 samples before tension; (d-f) M08-150 samples after fracture; (g-i) M08-7 
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300 samples before tension; (j-l) M08-300 samples after fracture.  1 

Conclusions 2 

In present work, the impacts of grain size on mechanical behavior and work 3 

hardening performance of the as-extruded Mg-0.8Mn (wt.%) (M08) samples during 4 

room temperature tensile testing are systematically explored. The primary findings can 5 

be summarized as follows:  6 

1. The M08 alloy possesses a bimodal microstructure characterized by elongated 7 

undynamically recrystallized (unDRXed) grains and fine dynamically recrystallized 8 

(DRXed) grains when extruded below 210 °C. In contrast, a full DRXed microstructure 9 

is obtained when extruded at the temperature above 210 °C. Moreover, an increase in 10 

the extrusion temperature from 150 oC to 300 oC can bring about the growth of DRXed 11 

grains from 1.4 μm to 4.9 μm. 12 

2. As the extrusion temperature is increased, the M08 alloy demonstrates a 13 

corresponding rise in tensile yield strength from 117 MPa to 140 MPa, accompanied 14 

with a reduced failure elongation from 74% to 16%. These changes in mechanical 15 

properties are predominantly ascribed to the reduced occurrence of GBS during plastic 16 

deformation. 17 

3. The DRXed grain size has notable influences on the work hardening rate. The 18 

as-extruded M08 alloy that possesses coarser grains demonstrates a more pronounced 19 

work hardening rate as compared to those with finer grains. This phenomenon is mainly 20 

due to the fact that numerous dislocations can be stored within the coarse grains of the 21 

as-extruded M08 alloy, and dislocation slip is identified as the dominant mechanism for 22 

plastic deformation. 23 
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