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Abstract 

This study investigates the sintering mechanism of commercially pure Magnesium (Mg) using 

the Field Assisted Sintering Technique (FAST). Powder morphologies are in a vast variety of 

spherical to flake, as well as nano to fine grain as in powder size and mechanically milled (MM) 

between 0-108 hours. The MM'ed Mg particles were sintered by FAST with at 350-425℃ for 5-

20min. Relative densities (93-99%) and compressive strength up to 369MPa were obtained from 

FAST’ed Mg samples depending on MM durations and particle geometries which significantly 

influenced the sintering mechanism. SEM and XRD analysis identified four distinct bonding and 

sintering mechanisms influenced by particle geometry, residual stress, and microstructure 

developed through mechanical milling. The combination of mechanical milling and FAST 

exhibited significant effects on the microstructural and mechanical properties of Mg powders, 

with the Mg36 sample displaying promising strength and hardness. 

 

Received: 06 Oct 2023 

Accepted: 13 Jan 2024 

 

 

Keywords 

Mechanical milling 

Mechanical activation 
FAST  

Sintering mechanism 

Magnesium 

 

 

 

1. INTRODUCTION 

 

Powder metallurgy is one of the most characterizable metal manufacturing methods due to sintering 

parameters. These parameters are sintering time, temperature and compaction pressure. In the field assisted 

sintering technique (FAST), electric current is used simultaneously with compression pressure. This ensures 

extremely high heating rates and short processing times [1]. FAST is a mostly low voltage, pulsed direct 

current (DC), pressure‐assisted sintering technique, which has been widely applied for materials processing 

in recent years’ studies [2]. This concept is a sintering technique, which has been increasingly used for the 

sintering of a variety of materials with nano-sized grains to achieve superior properties. Compared to 

conventional pressing and sintering, conventional hot pressing or hot isostatic pressing, field assisted 

sintering has resulted in many improvements in mechanical properties [3]. According to Shen et al. in their 

work in 2002, they used parameters such as sintering time and temperature to minimize grain growth and 

increase the mechanical properties in this way [4]. Guillon et al, stated that in their work in 2014, FAST 

methods use less time and temperature to sinter the powders compared to the conventional sintering 

methods. This means less energy and less cost comparison with conventional sintering [5]. 

 

It has been determined that atomic level diffusion mechanisms are more effective than surface diffusion in 

the early stages of sintering, as high defect rates increase at high heating rates and grain growth is inhibited 

[6]. High heating rates increase surface diffusion in the early stages of sintering, thereby increasing the 

compaction rate of powder compacts and limits the grain growth. Olevsky et al, indicates that rapid heating 
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increases the sinterability of powder particles, temperature gradient is higher at the powder compaction 

nodes also inducing the necking and neck growth of the powders [7]. This phenomenon also causes highly 

nonuniform mechanical properties such as residual stresses and dislocation creep distributions. 

 

Local temperature gradients are caused by the thermal diffusion of void spaces; macroscopic temperature 

gradients cause thermal stresses. Thermal gradient creates higher thermal stress in porous structure. 

Although thermal stress alone does not cause (independent) macroscopic volume reduction, we contribute 

to both the formation and movement processes of dislocations by increasing the diffusion rates during 

sintering as well as plastic deformation [2]. 

 

With conventional sintering (JH or external heating), sintering is done at low speeds. Necking is a typical 

conventional sintering mechanism based on surface diffusion. It can be defined by the micro-defects that 

remain between the spherical powders in the microstructure. As mentioned, surface diffusion is suppressed 

as FAST sintering takes place with high heating rates. Therefore, different diffusion mechanisms are also 

involved in FAST [8]. 

 

Mechanical milling (MM) is a process in which the powders are blended, cold worked, welded and broken 

[9]. With a high energy ball milling process, powders with uniform atom distribution are created in a thinner 

microstructure in stable or metastable phase [10]. The function of mechanical milling is to create an 

amorphous material by completely destroying the crystal structure by creating point defects and lattice 

defects (e.g. cavities, dislocations, etc.)[11]. The MM process constantly creates new surfaces in the Mg 

particles. When clean surfaces come into contact, they provide fast diffusion conditions. It also provides 

powder formation in various shapes and sizes [12]. Also, mechanical milling has been known to be an 

effective processing technique for producing nanocrystalline metals [13]. In mechanical milling, factors 

such as powder/ball ratio, milling time and speed, must be controlled since they affect the properties of the 

resulting materials [14, 15]. 

 

Hwang et al, indicates that during the MM process, powder particles undergo plastic deformation with high 

strain rates. Thus, producing complex, dense networks of dislocations and keeping strain energy remains 

in the particles [13]. At the same time, according to Yahşi and İpek, with plastic deformation, the oxide 

layers on the surfaces of the powders begin to break and shell out so that the powders are mechanically 

activated [16]. However, these gains can be lost in classical sintering. The search for low-energy rapid 

sintering continues to preserve the gains. With FAST, these gains can be partially preserved. Magnesium 

(Mg) is one of the lightest structural metals with a density of 1.738 g/cm3 [17]. Mg is the third most-

commonly used structural-metal, after steel and aluminum. Mg and Mg alloys are well known as 

lightweight construction materials and are finding more and more applications in end user products and 

industrial parts. Due to their light weight, Mg alloys have been increasingly used in the automotive, 

aerospace, electronics industry in recent years. Mg is also used in biodegradability applications of implants 

and stents. Sealy et al. 2016 used magnesium as a biodegradable stent material in their research. Therefore, 

although Mg and Mg alloys have these advantageous properties, their relatively low ductility limits their 

applicability in large areas as a high-performance structural material [18]. According to Friedrich and 

Mordike, Mg has low density, stiffness, high damping capacity, bending resistance and specific strength 

[17]. In addition, Mg has low plastic deformation at room temperature due to the few sliding systems 

exhibited by the Hexagonal Close Packed (HCP) structure [19]. To overcome poor formability and 

mechanical performance of Mg, powder metallurgy production method (PM) can be used. PM technique is 

commonly used to produce Mg and Mg based parts. PM methods can improve mechanical properties by 

adjusting the sintering parameters. 

 

Zhuang et al. revealed that the microstructural and mechanical properties of porous magnesium produced 

by PM are affected by the total porosity, pore size, distribution and shape, and the connection between 

magnesium powders [20]. These properties can be modified by selecting the sintering time, sintering 

temperature, compacting pressure, shape of the starting material powders. According to Yamashita et al., 

grain coarsening of the Mg particle during the sintering process can also affect the microstructural and 

mechanical properties of the final material [21]. MM was used to change the shape of starting material in 

this study. After the MM process, the sintering process was applied to the powders. FAST was used for the 
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sintering process in order to maintain the mechanical milling gains as much as possible. This study was 

designed with the assumption that another dynamic of these diffusion mechanisms would be related to 

powder geometry and microstructure. The FAST-sintering mechanism formed between the powders 

mechanically activated by MM and having spherical-like, flake-like geometries with MM effect was 

investigated. MM was applied to Mg powders for different times. The effect of different milling times on 

Mg powders is especially investigated. 

 

In the present work, the combined effects of mechanical milling time, sintering temperature, sintering time; 

on Brinell hardness and compressive strength were investigated. Statistical experiment design and analysis 

were performed using Central Composite Design (CCD) in response surface methodology (RSM). 

According to Myers et al., RSM consists of statistical and mathematical techniques used to analyze the 

effects of several independent variables [22]. RSM helps to investigate the interactive effect of experimental 

variables and provides a mathematical model that can provide information about the overall process. 

According to research by Ferreira et al., CCD is one of the most efficient and common designs used in 

response surface modeling [23]. To evaluate the significance of the model, experimental data were analyzed 

by performing Analysis of Variance (ANOVA). 

 

The primary objective of this study is to examine the influence of mechanical milling time on the sintering 

properties of Magnesium metal, considering various parameters including sintering temperature and 

sintering time. 

 

2. MATERIAL METHOD 

 

Mg powders were obtained from Kumas Manyezit Sanayi A.S. (Kütahya, Türkiye). The purity of Mg is 

≥99.3%, its size is ≤220. Zinc Stearate (C36H70O4Zn) was used as a process control agent. Zinc was used at 

1% by weight of magnesium powder.  

 

2.1. Powder Milling and Sintering 

 

Mg powders were milled by high energy ball milling. Planetary ball mill was used as ball miller (DECO-

PBM-V-2L). Milling containers were treated in the glovebox under Argon protective atmosphere. The 

milling balls used are stainless steel with a diameter of 10 mm [24]. The ball-to-powder ratio was 20:1. Ball 

milling was carried out at 160 rpm. 

 

The original electric resistance sintering device, known as electricity field assisted sintering (FAST), was 

utilized for the sintering process. The FAST device operates through the use of AC circuits and low current, 

while an external joule heating technique is facilitated by a graphite die. The application of the graphite 

die, standing at a height of 50 mm, alongside punches measuring 10 mm in diameter and 20 mm in height, 

allowed for sintering to take place in an Argon atmosphere. A pressure of 45 MPa was applied utilizing a 

graphite mold within a uniaxial FAST machine. The sintering temperature ranged from 383 to 467 ℃ in an 

Argon atmosphere, which was assisted by a vacuum. The sintering cycle encompassed a 5-minute warm-

up phase, followed by waiting periods of 7, 10, 15, 20, and 23 minutes, concluding with a 5-minute cool-

down phase. A diagram of the FAST sintering machine can be found in Figure 1. 
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Figure 1. FAST sintering machine and diagram 

 

2.2. SEM, XRD and EDS Analysis, Compressive Strength and Hardness Tests 

 

SEM imaging was conducted using the Thermo Scientific Apreo S Scanning Electron Microscope, utilizing 

backscattered electrons. 

 

EDS analysis was performed in conjunction with SEM imaging to obtain elemental composition 

information. XRD analysis was carried out on the Thermoscientific ARL X’TRA X-Ray Diffractometer 

(ISDD standard cart number 01-089-4244), covering a diffraction angle range of 5° to 85°. 

 

Compressive strength tests were conducted using a Shimadzu (AG-IS 100 kN) tensile-compression tester 

at a constant speed of 0.2 mm/min. Hardness tests were performed on the Brinell scale, with measurements 

obtained using a load of 62.5 kgf and a 30-second waiting time. 

 

2.3. Experimental Design 

 

Central Composite Design (CCD) statistical experiment design and the response surface methodology were 

employed to investigate the effects of the four independent variables on the response function. CCD was 

applied to determine the optimum process variables for Sintered Magnesium. CCD was also used to obtain 

a model that required a minimum number of experiments. The independent variables were milling time 

(A), temperature (B) and sintering time (C). The low and high levels of each variable are designated as -1 

and +1, respectively as illustrated in Table 1. The experimental levels for all variables were selected based 

on results from preliminary experiments. 

 

Table 1. Independent variables and their levels used for CCD 

Independent 

Variables 
Unit Factor’s Symbol Coded Levels 

   -1 1 

Milling time h A 36 90 

Temperature °C B 400 450 

Sintering time min C 10 20 

     

 

3. THE RESEARCH FINDINGS AND DISCUSSION 

 

3.1. Model Fitting 

 

A total of 20 experiments have been employed in this work to evaluate the effects of the three main 

independent parameters on compressive strength, Brinell hardness. For powders obtained by mechanical 



1440  Yasemin YAHSI, Rasim IPEK / GU J Sci, 37(3): 1436-1449 (2024) 

 
 

milling process; average diameters (D0), the ratio of the smallest width to the largest width (ds/dl) measured 

on the powders are given in Table 2. These values are measured by using image process technique. Table 

2 also shows the experimental design matrix results (sintering parameters, compression strength and 

hardness values) and sample densities. 

 

Table 2. Mg powder and sintered sample values after mechanical milling process 

Milling 

Time 

(h) 

D0 

(µm) 

Particle 

Size 

(ds/dl) 

Sintering 

time/temperature 
Compressive 

Strength 

(MPa) 

Hardness 

(HB) 
Density (%) 

min °C 

0 47 0.52 

15±5 425 ± 25 

195±20 55±4 96±0.4 

18 34 0.91 270±30 76±2 99±0.5 

36 50 0.47 300±65 55±5 97.8±1 

63 36 0.89 260±30 84±5 96±0.3 

90 23 0.92 195±35 85±7 95±0.6 

108 20 0.98 140±5 91±5 93.8±0.1 

 

The factors considered on compressive strength are shown using a perturbation plot (Figure 2). The slope 

of the milling time (A), the temperature (B) and the sintering time (C) shows the severity of its influence 

on the compressive strength. 

 

 
Figure 2. Perturbation plot of compressive strength 

 

The regression model for compressive strength (Y1) is given in Equation (1), after insignificant terms are 

discarded 

 

Y1 (MPa) = +262.73-55.74 *A -31.64 *B +11.80 *C +12.66 *A *B +4.94 *A *C +10.49 *B *C -11.39 *A2 

+5.70 *B2 -13.57 *C2 -11.89 *A *B *C.                    (1) 

 

In this study, the highest compressive strength among the samples is Mg36 with 368 MPa and the lowest 

compressive strength to Mg108 with 140 MPa. 

 

The hardness test results are given in the perturbation graph in Figure 3. 
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Figure 3. Perturbation plot of hardness 

 

After insignificant terms discarded, the regression equation can be shown in Equation (2) for hardness (Y2) 

 

Y2 (HB) = +85.13 +16.38 *A+ 4.90 *B+ 3.75 *C+ 2.50 *A *B + 0.25 *B *C -8.12 *A2- 5.87 *B2 -1.25 

*C2.                      (2) 

 

In this study, sintering temperature and time as a variation were chosen relatively narrow to observe the 

effect of MM on powder geometry. The compression and hardness test results given in Table 2 are 

consistent with the results of Figures 2, Y1, Figure 3 and Y2, confirming that the MM time is more effective 

than the selected sintering temperature and time. For this reason, the effect of sintering variables in the 

selected values is limited and negligible. 

 

3.2. XRD Results 

 

The XRD analysis of Mg powders MM'ed for 18 hours, 36 hours, 63 hours, 90 hours and 108 hours are 

given at Figure 4.  
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Figure 4. XRD results 

 

The results of The XRD's show that the sample MM’ed for 36 h was quite different from other one as well 

as apparent density and average particle diameters. 

 

For Mg powder MM'ed 36h, XRD results show that the maximum peak (dominant atomic array) takes place 

at 34.4 instead of 36.5 degrees which is an ordinary position. At this point, the intensity of the peak is also 

very high. It seems that the results for the others MM'ed powder samples are almost parallel to expectations 

and not any surprise except 36h MM'ed. 

 

Lattice micro-strain and crystal size were obtained by Scherrer equation (Equation (3) and (4)) [25]: 

 

 
𝛽 =

𝐾𝜆

𝐿𝑐𝑜𝑠𝜃
 

    (3) 

 
𝛽 = 𝐶Ɛ

𝑠𝑖𝑛𝜃

𝑐𝑜𝑠𝜃
. 

(4) 

 

β is the peak width, consists of the contribution of the crystallite size L and the lattice micro-strain Ɛ. K is 

the Scherrer constant, assumed to be around 1. λ is the wavelength of X-ray. Ɛ is the inhomogeneous strain. 

The value of the constant C is typically 4. The full width at half maximum (FWHM) is the width of the 

diffraction peak at half of its maximum amplitude. 

 

Crystal size and lattice microstrain values are given in Table 3. 

 

Table 3. Crystal size and lattice microstrain values 

Milling 

Time 

(h) 

Crystal 

Size 

(nm) 

Lattice 

Microstrain 

(%)  

0 672 0.13 

18 18 1.14 

36 17 0.09 

63 110 0.24 

90 16 0.16 

0 10 20 30 40 50 60 70 80 90
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108 19 0.006 

 
In the MM'ed Mg samples, an increase in broadening and a decrease in intensity were observed with 

increasing MM time, which can be attributed to microstructural changes such as grain refining, recovery, 

and/or recrystallization. However, according to the literature, it is stated that the crystal size cannot be 

smaller than 20 nm. The Mg63 XRD result revealed a significant difference in average grain diameters with 

110 nm, likely due to the stacking of flake layers. A comparison of XRD peaks between Mg36 and Mg18 

revealed a transition from high to low strain values, indicating a change in microstructure at the crystal 

level. This suggests that Mg strains are too high in the previous stage to become flakes, resulting in a change 

in the crystal level. 

 

3.3. SEM Images of Mechanically Milled Mg Powders and FAST-Sintered Samples 

 

The SEM images of the Mg powder samples subjected to mechanical milling (MM'ed) for different 

durations (ranging from 0 to 108 hours) and subsequently sintered using FAST are presented in Table 1. 

The milling process resulted in diverse particle geometries, ranging from nearly spherical to flake-like 

structures, accompanied by variations in particle and grain sizes. The observed changes, particularly the 

alteration in particle geometry, were found to exert a significant influence on the sintering mechanisms 

(Figure 5). 

 

a 

 

 

Mg0 

Do 54 µm, ds/dl=0.52 425°C, 15min, 192M a, 96% 

Necking(2) and partially FAST effect(1) 

b 

 

 

Mg18 

 

Do 34 µm, ds/dl=0.91 425°C, 15min, 307MPa, 99%  

(Necking effect) 

 

 

1 
 

2 
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c 

 

 

Mg36 

Do 50 µm, ds/dl=0.47 400°C, 10min, 369M a, 97.8 % 

(FAST effect) 

d 

 

 

Mg63 

Do 36 µm, ds/dl=0.89 383°C, 15min, 320M a, 96% 

Sandwich effect(1) and partially FAST 

effect(2) 

e 

 

 

Mg90 

Do 23 µm  ds/dl=0.92 400°C, 20min, 231M a, 95% 

(Necking effect)  

 

 

 

 

1 

2 
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f 

 

 

Mg108 

Do 20 µm, ds/dl=0.98 425°C, 15min, 135M a, 93.8% 

(FAST effect in narrow area) 

Figure 5. Scanning electron microscope images of of Mg powders subjected to specific durations of 

mechanical milling (MM). The images include the following: a) Mg powders without MM process (Mg), 

b) Mg powders MM'ed for 18 hours (Mg18), c) Mg powders MM'ed for 36 hours (Mg36), d) Mg powders 

MM'ed for 63 hours (Mg63), e) Mg powders MM'ed for 90 hours (Mg90), and f) Mg powders MM'ed for 

108 hours (Mg108), (D0 is an arithmetic average diameter and ds/dl is the ratio of the smallest width to the 

greatest width) 

 

The SEM analysis revealed notable changes in particle size and shape with respect to milling time. The 

average diameter of the particles, referred to as do, exhibited a decrease from 54 µm to 20 µm as the milling 

time progressed. The initial morphology of Mg particles (Mg) appeared irregular, as observed in Figure 5a. 

In Figure 5b, Mg18 exhibited a more spherical form, although it was observed to be mixed with particles of 

different geometries. Mg108 and Mg90 exhibited a predominantly spherical shape, while Mg36 displayed a 

flaky morphology (Figure 5c, f). Mg63 appeared to be a mixture of like-spherical and flaky particles, 

suggesting a composition of Mg90 and Mg36 powders. Additionally, the particle sizes were categorized into 

large and small ranges. The average particle size of Mg63 powder (≈36 µm) is similar to Mg18 (≈34 µm), 

but the standard deviations of particle size for Mg63 are lower. Mg18 and Mg90 powders have similar like-

spherical shapes in SEM photos, but they differ in size and dimensions. Mg18 has larger dimensions (34 

µm) than Mg90 (23 µm) (SEM Figure 5, b, e), and there are significant differences in XRD patterns. Mg108 

powders resemble Mg90 in XRD results, but Mg108 tends to transform from like-spherical to flaky geometry 

(ds/dl≈0.93) and shows less homogeneity compared to Mg90. The SEM observations clearly indicate the 

formation of Mg powders with varying sizes and shapes at different milling times. A distinctive pattern 

emerges, wherein the shape transitions cyclically from like-spherical to flaky and then reverts back to like-

spherical. Notably, despite the resemblance in shape, the particle size exhibits significant variations at each 

stage, depending on the milling time. Moreover, these powders exhibit discernible differences in their 

microstructural properties, as evidenced by XRD analysis. 

 

3.4. SEM Analysis of FAST-Sintered Samples 

 

The microstructure of all sintered samples is depicted in Figure 5 through SEM images. Notably, significant 

variations exist among their sintering mechanisms. SEM images vividly demonstrate the occurrence of key 

sintering mechanisms, such as mechanical locking, necking, sandwich effect, and the characteristic FAST 

path (White Bright Path-WBP). These mechanisms are influenced by the powder geometry and particle 

microstructure properties, as clearly observed in Figure 5. 

 

Necking is a well-known sintering mechanism, primarily driven by surface diffusion and influenced by 

variables such as contact surface, temperature, and time. In the case of the electric field-assisted sintering 

technique (FAST), bonding occurs at the atomic level, involving atomic defects, grain boundaries, and 

electromigration, in addition to necking [26]. The mechanisms of FAST are largely influenced by process 

variables, including circuit current, voltage, and conductivity [20]. The microstructure exhibits a light white 

path (WBP), characterized by a high short-current pass path. Within the WBP, the high short-current 
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induces partial melting, deoxygenation, and the formation of liquid splashes due to arc formation and its 

vicinity, along with the effects of joule heating (JH). The necking mechanism, a classical sintering process, 

is prominently observed in the microstructure of sintered Mg, Mg18, and Mg90 particles, as indicated by 

SEM analysis (Figure 5). The nearly spherical shape and compact arrangement of these particles facilitate 

strong interparticle contact and stability during sintering (Figure 5b, e). 

 

Conversely, the presence of distinct FAST tracks or widespread white bright path (WBP) is not evident in 

these samples. The dominance of necking as the primary sintering mechanism for Mg can be attributed to 

its lack of mechanical activation, which aligns with the characteristics of FAST. In the case of sintered 

flaky Mg36 powders (Figure 5c), the microstructure exhibits mechanical locking sintering and the presence 

of a white light path (WBP) with an intensity of 0.47. Similarly, the sintered Mg63 sample with ds/dl 0.92 

reveals clear indications of WBP, mechanical locking, and a sandwiched structure (Figure 5d). A narrow 

region in the microstructure of the Mg108 sample sintered with ds/dl 0.93 shows a few bright points 

suggestive of WBP, but no significant traces of sandwich formation are observed. 

 

3.5. Mechanical Analysis Results 

 

The mechanical test results, including compression strength, hardness, and percent full density, were 

observed to be influenced by the mechanical activity of the powder and its geometry for all MM'ed samples, 

except for Mg108, which exhibited high levels of oxidation in its structure (Figure 6, EDS analysis). Among 

the samples, Mg36 demonstrated the highest compression strength, attributed to its mechanically activated 

structure and particle shapes that are well-suited for FAST sintering. In contrast, the Mg108 sintered sample 

exhibited a significantly lower density rate of 0.94 and a compressive strength of 135 MPa, with no apparent 

signs of plastic deformation in the sintered microstructure. The EDS analysis suggests that the high oxygen 

content in Mg108 may have negatively impacted the bonding process. Refer to Figure 6 for the EDS analysis 

of the sintered sample. 
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Figure 6. EDS analysis of the sintered sample 

 

4. CONCLUSIONS 

 

The mechanical milling process led to exceptional changes in particle sizes, geometry, and microstructural 

properties. Particle sizes are decreased, and the shape of the powders approached a near spherical geometry 

by milling up to 18 hours. From 18 to 36 hours of milling, the powder structure became flaky, and the 

average particle size increased significantly. The microstructures of sintered samples, specifically Mg18 and 

Mg90, exhibited homogeneity, whereas Mg36 and Mg63 displayed increased heterogeneity attributed to 

mechanical locking and FAST induced WBP. The compressive strength increased until the 36 hours of 

milling time, and then started to decline. Sintered Mg36 had the biggest compressive strength at 369 MPa. 

Sintered Mg18 samples showed the highest bulk density ratio of 0.99. The increase in temperature, sintering 

time and milling time had an increasing effect on the hardness values. 
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