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Abstract: 

The low density and excellent mechanical qualities of magnesium and its alloys, which are widely used, are 

examined in this paper's investigation of their microstructural, mechanical, and corrosion properties. Most 

applications for magnesium and its alloys are in the automotive, biomedical, and aerospace industries. The 

method of using powder metallurgy to increase the efficacy of magnesium was looked into, where the mixed 

powder is blended and carried out by uni-axial die compaction followed by sintering. This study examines the 

impact of cold compaction on magnesium alloys AZ61 and AZ91 utilizing ultra-fine-grained (UFG) powder with 

a particle size of 60 nm that was produced during an 8-hour mechanical ball milling process at room 

temperature.The coarse nanocrystalline powder is allowed to compact in a die at 40 MPa pressure for 5 

minutes, producing a densely packed platelet. 8 hours of sintering were implemented in a tubular vacuum 

heater at 4250C, 4500C, and 4750C. Results reveal that the grain boundaries of the magnesium AZ61 and AZ91 

alloy during cold compaction and sintering are less porous. It was possible to achieve a mechanical hardness of 

543Mpa and compressive strength of 173Mpa, both of which were significantly enhanced by increasing 

sintering temperatures of 4750C. At 4750C temperatures, the lowest corrosion resistance value of 0.27 mm. y-1 

was achieved. 

Keywords: Microstructural, Mechanical, Sintering, Corrosion, Potentiodynamic Polarization, Ultra-Fine-Grained 

Magnesium. 

1 Introduction 

Non-renewable resources that are conveniently 

accessible and have stronger and lighter materials 

for production are needed today. Magnesium and 

its alloys play a significant role and have the 

potential to replace aluminum-based alloys as a 

structural material due to their higher strength. 

The density of magnesium is 1.74 g/cm3 [1-4]. 

Despite having outstanding mechanical qualities, 

magnesium and its alloys have numerous 

disadvantages, including low ductility, strength 

loss at higher temperatures, and weak corrosion 

resistance. The use of a severe plastic deformation 

technique helps get beyond these restrictions [5-

10]. 

By incorporating solid atom components through 

grain refinement to the nanoscale, which is under 

investigation, magnesium and its alloy are 

reinforced. Some researchers have successfully 

created high-strength magnesium through 

extreme plastic deformation procedures such as 

Accumulated Roll Bonding, High-Pressure Torsion, 

Spark Plasma Sintering, Equal Channel Angular 

pressing, etc. Warm compacting was used to 

prepare the Mg-12%Al specimen [2-8]. 489Mpa of 

compaction pressure was used, and the 

temperature range was 3990C to 4590C. Warmly 

compacted specimens had a strength that was 20 

to 30 Mpa greater than coldly compacted 

specimens; in warmly compacted specimens, there 

is a noticeable bonding of the powder particles. 

Cold and hot compacting methods were used to 

prepare specimens using Pure Mg [9]. The applied 

pressure and temperature for the cold and hot 

compaction methods were 500Mpa/room 

temperature and 500Mpa/4000C, respectively. 

Porosity was found to be 5% and 0.5% during cold 

and hot compaction, respectively. Under Hot 

compaction, proper diffusion and bonding may be 

visible. 
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Magnesium plays a significant role in powder 

metallurgy, and it has an excellent d density of 

1.74 g/cm3. In addition to having a low density, 

magnesium offers a good stiffness-to-weight ratio 

and many other beneficial qualities [10-15].  

Isotactic pressing, hot pressing, spark plasma 

sintering, cold pressing, and sintering are some of 

the most popular powder metallurgy technologies. 

Severe plastic deformation (SPD) techniques, such 

as extrusion, high-pressure torsion (HPT), and 

spark plasma sintering (SPS), can enhance the 

characteristics of powder metallurgy. By refining 

the grain, the SPD process enhances the materials' 

mechanical strength qualities. By reducing grain 

size to nanocrystalline size, previous research has 

demonstrated better microstructural and 

mechanical properties of magnesium alloy. To 

create solidly formed magnesium composites, 

intensive plastic deformation procedures such as 

(ECAP, HPT, and SPS) diffused grains through 

extended severe plastic deformation [16-20]. 

2 Literature Review 

Modern alloys like AZ91 metal matrix composites 

(MMC), reinforced with carbon nanotubes (CNT) 

[21], are used to create lightweight cars and 

airplanes. The composites employed in this study 

are prepared by cold pressing, heat treatment, and 

powder metallurgy (ball milling). CNTs are shown 

to improve mechanical characteristics. The yield 

strength and ultimate tensile strength are both 

enhanced by the inclusion of CNTs. The number of 

CNTs introduced to the AZ91 affects the coefficient 

frictions [22]. Due to CNT's inherent ability to 

lubricate itself, it has been discovered that the 

wear characteristics diminish as CNT content rises. 

The minor increase in CNTs does, however, result 

in some wear factors being reduced, which is 

covered in this study. 

A commercial magnesium alloy known as "AZ61" 

[23] was subjected to both hot extrusion and 

thermo mechanical processing (TMP) to examine 

its microstructures and tensile properties.In this 

work, the TMP allowed for extensive grain 

refinement because it had two or three hot rolling 

processes with significant reductions every pass. 

The results of the research showed that a two-step 

processing technique involving an initial extrusion 

phase followed by thermo mechanical processing 

with a significant reduction in thickness per pass 

may be used to obtain fine grain size in the 

magnesium alloy AZ61 [24]. This two-step 

procedure aims to produce grains with an average 

size of 10–20 m. 

3 Experimental Procedures 

3.1 Materials and Sintering Procedure 

As matrix materials, commercially pure 

magnesium (Mg) powders with a 99.6% purity 

level were used, with an average particle size of 40 

m (400 mesh), and AZ61 powders with a 

composition of 3wt% Al, 1wt% Zn, 0.5wt% Mn, 

0.02wt% Si, and the remaining wt% of Mg. 

The first step is the mechanical ball milling of the 

Mg/AZ61 alloy powders using an SPEX 8000 Shaker 

for 8 hours in an atmosphere of argon. The SPEX 

8000 shaker is a high-energy ball mill that grinds 

powders weighing between 0.2 and 10 grams. 

Rotating and moving the vial minimizes particle 

adherence and prevents the need for lubricants. 

The final particle size after ball milling is 60 nm, 

with a ball-to-powder ratio of 10:1 and balls with a 

diameter of 12.7 mm being employed. To identify 

the particle phases, the compacted powder 

specimen will be analyzed using a Siemens D5000 

X-Ray diffractometer utilizing the CuK radiation 

method. 

Financially available magnesium (Mg) powders 

with a purity level of 99.6% and an average particle 

size of 40 m (400 mesh) as well as AZ91 powders 

with a composition of 3wt% Al, 1wt% Zn, 0.5wt% 

Mn, 0.02wt% Si, and the remaining wt% of Mg 

were used as matrix materials and had an average 

particle size of 10-44 m.  

In the beginning, the Mg AZ91 alloy powders are 

mechanically ball-milled using an SPEX 8000 

Shaker. An argon atmosphere for eight hours. The 

SPEX 8000 shaker is a high-energy ball mill that 

grinds powders weighing between 0.2 and 10 

grams. Lubricants are avoided and powder 

adherence is minimized by sliding and rotating 

movements of the vial. 

3.2 Characterization 

Archimedes' principle was used to calculate the 

relative bulk density of sintered specimens, and an 

electronic balancer with a 0.000g accuracy range 
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was used to ensure correctness. Optical 

microscopy reveals the morphology of the 

texture's grain size. The dispersion of the particles 

in a sintered composite specimen was examined 

using a scanning electron microscope (SEM). The 

specimen samples were ground using 1500 grit 

emery sheets, then polished with less than 1 m 

thick diamond paste. Acetic pictorial/glycol 

solution reveals the sintered specimens' grain 

boundaries. 

3.3 Mechanical Tests. 

Vickers hardness is measured mechanically using a 

HUAYIN HVS-1000A testing device with an indent 

load of 25g and a holding time of 15s. According to 

ASTM E9 standards, compressive strength was 

measured using a computer-controlled UTM (UTM 

Shimadzu TCE-N300A). The indenter was loaded at 

a rate of 2 mm per minute until fracture occurred. 

SEM was supposed to identify the reason why the 

samples' fractography failed. 

4 Results and Discussion:  

4.1 Microstructure 

According to optical microscopic pictures, sintering 

at temperatures ranging from 4250C to 4750C 

followed by cold compacting may be seen. It can 

be seen from the figures that the grain particles 

are uniformly dispersed and free of pores and 

particle boundaries. According to Henry Faisal. the 

densification of Mg-Al takes place at temperatures 

between 450
0
C and 460

0
C. Additionally, evenly 

spaced grain boundaries with a compressed 

pressure force of 20 MPa produced a solid link 

between the reinforcement of magnesium and 

aluminum. The Siemens D5000 X-Ray 

diffractometer with CuK radiation and a scan 

speed rate of 2 m/s will be used to conduct the X-

ray diffraction (XRD) process on the polished 

specimen surface to evaluate the particle phase 

structure. 

Under the optical microscope and SEM 

observations. At low sintered temperatures 

around4250C, grain boundaries, and particle 

boundaries are more pronounced; when 

temperatures climb to4750C, barriers start to 

disintegrate. Additionally, the existence of 

agglomeration brought on by particle adhesion for 

temperatures can be seen. 

 

(a)       (b) 

Figure 1. XRD Patterns for (a) AZ61 and (b) AZ91 alloy samples sintered at a) 425°C b) 4500C c) 4750C 

 Using an optical microscope, the specimen's structure morphology is observed to examine the grain 

size and particle structure of the AZ91 and AZ61 alloy. 



  
 

4 

 

Vol  46 No. 1 
January  2025 

Journal of Harbin Engineering University 
ISSN: 1006-7043 

 

(i)    (ii)    (iii) 

(a) 

 

(i)    (ii)    (iii) 

(b) 

Figure 2. Optical Microstructures of the (a) AZ91 and (b) AZ61 alloy samples sintered at a)4250C b) 4500C c) 

4750C 

Under the optical microscope and SEM 

observations. At low sintered temperatures 

around 4250C, grain boundaries, and particle 

boundaries are more pronounced; when 

temperatures climb to 4750C, barriers start to 

disintegrate. Additionally, the existence of 

agglomeration brought on by particle adhesion for 

temperatures can be seen. 
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(b) 

Figure 3. SEM Morphology of the (a) AZ91 (b) AZ61 alloy samples sintered at a) 4250C b) 4500C c) 4750C 

4.2 Relative Density 

The Archimedes method was used to determine 

the relative density for cold compacted sintered 

AZ61 and AZ91 specimens at various temperatures 

between 4250C and 4750C. It has been observed 

that the relative densities for the various 

temperature ranges are virtually similar. At a 

sintered temperature of4750C, the highest 

complete density that was seen was around 

98.42%. We can infer from the analysis of the 

findings that one of the practical processes for 

producing densified magnesium alloys is cold 

compaction followed by sintering. 

 

(a) (b) 

Figure 4. Relative Density of the (a) AZ91 and (b) AZ61 alloy samples sintered at a) 4250C b) 4500C c) 4750C 

Hardness 

For magnesium alloys AZ61 and AZ91, the cold 

compaction process with sintered temperatures 

ranging from 4250C to 4750C has produced the 

best mechanical test results. At a temperature 

of4750C, the highest Vickers hardness measured 

was around 543Mpa. It should be noted that the 

ratio of volume to the percentage of relative 

density and particle size was the reason for the 

highest hardness. As a result, we can infer that 

harder materials were produced at higher sintering 

temperatures due to greater grain bonding and 

significant particle dislocations at grain borders. 
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(a) (b) 

Figure 5. Hardness of the (a) AZ91 and (b) AZ61 alloy samples sintered at a) 425
0
C b) 450

0
C c) 475

0
C 

Compressive Strength 

Together with an engineering stress and strain 

graph, the compressive strength for the specimens 

of the alloys AZ61 and AZ91 for the temperature 

range of 4250C to 4750C is measured. It should be 

noted that at a sintering temperature of 475
0
C, the 

greatest peak compressive strength of 173Mpa 

and strain rate percentage of 23% were obtained. 

The achievement of full density, which resulted in 

strong bonding of particles at sintering 

temperatures of 4750C, was the reason for such 

the maximum compressive strength. For 4250C and 

450
0
C, the highest yield strength was 109Mpa and 

160Mpa, respectively. 

 

(a)      (b) 

Figure 6. Compressive strength of the (a) AZ91 (b) AZ61 alloy samples sintered at a) 4250C b) 4500C c) 4750C 

Fractography 

SEM (Tescan-Vega 3) was used to analyze the 

fracture morphology of cold compacted and 

sintered AZ61 and AZ91 alloy specimens at 

temperatures between 4250C and 4750C. 

According to observations, failure occurred more 

frequently when sintering temperatures were 

lower than 4250C, leading to the formation of 

fracture-impacting weak borders, porosity, ripping 

edges, and dimples. The grain boundaries shrank 

as the sintering temperatures rose, leading to a 

robust, high densification of grain particles. 
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(a) 

 

(b) 

Figure 7. Facture morphology of the (a) AZ91 and (b) AZ61 alloy samples sintered at a) 4250C b) 4500C c) 

4750C 

4.3 Potentiodynamic Polarization 

Magnesium AZ61 and AZ91 alloy samples were 

cold compacted and sintered, and 

potentiodynamic polarisation curves were used to 

determine the materials' corrosive characteristics 

in 0.1 M NaCl solution for seven hours of testing. 

The electrochemical workstation (EC-LAB 

BIOLOGIC SP-150), has a three-electrode system 

and includes a saturated calomel electrode (SCE) 

that serves as the reference electrode, a platinum 

electrode that serves as the counter electrode, and 

an electrode that serves as the working electrode 

for the specimen sample surface that is exposed to 

a 1 cm2 area of the electrolyte solution, was used 

to assess the corrosive properties for sample 

specimens of the alloy AZ61.The saturated calomel 

electrode (SCE) vs open circuit potential (OCP) 

potentiodynamic polarization was carried out at 

voltages between -200 and +500 mV with a scan 

rate of 1 mVs-1. The Tafel fit using EC-Lab software 

will be used to analyze the curves. When 

compared to various temperatures, it was found 

that 4750C exhibits the lowest Ecorr of -1.25 

mVSCE and color value of 12.76 A.cm-2 as well as 

the lowest corrosion rate of 0.27 mm.y-1. The 

table below contains detailed test results for 

various temperatures. Results of the 

electrochemical polarisation test 1. Fig 9. The SEM 

images of the corrosion alloy show less amount of 

corroded surface at 4750C. 
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(a) 

 

(b) 

Figure 8. Potentiodynamic curves of (a) AZ91 and (b) AZ61 alloy samples sintered at a) 4250C b) 4500C c) 

4750C 

Table 1. Electrochemical Polarization test Results. 

Materials Sintering 

Temperatures  

Ecorr 

[mVSCE] 

  

 

icorr 

*μA.cm-2] 

rcorr 

[mm.y-1] 

AZ91 4250C -3.03 97.34 4.45 

AZ91 4500C -3.00 42.62 0.93 

AZ91 4750C -2.56 18.21 0.48 

AZ61 4250C -2.0 85.34 2.76 

AZ61 4500C -1.45 24.35 0.81 

AZ61 4750C -1.25 12.76 0.27 
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Figure 9. SEM images after Corrosion of (a) AZ91 and (b) AZ61alloy samples sintered at a) 4250C b) 4500C c) 

4750C 

Conclusion:  

The manufacture of densified magnesium AZ61 

and AZ91 alloy matrix composites was a 

successful application of the cold compaction 

process, followed by sintering. The following is 

a summary of the observations made during 

cold compaction and sintering. 

1. Under microstructural inspection, 

homogeneous particle distribution is 

discovered at higher sintering temperatures of 

4750C. 

2. Maximum densities are attained at higher 

sintering temperatures, with the Cold 

Compacted Sintering Technology reaching a 

maximum Relative Density of 98.42% at 4750C. 

3. At a sintering temperature of 4750C, the 

mechanical characteristics were significantly 

enhanced, yielding a hardness of 568 MPa and 

compressive strength of 182 MPa. Higher 

properties are attained as a result of the 

nanostructured UFG powder. 

4. By reducing the grain size to a nano size of 60 

nm and raising the sintering temperature, the 

textured surface was improved. 

5. Fractography studies showed that the primary 

causes of failure were inadequate densification 

and high-phase particles at a lower sintering 

temperature of 4250C. 

6. At a temperature of 4750C, the lowest 

corrosion rate was recorded at 0.48 and 

0.27mm.y
-1

. 
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