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INTRODUCTION 
Magnesium (Mg) and its alloys are known to have good strength, low density and good machinability. Mg is 

comparable to steel and aluminium as the promising metals used in many industries due to its lightweight properties and 
capability to reduce CO2 consumption [1, 2]. In medical purposes, Mg has aroused attention for its biocompatibility and 
biodegradable characters. Mg features mechanical properties that are closer to the bone, and it is absorbable by the human 
body. The unharmful of Mg content in the human body can be used to produce new bone material, and excess of Mg 
levels are easily processed by the kidney and released in the urine [3–6]. The use of Mg as a temporary implant due to its 
high degradation rate is gaining significant interest.  

Mg offers biocompatibility and significantly reduced the stress shielding problems of implants, making Mg a suitable 
candidate for temporary body implants [7, 8]. However, Mg’s major drawbacks come from the high degradation rate in 
the body and poor corrosion resistance in most environments. Much research has been taken to focus on modifying the 
microstructure by alloying, heat treatments, and applying common corrosion protection methods such as coatings and 
inhibitors as the alternative method to improve its corrosion resistance [9–14]. 

Consideration of the microstructure is essential to create material with improvement to both strength and corrosion 
resistance [15–17]. Grain structure and phases formation effects are usually correlated to the increase in strength, which 
compromise the corrosion [3, 18–20]. Aluminium has been added in commercial Mg alloy, to improve their strength by 
solid solution hardening [21, 22]. The addition of aluminium leading to the precipitation of β-Mg17Al12 phases that usually 
occurs at the grain boundaries [23–25]. Park et al. [26] mentioned variation of precipitates form from the addition of Mg 
to Al sample, including Al3Mg2, Mg17Al12, and the oxides particles affected the Vickers hardness. Miao et al. [25] 
suggested that the alloying addition to Mg-Al material significantly changed the morphology of Mg17Al12 phases and, 
consequently, enhanced the ageing response and strength. 

Mg alloys were produced with a variation of aluminium composition using the powder metallurgy (PM) method. The 
promising properties of metals by PM method is including the reduction of porosity, grain refinement, economical and 
less time consuming [3, 15, 27]. This present work deals with the investigation of the effect of aluminium variation on 
the microstructure evolution and corrosion behaviour of the Mg alloy prepared by PM method.  

ABSTRACT – Much research on magnesium (Mg) emphasises creating good corrosion resistance 
of magnesium, due to its high reactivity in most environments. In this study, powder metallurgy 
(PM) technique is used to produce Mg samples with a variation of aluminium (Al) composition. The 
effect of aluminium composition on the microstructure development, including the phase analysis 
was characterised by optical microscope (OM), scanning electron microscopy (SEM) and x-ray 
diffraction (XRD). The mechanical property of Mg sample was performed through Vickers 
microhardness. The results showed that the addition of aluminium in the synthesised Mg sample 
formed distribution of Al-rich phases of Mg17Al12, with 50 wt.% of aluminium content in the Mg 
sample exhibited larger fraction and distribution of Al-rich phases as compared to the 20 wt.% and 
10 wt.% of aluminium content. The microhardness values were also increased at 20 wt.% and 50 
wt.% of aluminium content, comparable to the standard microhardness value of the annealed Mg. 
A similar trend in corrosion resistance of the Mg immersed in 3.5 wt.% NaCl solution was observed. 
The corrosion behaviour was evaluated based on potentiodynamic polarisation behaviour. The 
corrosion current density, icorr, is observed to decrease with the increase of Al composition in the 
Mg sample, corresponding to the increase in corrosion resistance due to the formation of aluminium 
oxide layer on the Al-rich surface that acted as the corrosion barrier. Overall, the inclusion of 
aluminium in this study demonstrates the promising development of high corrosion resistant Mg 
alloys. 
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EXPERIMENTAL PROCEDURE 
In this study, Mg (99.5 wt.% purity) and aluminium powders (99.2 wt.% purity) were used to synthesise Mg-Al alloys, 

purchased from Vistec Technology Sdn Bhd. The Mg powder is in a spherical shape with a size of 40-60 microns and 6-
10 microns size of aluminium powder. Mg with three variations of aluminium composition was prepared by weighing 
using an analytical balance. The compositions of produced samples include Mg-10 wt.% Al, Mg-20 wt.% Al and Mg-50 
wt.% Al.  

The mixture of the powders was mechanically alloyed by blended and milled with planetary ball mill, PM100 for 2 
hours, using 30 stainless steel balls at 200 rpm of milling speed. The ball-powder ratio (BPR) is set to 20:1 to each of the 
ball milling processes. Figure 1 shows the scanning electron microscopy (SEM) image of the sample powder after the 
ball milling process. The powders were then uniaxially pressed into a green compact (an unsintered compact) at the 
pressure of 300 MPa to a disc-shaped with a diameter of 25 mm. The green compact sample was further sintered to a 
brown compact (a sintered compact) at the temperature of 500℃ for 1 hour. Sintering was carried out in the tube furnace 
under a nitrogen gas atmosphere to avoid the formation of oxide and burn of the sample. Figure 2 presents the fabrication 
route for the synthesis of Mg-Al alloys.  

Samples for microstructure were sectioned, mounted and mechanically ground to 2500 grit paper, and further polished 
with 3, 1-micron diamond and alumina colloidal suspension. The sample was then etched using glycol etchant. The 
microstructure observation was performed under an optical microscope (Olympus) and a scanning electron microscopy 
(SEM) (FEI Quanta 450), equipped with energy-dispersive x-ray spectroscopy (EDS). The phase composition of the 
samples was identified by X-ray diffraction (XRD, PANalytical X’pert3 powder). The pattern was recorded from 10 to 
90° 2 theta using cobalt Kα radiation for phase identification. The similar sample was applied for Vickers microhardness 
for 3 indentations for accuracy and reproducibility. The Vickers hardness test was conducted with 100 gf load and dwell 
time of 10 s. Electrochemical measurement was then performed by the potentiodynamic polarisation method. Three-
electrode electrochemical cell is used consisting of the sample as a working electrode, graphite as the counter electrode 
and saturated calomel electrode (SCE) as the reference electrode, and immersed in 3.5 wt.% NaCl solution as the 
electrolyte. The scan rate was 1 mV/s, with applied initial potential of -2 V to the final potential of 0.2 V. All potentials 
are reported with respect to a saturated calomel electrode (SCE). All tests and solutions were quiescent and naturally 
aerated at 25℃. 

 

 
Figure 1. SEM image of Mg powder after ball milled. 

 
Figure 2. Fabrication route for synthesis Mg-Al alloys. 
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RESULT AND DISCUSSION 
Morphology and Microstructure Observation 

Figures 3(a) to 3(c) show the optical images of Mg samples with different aluminium composition; sintered at 500 ℃ 
for 1-hour duration. The sample displayed a different appearance in which the Mg-10 wt.% Al sample in Figure 3 (a) 
having a brownish-like colour, which is darker than Mg-20 wt.% Al sample in Figure 3 (b). Figure 3(c) displays Mg-50 
wt.% Al sample showing a much darker sample than the other samples. The different appearance of each sample depends 
on the sintering condition and the alloying composition. The mixture of powder produced a good brown compact sample 
after the sintering, although some of the sample edges indicated brittleness. 

 

 
(a)     (b)        (c) 

Figure 3. Images of sintered Mg sample (a) Mg-10 wt.% Al; (b) Mg-20 wt.% Al; and (c) Mg-50 wt.% Al. 

The material consists of the distribution of second phase particles of the Al-rich and Mg matrix from the microstructure 
observation. Figure 4(a) to 4(c) display the micrographs of the samples taken at bright field mode of optical microscopy. 
The composition of Mg-10 wt.% Al is shown in Figure 4(a) clearly indicating porosities in the sample, which are 
displayed as the dark features in the sample. The average size of pores is about 48 µm, as measured by the ImageJ 
software. The porosities are expected to be located at the area adjacent to the Al-rich phases, as evident in Figures 4(b) 
and 4(c). The increase of another 10 wt.% of aluminium content in the Mg sample reduced the porosities distribution and 
size and revealed the Al-rich phases in the Mg-20 wt.% Al sample.  

According to Mg-Al binary phase diagram [28], during sintering temperature (500 ℃), which is above 437 ℃, the Al 
reacts with pure Mg to form Mg-Al liquid phase. The Mg-Al liquid phase was then precipitated as solid Mg and Mg17Al12 
intermetallic phase upon cooling. The distribution of Al-rich phases which is regarded as Mg17Al12 phases, can be seen 
slightly darker than the matrix forming a boundary to the matrix region (Figure 4(b)). Figure 4(c) shows the composition 
of Mg-50 wt.% Al sample, which exhibited a large fraction and distribution of Mg17Al12 phases, with an average particle 
diameter of 85 µm, measured by the ImageJ software. The phases are evidenced in much darker features and lamellar 
type structure, as magnified in the inset figure. The morphology of eutectic or intermetallic phases of Mg17Al12 gradually 
evolved from a random distribution to network or continuous phases with the increase of Al addition [29].  

Porosities exist in the sample, with a reduction in size compared to the porosities in Mg-10 and 20 wt.% Al sample. 
It is found that porosity could be reduced by increasing the compaction pressure, sintering temperature and sintering time 
[30,31]. The inclusion of a high amount of alloying is commonly contributed to the porosity; however formation of the 
porosity can also be influenced by the types of alloying element in the metal [32,33].   

 

    
(a)                (b) 

Porosity 
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(c) 

Figure 4. Optical micrographs of (a) Mg-10 wt.% Al; (b) Mg-20 wt.% Al; and (c) Mg-50 wt.% Al with magnified 
image. 

Figure 5 shows the SEM image, EDS composition map and spectrum of Mg-20 wt.% Al. The localise composition 
mapping proved the existence of the Mg matrix as depicted in Spectrum 1, with 91.3 wt.% Mg and balance of Al. The 
Mg17Al12, Al-rich phases, indicated 93.27 wt.% of Al and balance of Mg, displayed in spectrum 2. The peak of oxygen or 
oxide was also present in the spectrum; however, it is disregarded in the analysis due to undesirable 
inclusion/contamination. It is also believed that the inclusion of oxide can be sourced from the porosity [34]. From the 
SEM image, most of the porosities can be seen located adjacent to the Mg17Al12 phases. The Mg17Al12 phases distributed 
in a network, and the porosities were forming boundaries to the Mg-matrix. The XRD analysis indicated that the existence 
of Mg17Al12 phases as the Al-rich phases is matched and confirmed in the sample, as depicted in Figure 6. Higher peak 
intensity of the Mg17Al12 was observed at 35° 2 theta angle, indexed at the basal plane (0002). No peaks of other phases 
were detected, as established in the phase diagram of Mg-Al. According to [24,35] the intermetallic particles of Mg17Al12 
are commonly formed parallel to the basal plane (0001), where the dislocation slips in the Mg matrix mostly occur. Thus, 
the high amount of these particles can improve the mechanical properties of Mg alloys.  

   

  
(a) 

 
(b) 

  
(c) Mg (d) Al 

Spectrum 1 

Spectrum 2 

Mg Al 
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(e) 

 
(f) 

Figure 5. (a), (b) SEM image and  EDS composition mapping (c), (d) and spectrum (e), (f) of Mg-10 wt.% Al sample. 

 
Figure 6. XRD analysis indicating Mg17Al12 as the phases of the Al-rich region. 

Hardness Measurement  
Vickers microhardness was conducted to the Mg samples. The hardness value is influenced by the chemical 

composition and microstructure development during sintering. Three (3) hardness measurements were conducted on the 
sample. The average hardness value is shown in Table 1, indicating the increase of hardness value with more amount of 
aluminium content. A higher fraction of aluminium rich region shows the increase of hardness value. The high Al content 
induces the formation of main intermetallic phase (Mg17Al12) in the Mg-Al alloys, which is a hard and brittle phase with 
the microhardness about 280 HV [24,36]. Thus, improved the hardness of the overall Mg sample. The average 
microhardness values of Mg-20 wt.% Al and Mg-50 wt.% Al are HV80.07 and HV86.7, respectively, which are slightly 
higher than the standard microhardness value of the Mg sample (HV74) [37].       

Table 1. Average Vickers microhardness. 

Sample 
Hardness (HV) 

Indentation point Average 1 2 3 
Mg-10 wt.%Al 69.8 71.2 70.4 70.47 
Mg-20 wt.%Al 80.5 80.4 79.3 80.07 
Mg-50 wt.%Al 88.7 84.7 86.7 86.70 

Polarisation Behaviour 
Figure 7 shows the potentiodynamic polarisation curve of the Mg samples immersed in 3.5 wt.% NaCl solution. The 

corrosion current density, icorr decreases with the increase of Al composition, and no passivation can be seen from the 
curve. The addition of 20 wt.% Al yields similar trend of results to the addition of 50 wt.% of Al; with the icorr decreases 
from 0.0001659 to 0.0000794 A/cm2. Less icorr value determines the increase in corrosion resistance. During immersion, 
Mg dissolution was observed at the matrix, with continuous hydrogen gas evolved. Microgalvanic corrosion occurred 

(
 

Spectrum 1 Spectrum 2 
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attributed by the presence of Mg17Al12 that served as the cathode, while the Mg matrix as the anode. It is obvious that 
most of the Mg17Al12 phases did not dissolve and stable during the corrosion. The increase of corrosion resistance of Mg 
is attributed to the presence of large fraction or distribution of the Al-rich phases or Mg17Al12, that acts as a corrosion 
barrier [38,39]. Variation aluminium distributions could promote different corrosion mechanisms and Al-rich or β-phase, 
Mg17Al12 acts as an efficient cathode with a strong galvanic couple at the β-phase/surrounding material interface [40]. 
Large fraction and distribution of the phase induced aluminium oxide (Al2O3) layer on the particle surface that prevents 
corrosion progression. Al2O3 known to be less soluble and stable than MgO and Mg(OH)2 in neutral solution. The 
enrichment of alumina would affect the anodic reaction by acting to reduce the current density and thus, improve corrosion 
properties [41]. A schematic illustration of the corrosion mechanism of Mg with Mg17Al12 phases is displayed in Figure 
8. 

The high amount of porosities presents in 10 wt.% Al compared to 50 wt.% Al content is expected to be the corrosion 
initiation point, contributing to the high corrosion current density, icorr. Aghion and Perez [42] pointed out that the 
corrosion resistance of Mg alloy is significantly affected by the porosity content, in which, high amount of porosity 
increases the corrosion rate of Mg alloy calculated by Tafel extrapolation. Porosity increases the passive current density 
and lowers the stability of the passive film [43]. A small shift in the cathodic curve of Mg-20 wt.% Al than the Mg-10 
wt.% Al is revealed, while a larger shift of cathodic curve is obtained to Mg-50 wt.% Al, approximately higher +0.2 V of 
corrosion potential to about -1.38 V, with reference to SCE. Table 2 lists out the polarisation result obtained from the 
polarisation curve.  

 

 
Figure 7. Potentiodynamic polarisation curve of Mg-Al samples with variation composition, immersed in 3.5 wt.% 

NaCl solution. 

 
Figure 8. A schematic illustration of Mg with Mg17Al12 phases during the corrosion process. 

Table 2. Ecorr and icorr value during potentiodynamic polarisation of samples in 3.5 wt.% NaCl solution. 
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CONCLUSION 
The effect of aluminium variation on the microstructure development was observed. α-Mg matrix and Al-rich phases 

of Mg17Al12 were formed in the sample with the presence of porosities, especially with less aluminium. The addition of 
50 wt.% of Al introduced a large fraction of Mg17Al12 phases of the Mg-Al sample compared to 20 and 10 wt.% Al of Mg 
sample. Aluminium addition also significantly increased the microhardness of sample (HV86.7 for Mg-50 wt.% Al), 
higher than the standard microhardness value of Mg sample (HV74, annealed Mg). Based on the polarisation behaviour, 
the increment of 50 wt.% of aluminium shifted the cathodic branch to more electropositive (corrosion potential of -1.38 
V). The corrosion current density, icorr decreases with the increase of Al composition, corresponding to the increase in 
corrosion resistance. A large fraction of Mg17Al12 phase induced aluminium oxide layer on the surface of the phase that 
prevents corrosion progression and acts as a corrosion barrier. Thus, the higher fraction of aluminium does increase the 
resistant to further corrosion. 
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