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Abstract 

This study focused on the microstructure and properties of magnesium alloy (Mg/3Al)-based 

composites, reinforced with hydroxyapatite (HA) and produced by powder metallurgy (PM) 

method. In this investigation, Mg alloys were reinforced on the basis of weight percentage 

(wt.%) of HA to produce Mg3Al alloy as well as Mg3Al/3HA, Mg3Al/6HA and 

Mg3Al/9HAcomposite samples. Measurements were taken based on their properties, 

including density, hardness, compressive strength, wear rate (WR) and corrosion behaviour. 

Microstructural studies on the various Mg3Al/HA composites were carried out, using 

scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS) and X-ray 

diffraction (XRD).Wear behaviours of the composites were analysed with aid of Taguchi 

method. Worn surface analysis was performed, using SEM. From the results obtained, better 

wear resistance property was obtained with the sample Mg3Al/9HA.Evidently, the addition 

of HA content to the Mg/3Al alloy increased its mechanical strength, due to uniform 

distribution of HA in the matrix. From signal-to-noise (S/N) ratio analysis, it was observed 

that the optimum parameters were obtained at HA content of 9 wt.%, speed of 2 m/s, 

displacement of 750 m and applied load of 5 N for minimum WR. Similarly, the optimal 

parameters for minimal coefficient of friction (COF) were 9 wt.%, 1 m/s, 750 m and 5 N. 

Leveraging from these composite samples, the results obtained stand to advance knowledge 

on tribology of composite materials, guide the choice and application of the materials, 

especially where wear and friction are inevitable. 
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1. Introduction 

Magnesium (Mg) is a lightest alternative metallic material for aluminium (Al) related 

composites, which are widely required in different parts of equipment used in aerospace and 

many industrial sectors [1-3]. The major advantage of the Mg-based metal includes medical 

applications [4]. The density of Mg is 67, 25 and 20% of Al, zinc (Zn) and steel, respectively. 

Mg composites are well known to orthopaedics [5]. In the automobile industry, Mg 

composite reduces the structural weight, increases fuel efficiency and improves the 

mechanical property [6]. Mg matrix composites are largely used to increase the strength of 

materials for medical applications through an easy scientific method for elastic property [7,8]. 

In biomedical applications, Mg-based bio-composites are used for dental implants, bone 

screws, bone fixation and cardiovascular stents. Mg is a key material in the engineering field. 

Mg has better stiffness, huge damping capacity, good bonding features, less density, higher 

strength, biodegradability, biocompatibility, bioactivity and it is a biomaterial, considering 

environments [9,10]. The main objective of the biomedical field is to control corrosion and 

advance increase in mechanical strength of the human bone, which is achieved using Mg. 

Many literature surveys have focused on the ductility and strength of pure Mg with an 

increasing diversity of reinforcements [11,12]. Singh et al. [13] concluded that the degradable 

biomaterials, such as Mg alloys recently became the focus of worldwide orthopedic device 

research. After complete healing of the tissues, the implant is shielded from severe stress to 

reduce the need for a second surgery for implant removal. 

Hydroxyapatite (HA) plays a vital role in organic coating for load-carrying bio implant 

and bone screws. Recently, HA-based coatings on the Mg composite have attracted many 

orthopaedic applications. The performance of Mg and titanium dioxide (TiO2) reinforced in 

HA has improved the surface structure, microstructure characterisation, mechanical property, 

interfacial bonding toughness, wear-resistance, hardness value and corrosion activity. 

Similarly, Mg and HA increased the cohesive strength, microhardness value, bio related 

activity and anti-wear corrosion of coatings [4,14]. Calcium phosphates (CaP) is a vital 

substance for HA to increase bone tissue healing. The application of the HA include 

pharmaceutical products, water therapy and protein chromatography. HA could help the bone 

healing process. Orthopaedic applications of HA has osteoinductive and osteoconductive 

performances in the human body. Mg composite with nano-HA can be developed by many 

surface coating processes, such as sol-gel processing, electrochemical deposition and spray 
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coating for biomedical application. Production of nano HA coating on Mg-based composites 

is an easy process and low cost [10]. HA helps the bone healing process and bone growing 

process in the human body naturally. Nanopowder of HA and Mg-based composite attain 

good biomineralisation to the body and it has twice the workability of conjoining 

representative and human production reinforcement. The nano-HA powder improved the 

mechanical property of biocomposite, such as grain size, specific surface and composition in 

biomaterials [2,15]. HA is predominantly selected as a reinforcement for Mg composite [3]. 

In biomedical applications, reinforcements of HA and β-tricalcium phosphate are suitable 

materials for the human body. They are produced by powder metallurgy (PM) technique 

[16,17].  

Moving forward, PM has many advantages toward production of composite with easy 

methods. The production temperature is low and reinforcement distribution is constant [18]. 

In PM process, sintering is the most important process to obtain good microstructure 

characterisation, high density and bonding between the particles [4,19]. The PM technique is 

used to produce Mg matrix composites. When compared with ingot metallurgy and PM 

process, the PM technique increased the growth of smaller grain structures and superplastic 

performance in elevated strain rate [20-22]. HA with AZ91D matrix improved the corrosion 

property, because it contained a cytocompatible organic material [23]. In comparison with 

casting, PM method resulted to a better microstructural development and greater refinement 

of grain structure [24]. Considering biomedical applications, PM process is an effective 

method of fabricating composite materials for human body bio-implant with very safe 

conditions in the biological environment [25-28].  

Topuz et al. [29] investigated into the titanium matrix composite reinforced with HA and 

ZrO2 and fabricated by using PM technique. It was reported that PM route was also suitable 

for the production of titanium matrix composite and HA+ZrO2 improved the microstructure, 

mechanical and corrosion properties of the bulk and scaffold of Ti/HA+ZrO2composites. Xie 

et al. [30] produced Ti-10wt.%Mo matrix biocomposite reinforced with HA, using PM 

process. It was reported that addition of HA improved the corrosion resistance of the 

composites and the ceramic phases, and micropores in Ti-10wt.%Mo/HA composites 

increased the bioactivity applications. Ghazizadeh et al. [31] examined the Mg matrix 

composite reinforced with HA and manufactured by using mechanical-electromagnetic 

stirring method. Two composites were studied: Mg-2.5wt.%HA and Mg-5wt.%HA before 
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summarised that both tensile and compressive strengths of Mg-5wt.%HA composite 

improved.  

In a recent study, Singh et al. [14] developed a method for applying HA reinforced with 

TiO2 to an alloy of titanium-35Nb-7Ta-5Zr, using plasma spray deposition technique. 

Analyses of the effects of TiO2 reinforcement on coating properties, microstructure, corrosion 

resistance and in-vitro bioactivity were conducted. Jaiswal et al. [2] explained that several 

biocompatible materials can be added to Mg-based composites, including bio glass, inert 

alumina and HA, which shared both its chemical composition and crystal structure with bone. 

Cui et al. [3] investigated into the dispersion of HA particles in the AZ91D/HA composite, 

developed by the PM method. It was concluded that the corrosion rate and mechanical 

properties of the composites were significantly impacted by the dispersion of HA particles. 

Akmal et al. [32] reported that bioactive metals, such as HA can be reinforced with nickel 

titanium (NiTi)-based bioimplant to produce good mechanical performance, biocompatibility 

and bioactivity. Prakash et al. [33] examined that Mg-Nb-HA composite could be 

manufactured by microwave sintering process for orthopaedic application and summarised 

that it has less elastic modulus and better corrosion resistance. Zhao et al. [34] explained that 

substances, such as HA whisker, zirconium and bioglass can be used as reinforcements to 

synthesise HA-based biocomposites. Other studies on Mg-based biomaterial samples, which 

were manufactured by PM technique have been reported [35-37]. Bansal et al. [38] reported 

that mineral zinc was one of the most prevalent constituents of hard tissues. As a protective 

agent and component in the Mg alloy AZ31, it played an important role in cellular growth. 

Additionally, it supported many physiological functions related to the immune system. 

Roshan et al. [39] studied AZ31 surface alloy coated with hybrid chitosan-HA for anti-

corrosion and in-vitro anti-corrosion protection in an environment. It was reported that 

corrosion resistance improved with the coated samples, which were studied by using 

potentiodynamic polarisation and electrochemical impedance spectroscopy tests. Singh et al. 

[40] investigated into the ZM21 Mg alloy coated with PCL/HA/TiO2 and concluded that the 

coating improved the corrosion behaviour, biocompatibility and mechanical properties. 

Furthermore, Guan et al. [41] studied both solution and aging strengthening, as zinc 

helped to strengthen the matrix. These improvements contributed to corrosion resistance and 

electrical potential. Selvam et al. [42] observed dry sliding wear on Mg matrix composites 

made by PM, zinc oxide nanoparticle reinforcement was used. Garcia-Rodrigueza et al. [43] 
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conducted an analysis of dendritic Mg alloys and composites for sliding wear, it was 

concluded that AZ91 cast Mg alloy showed a two-phase wear behaviour characterised by 

mild and severe wears, respectively. Severe wear was characterised by melt wear and mild 

wear by oxidative delamination wear. Taltavull et al. [44] studied the dry sliding pin-on-disc 

test, the wear resistance of the AM60B Mg alloy was examined, using laser surface melting 

(LSM). Lopez et al. [45] investigated into the wear behaviour of an extruded Mg alloy of 

grade ZE41A with T5 heat-treatment condition by using a pin-on-disc wear apparatus against 

grade F112 steel. Different wear regimes were observed in the tested material, depending on 

the load and sliding velocity. Yong et al. [46] concluded that the composite of Mg2Si/AM60 

or Mg matrix composites recorded increased wear resistance properties with an increasing 

silicon (Si) content, and decreased wear properties with increasing applied load and sliding 

rate. Mg matrix composite made of Mg2Si/AM60 exhibited an abrasive wear mechanism that 

transformed into adhesion wear, as the load was increased. Bolin et al. [47] studied the 

treated and untreated samples of the Mg alloy AZ91D, tested experimentally for wear 

resistance. Comparing the treated and untreated samples of the AZ91D alloys, the treated 

surface layer displayed enhanced wear resistance. AZ91D possessed a better wear resistance 

and a longer impact time produced a higher impact current. Khalajabadi et al. [48] developed 

Mg-HA-TiO2nanocomposite, using milling-pressing-sintering technique. It was concluded 

that Mg-HA-TiO2nanocomposite improved corrosion resistance and mechanical properties of 

the biodegradable implants. 

Based on the aforementioned extensive literature, several manufacturing processes have 

been used to support the relevance of HA and other particles as reinforcements in Mg-based 

composites. However, there is no reported study exactly on influences of HA addition on 

both microstructure and mechanical properties of sintered Mg matrix composites, specifically 

with variable HA filler contents (wt.%) and using PM technique. Therefore, the present work 

studied various Mg3Al/HA composite samples, which were manufactured through PM 

technique. The microstructure, mechanical and corrosion properties of the proposed 

composites were analysed. The worn surfaces of the samples were thoroughly studied, using 

scanning electron microscopy (SEM). The suitable wear parameters were identified, based on 

signal-to-noise (S/N) ratio analysis. The contour and probability plots were provided for 

better understanding of the influence of wear parameters on the wear rate (WR) and 

coefficient of friction (COF). The optimal process parameters were obtained for the best 

composite sample. 
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2. Experimental procedure  

Samples of Mg3Al as well as Mg3Al/3HA, Mg3Al/6HAand Mg3Al/9HAwere produced, 

using powders of Mg, Al and HA. Pure Mg and Al from Kemphasol Co. Ltd, Mumbai, India; 

purity: 99% (K08019), particle size:<200μm and nano HA from Nano Research Laboratory 

Company, Jharkhand, India; purity: 99.5%, APS 30-50 nm and molecular formula: 

Ca5(OH)(PO4)3 powders were used as raw materials. Fig. 1 shows the proposed work plan for 

the investigation. 

 

 

Fig. 1 Proposed work plan. 

 

In this work, 3 wt.% of Al was added to the Mg to improve the strength and ductility of 

the Mg. Al is a popular alloying element for Mg to form the Mg-Al binary alloys. From the 

same review article, Al is classified as an allergic element, not toxic [56]. The microstructure, 

mechanical and corrosion properties of the proposed composites were only and mainly 

analysed in this present study. However, this study will be advanced to include both in-vitro 

and in-vivo tests in order to investigate into their biocompatibility for biomedical 

applications, as the work progressesFrom the same review article, Al is classified as an 

allergic element, not toxic [56]. The microstructure, mechanical and corrosion properties of 

the proposed composites were only and mainly analysed in our manuscript. However, we can 

advance the study with in-vitro and in-vivo tests to investigate into their biocompatibility for 

biomedical applications, as the work progresses. Figs 2(a) and (b) show the schematic 
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diagram for the fabrication of the various Mg3Al/HA composites and the photographic 

images of Mg powders, HA powders and sintered composite samples, respectively.  

 

 

(a)  

 

(b)  

Fig.2(a) Schematic diagram of the fabrication process of Mg3Al/HA composites and (b) 

photographic images of Mg powders, HA powders and sintered composite samples. 

 

The mixture (Mg/Al) of matrix material and reinforcing powder (HA) was chosen, and 

denoted as Mg+Al+HA.  The Mg+Al+nano HA mixtures in varying proportions of 0, 3, 6 

and 9 wt.% were milled by high-speed ball milling, using tungsten carbide balls for 120 rpm 

and 180 minutes for each sample. Then, it was uniaxially pressed at 400-500 MPa until the 
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powder was compacted to the dimensions of 12*24 mm. Compaction was achieved with the 

help of digital hydraulic press (Model: Venus Tun-400). 

Moreover, argon controlled furnace (Model: Hi Tech 1200oC) was used to heat the 

mixture; Mg+Al+HA materials at a temperature that provided a protective atmosphere during 

sintering. The process was performed at 450oC without soaking and in a protective 

atmosphere for two hours with the heating rate of 10°/minutes. The density of the sample was 

determined based on the Archimedes’ principle, using a density measurement kit. By 

applying the rule of mixture, the theoretical density and percentage porosity were calculated. 

For a track record, a weighing balance machine was used to obtain the weight of each sample. 

Using the rule of mixtures, the theoretical densities of the as-prepared Mg, Al and HA 

composites were calculated. Mg, Al and HA have densities of 1.74, 2.70, 3.16 g/cm3, 

respectively. After mechanical polishing, the actual densities of Mg3Al/HA composites and 

Mg3Al samples were analysed by Archimedes' principle, using a density tester. 

The microstructure examination was performed, using SEM (Make: TESCAN VEGA3-

Wsource). Standard mechanical polishing techniques were employed to prepare the samples 

and then they were etched for 10 and 12 seconds to observe the microstructure. Figs 3(a) and 

(b) depict the SEM images of Mg and HA powders, respectively. 

 

  

Fig.3. SEM images of as-received (a) Mg and (b) HA powders. 

 
Fig. 4 shows the X-ray diffraction (XRD) pattern of as-received HA powder and its 

required plane. For phase identification, an XRD experiment was carried out, using Malvern 

Panalytical X Pert3 Powder System with a Cukα (λ = 1.54060A°) radiation source and an 

image-plate detector over 5 to 89° range for the fabricated samples. 

 

(b) (a) 
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Fig. 4. XRD pattern of as-received HA powder. 

 

In accordance with ASTM standard E384-99, an automatic digital micro-hardness tester 

(Model:Holmarc MV1-PC) was operated with a load of 1 kg and a dwell time of 15 seconds 

on the Mg3Al alloys and HA milled Mg composite samples. Computer control universal 

testing machine (CCUTM) (Model: M50) with a crosshead speed of 3mm/min was used to 

conduct the compression test on the Mg and Mg/HA composite surfaces, according to the 

ASTM E-9 standards. Generally, the metal matrix composites produced via PM route has 

porosity defectissues [57]. From many studiesliteratures, it is understood that, boththe 

compressive and tensile strengths of the composite samples increased with for the increase 

inthe weight or volume percentage of the reinforcement particles [58-61]. However, the 

strength of the composites wasis lower for the samples fabricated through PM than other 

liquid based methods, such as casting., in-situ etc.  [62]. This showsis the limitation of the 

PM process. However, the strength of the composites could be improved after secondary 

processing, including  such as extrusion, hot forging and , cold forging, among others etc [63-

65]. Each sample was tested by salt spray, using ASTM B-117. For passive diffusion tests, 

samples were placed in an enclosed chamber and sprayed continuously with a 5 wt.% of 

NaCl solution. Adding buffer solution, the pH value of the solution was maintained at 7.5. 

Air was atomised continuously within pressure of 2 to 3 bars by regulating the pressure. 

During the test, the temperature ranged from 33 to 35 oC. A pH measurement was taken once 

every eight hours. A hygrometer was used to measure humidity, which reached 98% during 

the test. The salt spray corrosion test was used to analyse the corrosion behaviour of the 

proposed composite samples. Even though, the proposed materials may would be suitable for 

biomedical application, initially this we study focused onied the corrosion behaviour in NaCl 

solution. The corrosion study using body fluid will will be reported in our future publications. 
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Besides, a pin-on-disc (Make:Ducom Wear test) experimental setup was used to calculate 

wear and frictional force. Two samples were needed for the pin-on-disc wear test to be 

conducted. During the pin-on-disc test, the pin entered the circular counter plate at a 

perpendicular angle. With a disc rotating at a specific speed and a pin sample being pressed 

against it at a specific load using a lever and weight, the experiment was conducted. Weights 

were taken before and after testing to determine the measure of occurred wear. A sample with 

diameter and length of 10 and 30 mm, respectively were used to make the counter disc. 

ASTM G99 standard was used to manage the wear test. The EN 31 Hardened steel sample 

has a diameter and thickness of 165 and 8 mm, respectively. A weighing balance that has a 

minimum count of 0.00001 g was used. Applying the weight difference method to calculate 

wear, the amount of wear was determined. Friction sensors were employed on pin-on-disc 

machines to measure frictional force. From the frictional force, coefficients of friction were 

calculated. Experiments were conducted based on the TaguchiL16 (44) orthogonal array. The 

detailed parameters are presented in Table1 and the WR and COF responses are presented in 

Table 2. 

 

Table 1 

Process parameters and their levels. 

Weight percentage (wt.%) 0 3 6 9 

Load (N) 5 10 15 20 

Sliding distance (m) 500 750 1000 1250 

Sliding velocity (m/s) 1.0 1.5 2.0 2.5 

  

Table 2 

Experimental details. 

Exp.  

No 

Wt.% 

of HA 

P 

(N) 

V 

(m/s) 

D 

(m) 

WR 

(mm3/m) 

x10-3 

COF S/N ratio S/N ratio 

1 0 5 1.0 500 5.9611 0.34 -15.5065 9.3704 

2 0 10 1.5 750 6.9876 0.55 -16.8866 5.1927 

3 0 15 2.0 1000 9.5790 0.46 -19.6264 6.7448 
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4 0 20 2.5 1250 12.2797 0.64 -21.7838 3.8764 

5 3 5 1.5 1000 8.8352 0.30 -18.9243 10.4576 

6 3 10 1.0 1250 11.1980 0.53 -20.9828 5.5145 

7 3 15 2.5 500 4.5144 0.41 -13.0920 7.8152 

8 3 20 2.0 750 6.8376 0.57 -16.6981 4.8825 

9 6 5 2.0 1250 10.3802 0.26 -20.3241 11.7005 

10 6 10 2.5 1000 8.4110 0.50 -18.4970 6.0206 

11 6 15 1.0 750 6.4286 0.39 -16.1623 8.2533 

12 6 20 1.5 500 4.3214 0.53 -12.7124 5.5145 

13 9 5 2.5 750 5.5208 0.22 -14.8400 13.1515 

14 9 10 2.0 500 3.7701 0.45 -11.5270 6.9357 

15 9 15 1.5 1250 9.6042 0.32 -19.6493 9.9333 

16 9 20 1.0 1000 7.8088 0.49 -17.8516 6.1343 

 

With experimental work, the disc was machined and lapped to make it and its surface 

smooth, respectively. Three samples of the composite were tested one after another, and the 

process was repeated three times. Both the top and bottom surfaces of the disc were cleaned 

with acetone before testing. The test was conducted under dry conditions without the use of 

lubricating oil. The surface roughness, Ra value achieved on disc sample was 0.2 µm. The 

disc top and bottom surfaces were not lubricated with oil. The duration of the experiment, the 

load and the relative speed of the disc were kept constant, as well as the track diameter and 

rotation speed to maintain consistency. Wear experiments were conducted based on the data 

provided in Table 2. 

Tangential force was measured from a linear variable differential transducer installed 

on the pin-on-disc machine. WR was calculated, using Eqs (1) and (2). Taguchi technique 

can be used to reduce the number of experiments, therefore it is an attractive method for 

improving process variables [43,49]. Taguchi-based S/N analysis was used to analyse 

experimental data. As minimum WR and COF were of interest, the smaller value was a better 

characteristics and was chosen. In addition, using Eqs (1) and (2), the smallest S/N ratio was 

selected to determine WR and COF [45,50]. 
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 Wear rate = Mass loss × Density / D (mm3/m)         (1) 

 V = Π D N / 1000                (2) 

Eqn (2) Where 𝑉 = Velocity (m/min), 𝐷 = diameter (mm) and  𝑁 = speed (rpm). 

3. Results and discussion 

3.1 Characterisation analysis of composite powders 

SEM images in Figs 5(a-d) depict the powders of the various ball milled Mg3Al/HA 

composite samples. Particles of HA occupied a relatively uniform distribution within the 

matrix of Mg alloy. In all composite mixtures, the HA did not agglomerate. This can be 

attributed to the proper milling process. Figs 5(c) and (d) show that the Mg3Al/9HA mix 

contains more HA. This was obvious and indicated that a greater number of molecules of HA 

was present [14]. 

 

 

Fig.5. SEM images of the various ball milled Mg/3Al/HA powders: (a) Mg3Al/3HA, 

(b)Mg3Al/6HA, (c) and (d) Mg3Al/9HA. 
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The graphical XRD pattern of Mg3Al/HA composite powders is shown in Fig. 6. Each 

plane was represented in the XRD pattern. As a result, Mg recorded the maximum peak in the 

pattern, while HA has the smallest and the Mg matrix was higher. A change in the Mg peak 

was observed, because of addition of HA to the Mg3Al matrix. In all compositions, it can be 

observed from their XRD patterns that HA was well incorporated to the Mg matrix. Mg and 

HA peak of XRD patterns were identified and indexed based on reported patterns: JCPDS 

No. 09-432 and 04-770 for HA and Mg, respectively. 

 

 

Fig. 6. XRD pattern of Mg3Al/HA composite powders. 

 

3.2 Characterisation analysis of sintered samples 

XRD pattern was obtained for sintered Mg3Al/HA composites sintered at 450oC (Fig. 7). 

Mg was identified as the major peak, while no peaks were obtained for Al, since a very low 

amount of Al (3 wt.%) was added as alloying element, as similarly reported [32]. It was 

evident that no impurities were created, due to the low melting temperature used during the 

sintering process. From the pattern, HA assured an appropriate bond between Mg and HA. 

By incorporating HA to the composite, a significantly increased in peak was observed for 

sample with 9 wt. % of HA. 
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Fig.7. XRD pattern of Mg3Al/HAsintered composites. 

 

Additionally, Figs 8 (a)-(j) depict the SEM micrographs of sintered Mg3Al/HA 

composites. The HA particles were evenly distributed in all the images. All the samples 

displayed good bonding between the HA particles and Mg matrix. It was observed that there 

was no agglomeration of the sample with more HA. A uniform distribution was achieved, 

because of the proper ball milling of Mg, Al and HA powders [2]. As shown in Figs 9(a-c), 

energy dispersive X-ray spectroscopy (EDS) analysis was conducted on HA reinforced 

Mg3Al alloyed composite samples. As expected, the Mg and HA peak were significantly 

visible or very clear and small size of peak showed the Al element in Figs 9(b) and (c). 
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Fig. 8. SEM images of sintered (a-c) Mg3Al/3HA, (d-f) Mg3Al/6HA and (g-j) Mg3Al/9HA 

composites. 

 

 

(g) (h) 

(i) (j)  

HA 

HA 

HA HA 
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Fig. 9. EDS images of sintered (a) Mg3Al/3HA, (b) Mg3Al/6HAand (c) 

Mg3Al/9HAcomposites. 

 

3.3 Properties of Mg3Al/HA sintered composites 

From Fig. 10, the effects of HA inclusion on the density of Mg3Al/HA composites are 

shown. The densities of both experimentally produced and theoretical samples were 

increased, as the wt.% of HA in Mg alloy matrix increased. The theoretical densities of all the 

samples were greater than that of the experimental densities. The porosity increased with an 

increase in the wt.% of HA particles in the Mg3Al matrix. Sintered samples typically 
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recorded a higher density than green composites, because the bonds between the particles 

were improved during the sintering process and voids were eliminated. In addition, during the 

heating process, moisture from the samples was removed [12]. 

 

 

Fig. 10. Effects of HA on the densities of the various composites. 

 

 
Fig. 11 shows the hardness of the base alloy and its composite reinforced with HA. The 

hardness of the composite was higher than the base Mg3Al matrix alloy. The incorporation of 

HA to the Mg alloy matrix enhanced the hardness of the sintered Mg3Al/HA composites. The 

hardness of HA was higher than the Mg and its alloys. Hence, the higher hardness of HA was 

responsible for the increase in hardness of the composite samples [2]. The increase in 

quantity of HA in the matrix increased the hardness and influenced the sintered samples to be 

too brittle. The highest hardness was acquired for the sample with 9 wt.% of HA. This 

present study considered the highest 9 wt.% of HA, since beyond this threshold value, the 

sample became too brittle and the mechanical properties deteriorated.  
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Fig. 11. Effects of HA on the hardness of the various composites. 

 

Moving forward, Fig. 12 depicts the compressive strengths of the HA reinforced Mg3Al 

matrix composites and base alloy. The compressive strength was improved, due to the 

inclusion of HA to the matrix. The improved strength can be further attributed to the 

following factors: (i) incorporation of hard HA particles to the Mg3Al matrix, (ii) uniform 

distribution of HA within the metal matrix, (iii) thermal mismatch between the HA particles 

and Mg3Al alloy during sintering process and (iv) grain refinement, due to the presence of 

HA particles [3]. The highest compressive strength of 177 MPa was observed with sample of 

9 wt.% HA. The base Mg3Al alloy recorded the lowest value of 127 MPa. 
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Fig. 12. Effects of HA on the compressive strengths and elongations of the various 

composites. 

 

Fig. 13 shows the weight loss (mm/year) and corrosion rate for Mg3Al alloys and 

Mg3Al/HA composites during salt spray test. The inclusion of HA to the Mg3Al alloy 

decreased the weight loss. Additionally, the corrosion rate (mm/year) also decreased, as the 

Mg3Al matrix contained a higher wt.% of HA. The composite samples showed a higher 

corrosion resistance. HA was distributed in the grain boundary of the matrix and generated 

layer to provide passive corrosion protection. 

The immersion and salt spray tests established that Mg corrosion appeared identically. 

Among the nonferrous alloys, Mg is a good option for biomedical field. Bakhsheshi-Rad et 

al. [51] reported that the chloride iron, on the other hand, corroded quite smoothly. Adding 

ceramic/oxide particles to the matrix of Mg alloys could boost the corrosion resistance. Using 

the dissimilar microstructures in the composites, corrosion resistance was greatly enhanced. 
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Fig. 13. Effects of HA on the corrosion behaviours of the various composites. 

 
 

3.4 Wear analysis of Mg3Al/HA composites 

Figs 14and 15 depict the S/N ratio and mean plots for the WR, respectively. To achieve 

the lowest WR, it was observed that the combined parameters of A4B3C2D1 represented the 

optimum value of reinforcement at Level IV (9 wt.%), V at Level III (2 m/s), D at Level II 

(750 m) and Pat Level I ( 5 N). Figs 16 and 17 show the S/N ratio and mean plot for the COF, 

respectively. During the analysis, it became apparent that the most optimal combined 

parameters to achieve minimal COF were A4B1C2D1, which means that value of 

reinforcement at Level IV (9 wt.%), V at Level I(1 m/s), D at Level II (750 m) and Pat Level 

I (5 N). Tables 3-6 present the S/N ratio and mean values for the WR and COF. 
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Fig. 14. S/N ratio plot of WR. 

 

 

 

Fig. 15. Mean plot of WR. 
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Fig. 16. S/N ratio plot of COF. 

 

 

Fig. 17. Mean plot of COF 

Table 3 

Response table for S/N ratios for WR. 

Level Wt.% of HA V (m/s) D (m) P (N) 

I -18.45 -17.40 -17.63 -13.21 

II -17.42 -16.97 -17.04 -16.15 

III -16.92 -17.13 -17.04 -18.72 

IV -15.97 -17.26 -17.05 -20.68 

Delta 2.48 0.43 0.58 7.48 

Rank 2 4 3 1 
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Table 4 

Response table for means for WR. 

Level Wt.% of HA V(m/s) D(m) P (N) 

I 8.702 7.674 7.849 4.642 

II 7.846 7.592 7.437 6.444 

III 7.385 7.532 7.642 8.659 

IV 6.676 7.812 7.681 10.866 

Delta 2.026 0.280 0.412 6.224 

Rank 2 4 3 1 

 

Table 5 

Response table for S/N ratios for COF. 

Level Wt.% of HA V(m/s) D(m) P (N) 

I 6.296 11.170 7.318 7.409 

II 7.167 5.916 7.775 7.870 

III 7.872 8.187 7.566 7.339 

IV 9.039 5.102 7.716 7.756 

Delta 2.743 6.068 0.456 0.531 

Rank 2 1 4 3 

 

Table 6 

Response table for means for COF. 

Level Wt.% of HA V(m/s) D(m) P (N) 

I 0.4975 0.2800 0.4375 0.4317 

II 0.4517 0.5075 0.4247 0.4317 

III 0.4192 0.3930 0.4350 0.4384 

IV 0.3705 0.5584 0.4417 0.4372 

Delta 0.1270 0.2784 0.0170 0.0067 

Rank 2 1 3 4 
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According to Tables 3-6, the applied load recorded the greatest impact on the WR and the 

reinforcement had the greatest impact on the COF. According to the Archard's law, the 

applied load between the contacting surfaces determined the volume of WR. Through 

application of load, the sample remained continuously in contact with the load, causing 

damage to the surface and resulting to a volumetric wear [52]. Due to the increased contact 

pressure, the WR of the pin surface and the counter disc was faster as the load applied 

increased. While comparing composite samples with unreinforced matrix alloys, it appeared 

that the composite samples exhibited a lesser WR. 

In addition, the particles of HA increased the hardness of the composite, which reduced 

COF and WR. Contact with opposing surfaces blunt and smoothed out the protrusions of 

reinforcement particles at the initial conditions of sliding. A reduction of COF and WR was 

observed by smoothing the reinforcement particles and increasing the sliding distance. This 

led to the evolution of a self-lubricating layer on the reinforcement particles. When the 

sliding distance by an unreinforced matrix alloy increased, due to an increase in surface 

temperature, less material was retained. This resulted to greater wear rates. By virtue of its 

higher hardness, composites have better wear resistance at a higher sliding distance than 

unreinforced matrix alloys. Generally, as the sliding velocity increased, the friction between 

the surfaces increased, causing the interfacial temperature to rise. The high temperature of the 

alloy matrix accelerated the oxidation process, causing a thick layer of oxides to form, which 

were the mechanically mixing layers [54]. The development of an oxide layer enhanced the 

wear resistance of the mating surfaces by allowing them to slide smoothly. The lesser shear 

strength tribofilms on the rubbing surfaces occurred, because of the high sliding velocity and 

increased surface temperature between the rubbing surfaces, since the friction coefficient 

decreased. The composites surface formed a tribo layer at low sliding speeds, which has the 

effect of reducing tangential friction.  

Figs 18-20 depict the contour plots for WR. The plot in Fig. 18 shows the effect of P and 

wt.% HA on WR. According to the plot drawn in blue, the decrease in WR can be observed 

on the right side corner, as an effect of an increase in wt.% of HA. Fig.19 depicts the same 

trend as Fig.18, considering the P and D. The dotted red line on Fig.20 shows how an 

increase in the wt.% of reinforcement caused an increase in the WR, as observed from the 

interaction between wt.% of HA and D. With this plot, the interaction between two 

parameters for the WR can be clearly observed.  
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Fig. 18.Contour plot for WR. 

 

 

 

Fig. 19. Contour plot for WR. 
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Fig. 20. Contour plot for WR. 

 

Similarly, the contour plots of the COF are shown in Figs 21-23: P versus wt.% of HA; P 

versus D and wt.% of HA versus D, respectively. When the composites were tested under 

wear, the COF increased as the load was increased. From Fig. 22, it was evident from the 

increase in applied load that the COF increased. Considering Fig.23, it was significantly 

observed that the increased wt.% of HA and the increased sliding distance caused friction on 

the composite surface during dry sliding conditions. As a result of the above factors, the 

proposed materials were more resistant to wear, due to their increased wt.% of HA content in 

the matrix alloy. Hence, they acted as wear resistant materials, because of their hard nature 

[52-54]. 
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Fig. 21. Contour plot for COF. 

 

 

 

Fig. 22. Contour plot for COF. 
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Fig. 23. Contour plot for COF. 

 

Analysis of variance (ANOVA) was conducted to determine the percentage contribution 

of parameters, such as wt.% of HA, P, V and D to WR and COF of the Mg3Al/HA 

composites. Table 7 presents the ANOVA for WR. Based on the F-value, it can be observed 

that the value of P was the most dominant factor, followed by the reinforcement and sliding 

distance. ANOVA results on COF are presented in Table 8. By analysing the data presented 

in Table 8, it was evident that the V was the most influencing factor, followed by the HA 

content, D and P. Eqs (3) and (4) present the regression models for WR and COF, 

respectively [53]. Figs 24 and 25 show the probability plots for WR and COF, respectively. 

Evidently, the errors were within the limit, according to 95% confidence interval.  

 

Table 7 

ANOVA for WR. 

Source DF Adj SS Adj MS F-value P-value 

Wt.% of HA 3 8.6551 2.8850 25.06 0.0126 

V (m/s) 3 0.1768 0.0589 0.51 0.7019 

D (m) 3 0.3440 0.1147 1.00 0.5012 

P (N) 3 87.4467 29.1489 253.23 0.0004 

Error 3 0.3453 0.1151   

Total 15 96.9679    
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Table 8 

ANOVA for COF. 

Source DF Adj SS Adj MS F-value P-value 

Wt.% of HA 3 0.034357 0.011452 58.29 0.0037 

V (m/s) 3 0.185065 0.061688 313.96 0.0003 

D (m) 3 0.000629 0.000210 1.07 0.4791 

P (N) 3 0.000152 0.000051 0.26 0.8525 

Error 3 0.000589 0.000196   

Total 15 0.220793    

 

Regression equation for WR 

Wear rate 𝑥10−3 (
mm3

m
) = 7.6523 + 1.050 A1 + 0.194 A2 − 0.267 A3 − 0.976 A4 +

0.022 B1 − 0.061 B2 − 0.121 B3 + 0.160 B4 + 0.197 C1 − 0.215 C2 − 0.011 C3 +

0.029 C4 − 3.011 D1 − 1.209 D2 + 1.006 D3 + 3.213 D4(3)    

    

Regression Equation for COF 

COF = 0.43472 + 0.06278A1 + 0.01695A2 − 0.01555 A3 − 0.06418 A4 −  0.15472 B1 +

0.07278 B2 − 0.04172 B3 + 0.12366 B4 + 0.00282 C1 − 0.01005 C2 − 0.00028 C3 +

0.00695 C4 − 0.00305 D1 − 0.00305 D2 + 0.00366D3 + 0.00245 D4(4) 

 

 

Fig. 24. Probability plot of WR. 
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Fig. 25. Probability plot of COF. 

 

3.5 Worn surface analysis 

Figs 26 (a)-(h) depict the SEM images of the worn surfaces of the Mg3Al alloy and 

various Mg3Al/HA composite samples. Figs 26 (a) and (b) show the unreinforced alloy 

surface with repair of bluntly impaired regions, blister wear and huge flow of material with a 

lateral shift, caused by heavy plastic deformation. While, Figs 26(c) and (d) depict the 

formation of small cavities and cracks on the surface of the wear track, which suggested 

adhesive wear among the matrix alloys. From these graphs, it can be observed that a wear 

track formed on the head surface of the composites [55]. On this surface, it can be further 

observed that rigid and hollow formed much more shallowly in the composites than they did 

in unreinforced alloys, which resulted to the presence of reinforcement particles in the matrix 

materials. Figs 26 (c)-(h) show the HA contents of 6 and 9 wt.% in the worn surface of 

the composite. However, there were some wear debris that accumulated on the wear track. 

This indicated that the wear was abrasive, due to the presence of HA particles in the 

composites. Due to the presence of HA particles, the deformed plastic shrinkage was reduced 

significantly, as the HA particles acted as a limitation to the displacements, thereby increased 

the wear resistance. When HA increased, both WR and COF decreased [52]. 
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Fig. 26(a)-(h)Worn surface morphology of the (a,b) Mg3Al/HA, (c,d) Mg3Al/3HA, (e,f) 

Mg3Al/6HA and (g,h) Mg3Al/9HA composite samples. 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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4. Conclusions 

Base Mg3Al alloy and Mg3Al/HA composites samples with various 0, 3, 6 and 9 wt.% of 

HA contents have been successfully fabricated, using PM technique. Microstructure, 

mechanical and corrosion properties of the samples were well studied, including WR and 

COF. Summarily, the following points can be deduced from the results obtained: 

▪ SEM analysis of Mg3Al/HA composite powders and sintered samples revealed the 

uniform distribution of HA matrix. Ball milled and sintered composites were analysed by 

XRD for matrix and reinforcing peaks, and established the absence of intermetallic 

phases. 

▪ Addition of HA to the Mg3Al matrix enhanced the compressive strength, micro hardness 

and corrosion resistance of the composite with 9 wt.% of HA loading. The highest 

compressive strength of 177 MPa was recorded by the sample with 9 wt.% of HA, while 

the base Mg3Al alloy exhibited the lowest value of 127 MPa. 

▪ The composite samples exhibited an abrasive wear mechanism and adhesive wear was 

observed with the Mg/3Al samples, when SEM was used to conduct worn surface 

analysis. 

▪ From S/N ratio analysis, the lowest WR was obtained with combined optimal parameters 

of A4B3C2D1 with 9 wt.%, 2 m/s, 750 m and 5 N. Similarly, the optimal parameters for 

minimal COF were 9 wt.%, 1 m/s, 750 m and5 N, as exhibited under combined 

parameters of A4B1C2D1.  

Finally, various efficient applications of the Mg3Al alloy as well as Mg3Al/3HA, 

Mg3Al/6HA and Mg3Al/9HAcomposite samples should depend on their optimum wt.% of 

constituents, properties, working conditions/parameters and performances. Therefore, the 

aforementioned results contribute to the tribological knowledge required in the thriving field 

of composite technology.   
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