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Abstract: Si3N4 ceramic possesses superior wear properties and high-temperature properties. This research 

hypothesizes that very small quantities (0.23, 0.45, and 0.67 wt.%) of the biocompatible, bio-ceramic, 

Si3N4 nanoparticles (of 15-30 nanometre average particle size) added as reinforcements to the 

lightweight, biofriendly Mg-4Zn alloy matrix would improve the wear properties of the Mg-4Zn alloy. 

Hypothesis verification was done using design of experiments (DoE)-based dry sliding wear studies. 

Mg-4Zn alloy and Mg-4Zn/xSi3N4 (x=0.23, 0.45, and 0.67 wt.% nano-Si3N4) nanocomposites were the 

pin materials, and SS316Ti was used as the disc (counterface) material. Load and sliding speed were 

also varied. A regression model for predicting the mass loss was obtained using Design-Expert software. 

Worn surface analysis revealed that abrasion was the dominating mechanism of wear in all tested 

conditions. Adhesion wear was also observed at mild levels. The addition of 0.23, 0.45, and 0.67 wt.% 

nano-Si3N4 to Mg-4Zn alloy refined the grain size by 10.58, 34.32, and 63.94 %, respectively, thereby 

improving the microhardness by 8.11, 19.54, and 38.67 %, respectively, and reducing the mass loss up 

to 8.3%. The microstructural studies indicated α-Mg grains surrounded by Mg-Zn intermetallic at the 

grain boundaries. 
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I. INTRODUCTION 

The development and production of lightweight 

materials is extremely important in the automotive 

and aviation industries [1] since their use is effective 

in improving fuel efficiency and reducing emissions 

[2]. Mg-based materials are a good choice as 

lightweight materials because of their low density of 

only 1.74 g/cm3, higher specific stiffness, and 

specific strength [2]. They are also non-toxic and 

biodegradable [3] and also possess good impact 

resistance, damping capacity, and dimensional 

stability. They are also preferred for biomedical 

applications. In spite of many such advantages, low 

corrosion resistance and wear resistance are the 

disadvantages of Mg-based alloys [4]. Low wear 

resistance induces replacement of components with 

the passage of time [5]. To enhance the properties of 

Mg-based materials further, ceramic particles are 

used as reinforcements [4] to form Mg metal matrix 

composites (MMCs), which possess enhanced wear 

resistance, strength, high-temperature properties, 

and dimensional stability [6]. This is made possible 

by the activation of mechanisms such as the transfer 

of load to the reinforcements from the matrix, an 

increase in the density of dislocations near the 

matrix/reinforcement interface (caused by the 

difference in the coefficient of thermal expansion 

between the matrix and reinforcement), and grain 

refinement effects [7], [8]. The wear resistance of the 

AZ31 matrix was improved by nanoscale SiCp of 

size 40-60 nm, which strengthened the AZ31 matrix 

due to grain refinement, as revealed by wear tests at 

10 N, 20 N, and 30 N normal loads and 0.1, 0.3, and 

0.5 m/s sliding speeds without lubricant using a 

GCr15 steel ball/pin pair [9]. The wear properties of 

heat-treated stir-cast AZ61 magnesium alloy were 

improved by the addition of CNTs (concentration of 
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0, 0.1, 0.5, and 1 wt.%) as reinforcements [10]. 

Reinforcements like TiO2, Mg2Si, SiC, Al2O3, Y2O3, 

TiC, and TiB2 have also been used [11] for property 

improvements. Among various Mg-based materials, 

the Mg-4Zn alloy (Mg alloyed with 4 wt.% Zn) 

possesses good biocompatibility, a low rate of 

degradation, and moderate mechanical properties 

[12], [13], [14].  This alloy is represented in the Mg-

Zn phase diagram as shown in Fig. 1. 

Figure 1. Mg-4Zn alloy in Mg-Zn phase diagram 

[15] 

Some attempts to improve its properties further, like 

the solution treatment to improve its corrosion 

resistance [16] and multi-directional forging to 

improve the microhardness and wear resistance [17], 

have been reported in the literature. The Mg-4Zn 

alloy offers scope for further improvement in its 

wear properties by the use of Si3N4 in the form of 

nanoparticle reinforcements, which has not been 

explored to the best knowledge of the authors. 

Nanoparticles can effectively influence the hardness 

[18] and hence wear properties [19]. The addition of 

0.22 to 1.11 vol. % Al2O3 of 50 nm particle size 

improved the wear resistance of pure Mg (direct 

metal deposited), as revealed by wear tests 

conducted at 10 N at 1 to 10 m/s sliding speed [20]. 

The addition of 0.5-2 wt.% CNT with 20-40 nm size 

improved the wear resistance of AZ91D by 16.99% 

(AZ91D-2CNT). A load of 4–12 N and a sliding 

speed of 0.1 to 0.2 m/s revealed the wear resistance 

improvement [21]. Silicon nitride (Si3N4) is a 

material that has very good wear resistance, 

mechanical properties, and thermal stability. It is 

used in roller and ball bearings and in rotors [22]. It 

has also been used as nanoparticles to reinforce the 

AZ81 alloy [23] and in the form of whiskers as 

reinforcements to improve the hardness (Vickers), 

ultimate compression strength (UCS), and properties 

of pure Mg [24].  

This research attempts to improve the wear 

properties of Mg-4Zn alloy by using Si3N4 in the 

form of nanoparticles of 15-30 nm average particle 

size as reinforcements in the Mg-4Zn alloy and 

presents the regression model for the mass loss. It is 

hypothesized in this research that the Si3N4 particles 

used in the nanoscale would contribute to grain 

refinement, improve the hardness, and hence 

improve the wear properties of the Mg-4Zn alloy. 

This is represented as a schematic in Fig. 2. 

However, it is also reported that nearly 1 wt.% of 

nano-reinforcement additions could adversely affect 

the properties due to the effects of agglomeration 

[25]. Therefore, very low proportions (0.23, 0.45, 

and 0.67 wt.%) of Si3N4 were chosen to enhance 

sustainable production and effective material 

utilization of Mg-4Zn/Si3N4 nanocomposites and to 

avoid agglomeration. 

Figure 2. Using Si3N4 nanoparticles to improve 

wear properties of Mg-4Zn alloy 

To validate this hypothesis, initially, trial (pilot) 

studies were done by the authors to ensure that the 

material combination possessed reasonable 

properties. This research presents the systematic 

experimental studies that were then conducted to 

validate the hypothesis and obtain a regression 

model for mass loss. This research becomes more 

significant since Si3N4 (used to reinforce Mg-4Zn 

alloy) is also a bio-ceramic, is biocompatible (like 

Mg alloys), and has good application potential [26]. 

The use of large quantities of Al and rare earth 

additions to Mg is avoided [27]. Moreover, 

quantitative outcomes of this research could promote 

economical, efficient production of Mg-4Zn alloy 

and diversify its applications. Stir casting is a 

commercially practiced manufacturing method that 

is flexible, simple, and can be used for mass 

production of composite products [28]. Therefore, 

vacuum stir casting has been used for the production 

of the base alloy and nanocomposites. Pin-on-disc 

studies with the Mg-4Zn-based materials as pins and 

SS316Ti stainless steel as disc is presented. SS316 

stainless steel is also a material of interest for wear 

studies. Fellah et al. [29] studied the tribological 

characteristics of AISI316L stainless steel under a 

normal load of 3 N, 6 N, and 10 N and a sliding speed 

of 1, 15, and 25 mm/s. Parthasarathi et al. [30] 

performed wear tests on AISI316L stainless steel at 

different temperatures up to 550°C at 20 N load and 

a 0.8 m/s sliding speed with the pin-on-disc 

arrangement. 

II. MATERIALS AND METHODS 

Vacuum stir casting was carried out in a 

SWAMEQUIP-made stir casting furnace with a 

bottom pouring arrangement to produce cylindrical 

rods of the Mg-4Zn alloy and Mg-4Zn/Si3N4 

nanocomposites. Fig. 3 illustrates the schematic of 
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the process of the vacuum stir casting and the 

arrangement for wear testing. After cleaning the 

inner surface of the furnace, a graphite-based non-

stick coating was applied. A temperature of 750°C 

was achieved in the furnace. High-purity gas (argon: 

SF6 = 9:1) was used in the furnace for shielding. Mg 

and Zn as ingots were melted in the furnace to form 

the Mg-4Zn alloy melt. It was continuously stirred at 

500 rpm. Si3N4 nanoparticles (made by Nanoshel 

UK Limited) having a purity of 99% and 15-30 nm 

average particle size (APS) were first preheated to 

200°C for 45 minutes to avoid thermal shock and 

remove moisture. The nanoparticles were added to 

the melt in the required proportions (wt.%) by 

wrapping them in an Al foil. Ultrasonic vibration (20 

kHz, 3-5 min) was used to prevent agglomeration. 

The composite was stirred for 10 minutes at a 

temperature of 750°C to ensure that the constituents 

were distributed homogeneously and poured into a 

cylindrical mold of 250 mm length and 30 mm 

diameter, vacuum pressure of 1 bar was applied. The 

mold with the molten alloy/nanocomposite was 

cooled to room temperature under normal 

atmospheric conditions. After the casting solidified, 

it was removed from the mold. To produce the Mg-

4Zn alloy, the above procedure was followed except 

for the addition of Si3N4 nanoparticles.  

Figure 3. Schematic illustration of vacuum stir 

casting and pin-on-disc arrangement for wear 

testing 

2.1 Evaluation of material properties 

Specimens were obtained from the castings for the 

material characterization and wear studies (Fig. 3), 

respectively. The specimens for the X-ray studies 

were prepared by polishing with rough and fine 

emery sheets, followed by polishing with alumina 

powder and diamond paste (0.5 to 1 µm size). The 

polished surfaces were studied by X-ray diffraction 

using a 20-minute scan of angles from 5 to 100 

degrees in a Rigaku SmartLab X-ray diffractometer 

and subjected to wavelength dispersive X-ray 

fluorescence spectroscopy (XRF) studies in a Bruker 

S8 Tiger Series II 4 kW WDXRF machine. The 

specimens for optical and scanning electron 

microscopic (SEM) studies were prepared by 

polishing with emery sheets and alumina powder and 

then etched using acetic picral, which was obtained 

by mixing 10 ml acetic acid, 10 ml water, 70 ml 

ethanol, and 4.2 g picric acid. These were then 

observed under a Dewinter optical microscope, from 

which optical micrographs were obtained. The 

average grain size of 50 grains of each material was 

calculated manually from the optical micrographs by 

using ImageJ software. SEM images were obtained 

from the ZEISS SEM with Energy Dispersive 

Spectroscopy (EDS) and elemental mapping 

facilities after ultrasonication of the specimens in 

isopropyl alcohol solution. Microhardness tests of 

these specimens were done using FIE equipment at a 

500 g load and a dwell time of 15 seconds. The 

average of five measurements is considered. The 

specimens were weighed by employing a Mettler 

Toledo electronic weighing machine, which is 

capable of measuring from ± 0.0001 g. The density 

(ρActual) of the materials was calculated in accordance 

with Archimedes’ principle as in Eqn. (1). 

ρSpecimen in air = (
Win air

Win air−Win water
) ρwater    (1) 

where ρ indicates density and w indicates the weight 

of the material. The porosity was calculated 

according to Eqn. (2). 

Porosity (%) = (1 −
ρActual

ρTheoretical

) × 100      (2) 

2.2 Wear Testing 

  Mg-4Zn alloy and Mg-4Zn/Si3N4 

nanocomposites were the pin materials, and SS316Ti 

was the disc material, as shown in Fig. 3. Pin-shaped 

specimens with a diameter of 10 mm and a height of 

13 mm were machined from the vacuum stir cast 

Mg-4Zn alloy and Mg-4Zn/Si3N4 nanocomposites 

by using the wire electric discharge machining 

(EDM) process for the wear testing. Fig. 4 shows the 

test setup and the test specimens (inset). The surfaces 

of the pins were then thoroughly polished, first 

sequentially by emery sheets and then by diamond 

paste (0.5 to 1 µm size). 

Figure 4. Test setup for the wear experiments and 

wear test specimens (inset) 
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It was ensured that the surfaces of the pins and disc 

had good surface flatness, parallelism and surface 

finish. The disc material was annealed SS316Ti 

stainless steel with 149 BHN. It was first machined 

to 90 mm in diameter and 7 mm in thickness by a 

facing operation. This was followed by surface 

grinding. They were then thoroughly polished, first 

by using alumina powder followed by diamond paste 

(0.5 to 1 µm size) to ensure a good quality surface 

with proper surface finish. The ASTM G99-17 

standard was used as a guideline for the specimen 

preparation. An experimental design matrix 

(Taguchi L8) was obtained from software for the 

range of input process parameters as shown in Table 

1. In addition to Si3N4 wt.%, load and sliding speed 

were also varied. 

Table 1 Input process parameters, their range and 

responses of the wear test 

nano-

Si3N4 

(wt.%) 

Load (N) 

Sliding 

speed 

(m/s) 

Responses 

0 
0.23 
0.45 
0.67 

4 

8 

0.85 

1.1 

Mass Loss 
(g) 

CoF 

All tests were conducted with 510 m as the sliding 

distance in the pin-on-disc arrangement using a 

CETR tribometer. The randomized tests were 

performed at 22°C at a relative humidity of 50% and 

under dry sliding conditions.  The pins and disc were 

cleaned with alcohol and dried before and after 

testing. The forces were measured using a load cell, 

and the coefficient of friction (CoF) was also 

recorded. The mass of the specimens before and after 

the wear test was measured by a Mettler Toledo 

electronic weighing balance with an accuracy of 

±0.0001 g. Mass loss was calculated as the 

difference in weight of specimens before and after 

the wear test. The average value of three trials of the 

responses for each test condition is reported. A 

regression equation and a significant model were 

obtained for mass loss using Design-Expert 

software, using which the statistical analyses of the 

model were also performed. ANOVA analysis was 

performed, and R2, adjusted R2, and predicted R2 

were obtained using the software. The worn surfaces 

were analyzed by SEM to identify the wear 

mechanism. OriginLab software was used for 

plotting graphs. The COF is calculated as the ratio of 

the friction force to the normal load [31]. 

III. Results and Discussion 

The results obtained from the characterization and 

wear studies of the Mg-4Zn alloy and Mg-4Zn 

nanocomposites are presented.  

3.1 Nanocomposite properties 

The densities and porosities of the materials are 

shown in Table 2 which also shows the wt.% of Mg 

and Zn confirmed by XRF. Fig. 5 shows the scanned 

area, and Fig. 6 shows the SEM elemental maps in 

the scanned area of the Mg-4Zn-base alloy and 

nanocomposites. Low values of porosities in all the 

castings indicate good quality of the castings. The 

density of the base alloy (Mg-4Zn) is 1.773 g/cc. The 

densities of the Mg-4Zn nanocomposites with 0.23, 

0.45, and 0.67 wt.% Si3N4 are 1.753, 1.737, and 

1.769 g/cc, respectively. The density slightly 

decreases as the wt.% of Si3N4 increases from 0 to 

0.45 wt.%.   

Table 2 Density, porosity, and Mg, Zn quantified by 

XRF 

 Figure 5. Scanned area of the SEM elemental maps 

of Mg-4Zn base alloy and nanocomposites 

Correspondingly, the porosity has increased from 

0.93 to 3.26 % respectively, thereby decreasing the 

density. The addition of the Si3N4 nanoparticles and 

stirring increases the viscosity of the melt. The 

air/gas bubbles get entrapped and are unable to 

escape the melt because of the higher viscosity, as 

observed by Aravindan et al. [32]. This leads to the 

entrapment of air/gas, leading to porosity in the stir 

castings. The density of Mg-4Zn nanocomposite 

with 0.67 wt.% Si3N4 is higher than the other 

nanocomposites and the base alloy. This could be 

due to the predominating effect of better wetting of 

Si3N4 reinforcement particles by the matrix alloy, 

which decreased the porosity and hence increased 

the density, as observed by Tosun et al. [33]. The 

SEM elemental maps (Fig. 6) are indicative of a 

homogeneous distribution of the elements Mg, Zn, 

Si, and N, thereby ensuring homogeneous 

wt.
% 
Si3N

4 

Density 
(g/cc) 

Porosity 

(%) Mg 

(wt.%) 
(XRF) 

 

Zn 
(wt.%) 
(XRF) 

0 1.773 0.93 96 3.49 

0.23 1.753 
(-0.02) 

2.18  
(+1.25) 

95.8 3.56 

0.45 1.737  
(-0.016) 

3.26 
(+1.08) 

94 3.86 

0.67 1.769 
(+0.032) 

1.55 
(-1.71) 

94.5 3.66 

(a) (b) 

(c) (d) 

0 wt.% Si3N4 0.23 wt.% Si3N4 

0.45 wt.% Si3N4 0.67 wt.% Si3N4 
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distribution of alloy and the Si3N4 reinforcement in 

the vacuum stir castings. 

Figure 6. SEM elemental maps of Mg-4Zn base alloy 

and nanocomposites 

The Mg and Zn wt.% in the base alloy and 

nanocomposites confirmed by X-ray fluorescence 

spectroscopy are shown in Table 2, thus quantifying 

the amount and proportion of Mg and Zn in all the 

materials. Fig. 7 presents the XRD plots of the 

materials, Peaks corresponding to α-Mg and Mg-Zn 

intermetallic were confirmed in the XRD plots of the 

base alloy and nanocomposites. This agrees with the 

expected microstructures obtained upon cooling the 

Mg-4Zn alloy as shown in the Mg-Zn phase diagram 

(Fig. 1). This justifies the formation of α−Mg grains, 

accompanied by intermetallic (Mg-Zn) segregating 

at the boundaries of grains in the base alloy and the 

nanocomposites. This is also consistent with the 

results reported by Wang et al. [34]. The small 

additional peak (of Si3N4) at 44º [35] for the Mg-4Zn 

nanocomposite with 0.45 wt.% Si3N4 in the XRD 

plot is attributed to the possible local agglomeration 

of Si3N4 particles at the location. The optical 

micrographs (Fig. 8) of the Mg-4Zn based materials 

show equiaxed α−Mg grains in the base alloy and the 

nanocomposites. Progressive grain refinement has 

occurred by the addition of Si3N4 reinforcement 

nanoparticles. Table 3 quantifies the grain size 

reduction and microhardness improvement. Fig. 9(a) 

and Fig. 9(b) are schematics of the variation of grain 

size and microhardness, respectively, with Si3N4 

wt.%. The average values of grain sizes of 50 grains 

were 207.5 (≈208), 185.8 (≈186), 135.8 (≈136), and 

74.5 (≈75) µm for the base alloy and nanocomposites 

with 0.23, 0.45, and 0.67 wt.% additions of Si3N4 

respectively. 

Figure 7. XRD plots of the Mg-4Zn-based materials 

Table 3 Grain size reduction and microhardness 

improvement percentages 

The average grain size decreased by 10.6 %, 34.62 

%, and 63.94 % with the additions of 0.23, 0.45, and 

0.67 wt.% Si3N4 to Mg-4Zn. The reduction in grain 

size by the Si3N4 additions is attributed to the 

increased heterogeneous nucleation caused by the 

Si3N4 nanoparticles, which increases with the 

number of Si3N4 nanoparticles [36]. The Vickers 

microhardness of the Mg-4Zn alloy is 48 HV0.5, and 

wt.% 

Si3N4 

Grain 
Size 
(µm) 

Grain 
refine
ment 

(%) 

Microh
ardness 
(HV0.5) 

Micro
hardn
ess 

Impro
vemen
t (%) 

0 208 - 48 - 

0.23 186 10.58 52 8.11 

0.45 136 34.62 58 19.54 

0.67 75 63.94 67 38.67 

0 wt.% Si3N4 0 wt.% Si3N4 

Mg Zn 

0.23 wt.% Si3N4 0.23 wt.% Si3N4 

0.23 wt.% Si3N4 0.23 wt.% Si3N4 

Mg Zn 

Si N 

0.45 wt.% Si3N4 0.45 wt.% Si3N4 

0.45 wt.% Si3N4 0.45 wt.% Si3N4 

Mg Zn 

0.67 wt.% Si3N4 0.67 wt.% Si3N4 

0.67 wt.% Si3N4 0.67 wt.% Si3N4 

Zn Mg 

Si N 

Si N 
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that of the nanocomposites with 0.23, 0.45, and 0.67 

wt.% Si3N4 are 52, 58, and 67 HV0.5, respectively, 

which indicates an increase of microhardness by 

8.11, 19.54, and 38.67%, respectively. 

Figure 8. Optical micrographs of the (a) Mg-4Zn 

alloy and Mg-4Zn nanocomposites with (b) 0.23, (c) 

0.45 and (d) 0.67 wt.% Si3N4 

This could be due to the hard Si3N4 particles, 

which impede the dislocation movement and 

increase the resistance to deformation and 

consequently increase the hardness of the 

nanocomposites [37] as elaborated in Fig. 9. The 

Si3N4 particles promote heterogeneous nucleation 

within the Mg grains and inhibit the growth of grains 

(resulting in lesser grain size) [36]. Lesser grain size 

implies more grain boundaries, which prevent the 

movement of dislocations. The Si3N4 nanoparticles, 

which are dispersed throughout the matrix, can also 

pin the dislocations and restrict their movement. 

When an external stress is applied, the deformation 

resistance increases, and hence the strength 

increases. This is according to the Hall-Petch 

relation [38], [19], which substantiates an increase in 

strength with a decrease in grain size, as shown in 

Fig. 9. Orowan strengthening and load transfer 

effects brought about by the addition of Si3N4 

nanoparticles could have also caused the 

microhardness improvement. An improvement in 

hardness also shows that there is good interfacial 

bonding [7] in the materials. The improvement in 

hardness (observed upon indentation) occurs due to 

the constraining of the local deformation of the 

matrix [39]. The strength increase with reduction of 

grain size could be attributed to the Hall-Petch 

relation [19]. The increase in hardness is also 

attributed to the increase in strength [40].  

Figure 9. (a) Grain size reduction and the (b) 

consequent improvement in microhardness by the 

addition of Si3N4 nanoparticles to Mg-4Zn alloy 

3.2 Wear properties 

Table 4 shows the average mass loss and CoF 

obtained from the wear experiments for the various 

conditions tested. ANOVA analysis of the model for 

mass loss using the results of the wear experiments 

yielded an F-value of 24.90, which affirms the 

significance of the model. There is only a 0.48% 

chance that an F-value could have been caused by 

the noise. The R2, adjusted R2, and predicted R2 

values of the model are 0.9492, 0.9111, and 0.7716, 

respectively. The predicted R2 is in reasonable 

agreement with the adjusted R2, since they differ by 

less than 0.2 which qualifies the model to be used for 

prediction [41]. Adeq Precision quantifies the signal-

to-noise ratio. Adeq Precision of 9.411 (greater than 

4) indicates a signal that is adequate, making this 

model good to be used for traversing the design 

(a) 

(b)
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space. The regression equation of mass loss is 

obtained (Eqn. (3)), where A is wt.% Si3N4, B is load, 

and C is sliding speed. To study the sensitivity of the 

mass loss to the Si3N4 wt.%, load, and speed, a 

perturbation plot is studied. It shows the changes in 

the response when each factor is moved from the 

reference point when all other factors are held at the 

reference value. The steeper the slope or the more the 

curvature, the more sensitive the response is to the 

factor. Fig. 10 shows the perturbation plot of the 

mass loss. It is evident that mass loss is more 

sensitive to load (B) than to sliding speed (C) and the 

Si3N4 wt.% (A). It is evident that the mass loss 

decreases as the Si3N4 wt.% increases and the mass 

loss increases steeply with load and slightly with 

sliding speed. Fig. 11 shows the plot of predicted and 

experimental values of mass loss. 

Table 4 Experimental design matrix and the 

corresponding values of the mass loss and CoF 

It is evident that the experimental and predicted 

values do not differ by a large number, thus 

validating the goodness of the model. Fig. 12 is 

constructed from the regression equation for mass 

loss, Eqn. (3), which is obtained from the wear 

experiments.  

𝑀𝑎𝑠𝑠 𝐿𝑜𝑠𝑠 (𝑔) = −0.000540 − 0.001063𝐴
+ 0.001909𝐵
+ 0.001740𝐶     (3) 

It shows the percentage reduction in mass loss, 

which is indicative of the wear properties of the 

material for various weight percentages of Si3N4. A 

material with low mass loss has better resistance to 

wear. It is evident that for all tested conditions, the 

reduction in the mass loss increases with wt.% 

Si3N4. Lower mass loss and hence lower wear is 

attributed to the increased hardness (and hence 

higher deformation resistance) of the 

nanocomposites caused by the Si3N4 

reinforcements. This could have made it difficult for 

the disc material to remove material (mass) from the 

pins, i.e., wear. This could be substantiated by 

Archard’s law, which states that the wear rate 

decreases with an increase in hardness [19]. The 

highest reduction in mass loss is for 0.67 wt.% 

Si3N4. This shows that the nanocomposite with 0.67 

wt.% Si3N4 has the best wear properties of the 

materials chosen for the testing. The possible 

dislodging of wear-resistant Si3N4 reinforcement 

particles [22] from the matrix and their presence at 

the interface of the pin and disc during the wear test 

also could have decreased the wear [42] [43].  

Fig. 13 and Fig. 14 show the worn surfaces for 

each test condition at 0.85 and 1.1 m/s, respectively. 

For all the test conditions, large parallel grooves 

oriented in the direction of sliding are observed. 

These are suggestive of plastic deformation due to 

abrasive wear operating as the predominant wear 

mechanism in the base alloy and nanocomposites 

[5]. Parallel grooves indicate abrasive wear [39]. 

This could be due to two-body abrasion in which the 

abrading particles are mounted on the abrading 

surface and rub over the soft surface acting similar 

to a tool [44]. Fig. 15 and Fig. 16 show the SEM 

EDS analysis of the worn surfaces tested at 0.85 and 

1.1 m/s, respectively. There were no peaks beyond 

the region of EDS presented in Fig. 15 and Fig. 16. 

Mg and Zn from the matrix were detected for all 

tested conditions of the Mg-4Zn base alloy and 

nanocomposites. At 0.85 m/s, the Mg-4Zn base alloy 

(Fig. 15 (a)) and the nanocomposite with 0.67 wt. 

Si3N4 (Fig. 15 (d)) additionally show adhesive wear 

which is confirmed by the presence of small 

quantities of Fe on the pin surfaces. Fe could have 

been transferred to the pin surface from the SS316Ti 

disc (which was the only possible source of Fe in the 

wear test system) due to adhesion [45]. However, Fe 

was not detected on the worn surfaces of pins tested 

under other conditions, probably due to its presence 

in amounts lower than the detectable level by the 

SEM EDS detector. The elevated levels of oxygen 

(O) were also identified on the worn surfaces of pins. 

These are attributed to the possible formation of an 

oxide layer since magnesium-based materials are 

highly oxidizable and/or due to the high 

temperatures generated at the unlubricated pin/disc 

interface during the wear test [46]. 

Si3N4 

(wt.%) 

Load 

(N)  

Sliding 

Speed 

(m/s) 

Mass 

Loss 

 (g)  

CoF Run 

Order 

0 4 0.85 0.0098 0.23 1 

0 8 1.1 0.0161 0.22 5 

0.23 4 0.85 0.0072 0.23 2 

0.23 8 1.1 0.0171 0.21 6 

0.45 4 1.1 0.0086 0.23 7 

0.45 8 0.85 0.0145 0.22 3 

0.67 4 1.1 0.0081 0.23 8 

0.67 8 0.85 0.0166 0.22 4 
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Figure 10. Perturbation plot of the mass loss 

Figure 11. Plot of experimental and predicted 

values of the mass loss 

 

 
 

Figure 12. Reduction in Mass Loss % vs. wt.% 

Nano-Si3N4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Worn surfaces of specimens tested at 

0.85 m/s 

 

 

 

(a) 0 wt.% Si3N4, 4N 

(b) 0.23 wt.% Si3N4 4N 

(c) 0.45 wt.% Si3N4, 8N 

(d) 0.67 wt.% Si3N4, 8N 
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Figure 14. Worn surfaces of specimens tested at 

1.1 m/s 

 

 

 

Figure 15. SEM EDS analysis of worn surfaces of 

specimens tested at 0.85 m/s 

 

 

 

(a) 0 wt.% Si3N4, 8N 

(b) 0.23 wt.% Si3N4, 8N 

(c) 0.45 wt.% Si3N4, 4N 

(d) 0.67 wt.% Si3N4, 4N 

(a) 0 wt.% Si3N4, 4N 

(b) 0.23 wt.% Si3N4, 4N 

(c) 0.45 wt.% Si3N4, 8N 

(d) 0.67 wt.% Si3N4, 8N 
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Figure 16. SEM EDS analysis of worn surfaces of 

specimens tested at 1.1 m/s 

IV. CONCLUSIONS 

From the wear tests conducted on Mg-4Zn-based 

materials with 0, 0.23, 0.45, and 0.67 wt.% nano-

sized Si3N4, at loads of 4 N and 8 N and sliding 

speeds of 0.85 m/s and 1.1 m/s, the following 

conclusions were drawn: 

 Abrasion has been identified as the dominant 

wear mechanism from worn surface analysis 

tested at 0.85 and 1.1 m/s of the base alloy and 

nanocomposites. Adhesion was also identified 

(Mg-4Zn alloy and Mg-4Zn nanocomposite with 

0.67 wt.% Si3N4 at 0.85 m/s). 

 The addition of Si3N4 nanoparticles has not 

caused too much increase in the density of the 

Mg-4Zn alloy. This could mean that the products 

produced from the Mg-4Zn/nano-Si3N4 

nanocomposites will also be of light weight. 

 Grain size of the Mg-4Zn-based materials 

progressively reduced as the Si3N4 wt.% 

increased from 0 to 0.67 wt.%. The average grain 

size decreased by 10.6%, 34.62%, and 63.94% 

with the additions of 0.23, 0.45, and 0.67 wt.% 

Si3N4 to Mg-4Zn. The reduction of the grain size 

is attributed to the grain-refining effects of the 

Si3N4 wt.% nanoparticles acting as sites for 

heterogeneous nucleation. 

 The addition of 0.23, 0.45, and 0.67 wt.% Si3N4 

has improved the microhardness by 8.1, 19.5, and 

38.67 %. This is due to the various strengthening 

mechanisms like grain refinement, Orowan 

strengthening, and load transfer effects brought 

about by the addition of Si3N4 nanoparticles.  

 The wear test-based regression model (for 

prediction) and perturbation plots show that the 

mass loss (wear) decreases by adding Si3N4 

nanoparticles as reinforcement to the Mg-4Zn 

alloy for all the tested conditions. This confirms 

the hypothesis that the addition of 15-30 nm 

sized Si3N4 nanoparticles to Mg-4Zn alloy to 

produce nanocomposites has effectively 

increased the wear properties (reduced the mass 

loss up to 8.3 % for 0.67 wt.% Si3N4 addition) of 

Mg-4Zn alloy by strengthening/hardening by 

grain refinement and other mechanisms. 
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