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Abstract 

Surfaces of magnesium metal composites (MMC) with fly ash (FA) particles embedment processed through friction stir 

processing (FSP) was subjected to friction and roughness test. The friction stir processing development was done with 3 passes 

at 1200 rpm. The investigation was conducted via a profilometer dotted with a diamond stylus at a speed of 0.2 mm/s for the 

surface roughness test. The sliding friction test was carried out using a pin-on-disk tribometer under varying load condition. The 

coefficient of friction (COF) was investigated under 1 and 10 N loads at a constant speed at 70% humidity. A digital Vickers 

Hardness tester helped find the hardness at various locations of the processed surface. The determined surface roughness 

parameters are Ra = 3.21μm, Rz = 18.47 μm and Rmax = 22.45μm. There is a regular increase in hardness from the beginning to 

the end of the process with average values as 69.34, 71.44 and 74.03 for the beginning, middle and end of the work piece 

respectively. The coefficient of friction varies considerably with the applied load. For each load, there is a fluctuation at the 

early stage of the experiment before a seeming stability of the coefficient of friction is observed. The derived COF are 0.82925 

and 0.27459 for 1 and 10 N loads respectively. It is shown that including fly ash particles into magnesium substrate affects the 

initial structure of the based metal. 
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1. Introduction

Magnesium is qualified as the lightest structural metal. 

Magnesium alloys falls within the metal matrix composites 

(MMCs) and when compared to other metals like aluminium, 

titanium and stainless steel, they are 33%, 61% and 77% 

lighter respectively. Such a light property makes magnesium a 

suitable replacement candidate for other metals [1 – 2]. 

Although conventional alloying practice has been 

traditionally used to reinforce magnesium alloys, Mordike 

and Ebert [3] found that such practice cannot ensure certain 

properties and as such fibre and particle reinforcement must 

be used. Friction stir processing (FSP) is an upcoming 

technique of grain refinement [4]. It is a technique derived 

from the FSW (Friction Stir Welding) technology developed 

in 1991 by Wayne Thomas from the Welding Institute (TWI 

Ltd.) in Cambridge [2]. It is a solid state process whereby 

reinforcing particles are inserted into the structure of a 

material thus creating a composite with enhanced properties 

[1, 5]. Traditionally, grain refinement in materials could be 

achieved using severe plastic deformation (SPD) methods 

nemely, high pressure torsion (HPT), equal channel angular 

pressing (ECAP) and accumulative roll bonding (ARB) [6]. It 

has been revealed from studies that adding nano-

reinforcements on magnesium alloys contribute to the 

enhancement of its mechanical properties without any adverse 

effect on the ductility [6]. SiC nanoparticles were added to 

AZ31 alloy using FSP by Haghani et al. [5], they found that 

adding reinforcing materials causes reduction in the size of 

the grains, uniformity of structure and increase in the 

hardness of material. SiC nanoparticles distributed uniformly 

through the AZ31 alloy. Deepan et al. [7] varied FSP 

parameters while adding SiC powders of nanosize into the 

RZ5 substrate. Their result showed that uniform distribution 

of nano SiC reinforcements was successfully achieved in the 

metal matrix. The abrasive wear property of the Mg–SiC 

nanocomposite was evaluated with respect to the FSP process 

parameters. Process parameters such as the number of pass [5, 

6, 8] and the shape of the tool [9] are critical in achieving the 

desired result during FSP [10]. Bodurin et al. [11] noted three 

broad groups of reinforcing materials used in the development 

of MMCs and these are synthetic ceramic particulates, 

industrial wastes and agro waste by-products. So, a brand new 

generation of hybrid MMCs is being developed with the use 
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of industrial and agro waste derivatives as replacement to 

synthetic reinforcement. The advantages offered by the 

industrial and agro waste derivatives when used in the 

production of MMCs include low cost, accessibility, low 

density as well as low environmental pollution. Fly ash is one 

of the industrial waste which has been extensively 

investigated as reinforcement material in MMC with a wide 

range of production methods including FSP. Due to the 

increase of possible application of magnesium alloys in 

automobile, sport equipment, communication engineering [3], 

as well as in military [1, 12 – 13], in medical field [1, 14], in 

aviation [1]. It has become critical to understand the 

correlation between the surface roughness and the friction 

coefficient of the developed magnesium alloy with fly ash as 

reinforcement. 

 

This work therefore applies friction stir processing method 

to develop fly ash reinforced magnesium alloy and establishes 

how the surface roughness of such alloy can subsequently 

affect its coefficient of friction. This is important especially if 

such alloys will be used for orthopedic implants. 

 

2. Materials and Method 

 

This study adopted AZ61 Mg alloy surface plates as 

substrate in order to fabricate the MMC. A list of chemical 

elements usualy in AZ61 Mg alloy is seen in Table 1. V-

shaped 3.5 mm deep grooves were scarred into the substrate 

and filled with fly ash powder. The processing tools were 

hardened to 52 HRC while machined from H13 tool steel 

They also had a Tilt Angle of zero, undergoing three passes 

in order to properly compress the powder across the substrate 

surface throughout the experiments. The FSP was achieved 

on 5 -Axis FSW machine with 1200rpm and 20mm/min as 

tool rotational and travel speed respectively. The process was 

carried on under 20 kN applied load as perpendicular and 

lateral forces on a securely clamped workpiece of 650 × 265 

× 25 mm3 dimensions. The microstructure, microhardness 

and friction properties were evaluated thereafter.  

 

Microstructural surface survey of the MMCs was achieved 

via optical microscope. Samples preparation was according to 

the standard including the normal and sequential grinding 

process, polishing stage and etching with acetic picric 

solution. Recorded micrographs from the beginning, middle 

and end of the plate after FSP set. An Anton Paar GmbH 

standard tribometer vesrsion 7.3.13 was useful in assessing 

friction properties. In this machine, a single ball runs in a 

single way mode at a linear speed of 4.97 cm/s in an ambient 

temperature of 250C. The experimental loads were 1 N and 

10N respectively and the running time averaged 15 minutes. 

Plots of the friction coefficient with its generated values were  

displayed. Digital Vickers hardness (HV) tester HXD-

1000TM/LCD helped determine microhardness at a load of 

4.9 N for 15 s. Tested specimens were source from relevant 

portions of the fsped surface composites. 

Surface roughness was conducted according to the 

description made by FonoTamo and Tien-Chien [15] 

whereby a profilometer (Hommel-Etamic T8000) mounted 

with a diamond stylus served the purpose of determining the 

parameters. This was achieved via a connection to a desktop 

computer with an integrated software able to plot the 

roughness profiles. Transverse length of 2 mm and speed of 

0.2 mm/s were deemed suitable as experimental condition. 

Proper representation was achieved by replicating the test 3 

times for each sample and the average calculated. 

Table 1. Chemical elements found in AZ61 Mg substrate 

Weight % Mg Al Fe Si Mn Ca Zn 

AZ61 Bal 6.17 0.005 0.04 0.3 0.0012 0.75 

3. Results and discussions  

An exhibit of the process magnesium alloy surface is 

presented in Figure. 1.  

 

Figure. 1. Friction stir processed sample 

The processing direction is from the right to the left. In the 

rotation process of the tool probe and the tool shoulder 

coupled with the downward force on the tool, heat is 

generated which in turn softens the material. The softened 

material then fills the cavity at the rear of the tool and at the 

same time is subjected to severe plastic deformation which 

further lead to a significant refinement of processed zone and 

consequently the reinforcement material in the groove. 

Figure. 2 shows the micrographs of the alloy at various stages 

in the processing direction. The beginning, middle and end 

being C, B and A respectively. Good interfacial bonding is 

revealed in the microstructural visualisation between matrix 

phase and reinforcement. Banerjee et. al, [16] had similar 

observation in their work on dry sliding tribological behavior 

of AZ31-WC nano-composites. It is noticeable in the 

micrographs that the particle size of the ash is further reduced 

at the end of the process as compared to the beginning. This 

is attributed to frictional heating and severe plastic 

deformation induced by the rotating tool which lead to the 

formation of dynamically recrystallized grains and the 

dispersing of the inserted ash particles in stir zones of the 

Mg-based composites. Furthermore, better ash particle 

distribution in the magnesium substrate at the end than at the 
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beginning of the process is observed. Moreover, in the same 

study by [16] where the microstructure of Nano-SiO2 

particulate reinforced AZ31-Mg based composites made by 

FSP was analysed, uniform dispersion of SiO2 particles after 

1 pass, what noticed along some local inhomogenised areas 

of particles. Better homogenization was achieved after 4 

passes. So, for further analysis that is for surface roughness 

and friction testing samples were acquired from the end of 

process because of the even distribution and better grain 

refinement achieved.  

 

 
 

 
 

 
 

Figure 2. Optical micrographs of the processed surface 

composite A. End, B. middle and C. Beginning. 

 

According to Fono-Tamo and Tien-Chien [15], roughness 

plays an important role in understanding the interaction of an 

object with its environment. Furthermore, rough surfaces 

often wear faster and have higher friction coefficient than 

smooth surfaces [17]. Figure. 3. is the representation of the 

surface behavior profile of the alloy taken at the end of the 

process where it is believed quality alloy is achieved based on 

grain refinement and grain distribution 

 

Figure 3. Typical surface roughness profile 

 

The derived values for average roughness (Ra), Average 

Maximum height of the Profile (Rz) and Maximum 

Roughness Deph (Rmax) are presented as 3.21, 18.47 and 

22.45 μm respectively. There are reports in the literature that 

narrow height distribution is associated with smoother 

surface. At the same time, the application of the concerned 

surface is of essence and that is why a rough surface for 

certain application may be smooth for another one. In the 

current study, a Ra value of 3.21 μm is comparable to those 

arrived at (2.7 and 6.3 μm) by Sealy et al. [18]. They used 

laser shock peening to adjust the surface integrity of a 

biodegradable MgCa0.8 alloy to be used for orthopedic 

implants. The average laser power was 3W and the dent 

overlap was 25% and 75%. So at 3 W-25% Ra = 2.7 μm 

while at 3 W-75%, Ra = 6.3 μm. These values were deemed 

acceptable for orthopedic inplant materials. Furthermore, 

Figure 4. Shows how hardness average value increases as one 

moves from the beginning to the end of the process. 

 

 

Figure 4. Microhardness values at various regions of the 

process 

 

Including nanoparticles in matrix phase create substantialal 

changes in mechanical properties like hardness [16]. 

Hardness value of a composite indicates the contribution of 

reinforcements in base matrix. Tool rotation (1200 rpm) as 

well as transverse speed contribute in obtaining the desired 
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strength and structure in the composite [19]. Homogenously 

distributed particles at the end of the process significantly 

contribute to strengthening the composite and higher 

hardness achieved sequel to grain refinement at higher tool 

rotational speed.  

 

Determined coefficient of friction for 1 and 10 N load are 

shown in Figure. 5 and their mean are 0.82925 and 0.27459 

respectively. It can be observed from the plots that there is a 

stability towards the end as compared to the beginning. This 

might be due to wear debris accumulated on the surface of 

the wear track thus providing a kind of smooth protective 

coating reducing the wear of the base material. The high COF 

observed in 1 N might be due to the fact that the load is not 

high enough to generated as much wear debris as does load 

10 N at the beginning of the process, thus there is a 

continuous degradation of the material due to continuous 

contact with the base material till the end of the experiment. 

There is often a gradual decrease of friction coefficient with 

increase in applied load. This load also generates flash 

temperature due to frictional heating. As a result, oxide layer 

is created between pin surfaces and counter disk [16].  This is 

unlike load 10 N which exhibit an increase in cof for a while 

then continuous stability. This can also be attributed to the 

increase of the number of asperities and consequently 

increase in resistance to wear attained by the rotating ball of 

the tribometer at the surface of the sample as load increase. 

The friction coefficient between a metal and another metal 

should be approximately the range from 0.6 to 1 without 

lubrication says Hino et al. [20]. Thus, the acquired 

coefficient of friction in this study are in order. These values 

also fall within a set of coefficient of friction values recorded 

by Hussein et al. [21] as suitable for metallic biomaterial for 

joint replacement, dental roots and orthopedic fixation. 

 

Figure 5. Friction coefficient at 1 and 10 N load. 

 

A shortfall of MMC is corrosion and care need to be taken 

when considering it for medical application. For instance, the 

effect of the use of Polydopamine as intermediate layer was 

tested to evaluate the degradation behavior of Mg AZ31 

samples when immersed in Hank’s solution by Carangelo et 

al. [22]. It was observed that  the deposited PDOPA 

intermediate coating between the Mg substrate and the 

organic coating helped decreased the degradation rate of 

AZ31 magnesium samples during the long-term exposure in 

the simulated body fluid. This is an illustration that ageing of 

MMC can be influenced when adequate measures are taken 

but this aspect was not considered in this paper. 

 

4. Conclusion  

 

This study has shown that friction stir processing is a 

viable technique to develop magnesium matrix composites 

with fly ash powder as reinforcement. Even distribution of 

the powder as well powder refinement in the matrix is 

achieved. The determined surface roughness in comparable to 

those found in literature for materials used in orthopedic 

implants. The derived coefficient of friction is affected by the 

presence of fly ash powder into the matrix as well as the load 

increase. Thus, while at a low load of 1 N the coefficient of 

friction value is high, at a higher load the same coefficient of 

friction is lower. Again, the coefficient of friction values are 

comparable with those found in literature for metal alloys for 

biomedical application. Clearly, the inclusion of coal fly ash 

particle in the magnesium substrate by FSP improves the 

studied properties of the developed composites.  
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