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 Due to the many advantages it provides metal matrix composite materials, it is used as a 

publication in many industrial applications, especially in the automotive industry. Therefore, it is 

necessary to know the properties of these materials such as mechanical, tribological and corrosion. 

In this study, the effect of different sliding speeds was investigated on wear behavior of aluminum 

matrix composite materials produced by adding different amounts of ZrO2 by mechanical alloying 

method. 4 different amounts (3%, 6%, 9% and 12%) ZrO2 were added to the aluminum 2% 

graphite matrix. Composite powders mechanically alloyed for 60 minutes, were produced green 

compact samples by cold pressed with a pressure of 700 MPa. The green compacts produced were 

sintered for 2 hours at 600 °C. The produced aluminum composites were characterized by 

microstructure, density and hardness measurements. Wear tests were carried out on a block on-

ring type wear testing device, under 20 N load and three different sliding speed (0.2 ms-1, 0.4 ms-

1 and 0.6 ms-1) and three different sliding distances (53 m, 72 m and 94 m). As a result of the 

studies, hardness and density values increased as the amount of ZrO2 in the matrix increased. Wear 

test results showed that weight loss decreased with increasing amount of reinforcement in the 

matrix.  

 
 

 

       © 2020, Advanced Researches and Engineering Journal (IAREJ) and the Author(s).  
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1. Introduction 

Aluminium and its alloys are commonly used in 

aviation, automotive and defence sectors due to their low 

density, good mechanical properties and good corrosion 

properties [1,2]. However, relatively low wear resistance 

of aluminium and its alloys despite good mechanical 

properties restricts the use of these alloys in some 

tribological applications. The aluminium matrix 

composites (AMCs) display better wear performance 

when compared to aluminium alloys [3-5]. AMCs are 

manufactured with the continuous addition of fibre, short 

fibre and particle reinforcements. In many studies related 

to AMCs, it is reported that carbides [6-8], nitrides [9] and 

oxides [10, 11] are used as reinforcement agent. Particle 

reinforced AMCs are commonly used owing to their 

availability, low costs, mechanical properties and variety 

of production methods [12-14]. Along with these 

advantages, AMCs have other features such as high 

elasticity module, high hardness, good electricity, thermal 

conductivity and good corrosion resistance, as well [4, 12]. 

AMCs can be manufactured through fluid (infiltration) 

[15], solid (powder metallurgy) [16-20] and semi-solid 

(thixo-moulding) [21-23] methods. Prabhu et al. [24] 

reports that powder metallurgy (PM) offers numerous 

advantages and thus, this technology is more preferred in 

the production of AMCs. The biggest advantage of the PM 

method for AMC is that the reinforcement material can 

properly disperse within the matrix. Powder metallurgy 

method essentially consists of three phases: mixing the 

powders, pressing and sintering. Furthermore, mechanical 

alloying (MA), which is a powder metallurgy method, is 

preferred in the production of AMCs with better 

mechanical properties when compared to the other particle 

reinforced composite production methods [16]. In many 

studies, it was reported that reinforcement materials such 
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as Al2O3 [11, 15, 18] and SiC [6, 16, 23, 25] improved the 

wear resistance of AMC materials. Zirconia (ZrO2) is 

considered as a good reinforcement material in AMC 

materials owing to its high hardness and high elasticity 

module. However, it has high thermal stability and thermal 

shock resistance at high temperatures. [1, 26]. 

Baghchesara et al. [27] reported in their study that the 

AMC materials produced at different casting temperatures 

with the addition of different amounts of ZrO2 had 

improved mechanical properties thanks to the increasing 

amounts of ZrO2 reinforcements. In their study, 

Ramachandra et al. [28] stated that weight loss decreased 

with the increasing amount of ZrO2 added into the matrix. 

In the studies conducted in the literature, ZrO2 

reinforcement has been addressed in a limited manner.  

In the present study, AMC materials were produced 

with the addition of different amounts of ZrO2 into Al-%2 

graphite matrix by using the MA method. The study aimed 

to determine the effects of ZrO2 added into the AMC 

materials on microstructure, hardness and wear behaviours 

at different sliding speeds. 

 

2. Materials and Method  

In the experimental studies, aluminum (Al) powder 

(vol.%) having a size of <50 μm and a purity of 99.5% and 

graphite of 2% having a size of <40 μm were used as the 

matrix material. The Al matrix was reinforced with ZrO2 

(vol.%) having a powder size of 0-50 μm in three different 

amounts (3%, 6% 9% and 12%). The chemical 

composition of the AMCs powders produced is provided 

in Table 1. 

The powders having the chemical composition given in 

Table 1 are mechanically alloyed in a planetary mill. 

During mechanical alloying (MA) processes, a stainless 

steel milling cell (400 ml), stainless steel balls having a 

diameter of 10 mm, a ball to powder ratio of 1:10, 1% of 

ethanol is used to prevent agglomeration, and a milling 

time of 60 minutes were used in the atmospheric 

environment. Mechanical alloying was performed in 30 

minute periods. It was allowed to stand for 10 minutes 

between the periods to prevent the dust from overheating. 

In the mechanical alloying process, Fritsch Pulverisette 

brand planetary type mechanical alloying device was used.  

After mechanical alloying, powder size analysis was made 

from 12% ZrO2 added composite powder. Particle 

analyzer Malvern brand 3000 was used for powder size 

analysis.  

The average powder size of composite powders with 12% 

ZrO2 added, (D50) is 55.89 µm. Mechanically alloyed Al 

composite powders were cold pressed (700 MPa) and 

green compacts of Ø10x7 mm were produced. The 

produced green compacts were sintered at 600 °C under 

argon for 120 minutes and cooled to room temperature in 

a furnace. 

Table 1. Chemical composition of AMCs powders produced 
 

Sample  Al 

(wt.%) 

Grafit 

(wt.%) 

ZrO2 

(wt.%) 

AlGr 98 2 --- 

AlGr3ZrO2 95 2 3 

AlGr6ZrO2 92 2 6 

AlGr9ZrO2 89 2 9 

AlGr12ZrO2 86 2 12 

 

Standard metallographic treatments were applied for the 

microstructure analyses and the samples prepared were 

etched with a solution of 2 ml HF, 3 ml HCl, 20 ml HNO3, 

175 ml H2O (Keller’s) solution for 10-15 seconds. 

Microstructure analyzes of the etched samples were 

carried out by Carl Zeiss Ultra Plus Gemini Scanning 

Electron Microscope and Electron Diffraction 

Spectroscopy (SEM). In addition, the sintered samples 

were made by Rigaku brand XRD (X-ray diffraction) 

device. However, samples were characterized hardness 

and density measurements. Density measurements were 

made using density measurement kit in Precisa XB200h 

brand precision scale according to Archimedes’ principle 

[29]. Density measurements were taken on three samples 

and averaged. Hardness measurements were taken with 

using Shimadzu microhardness tester for 10 seconds by 

using HMV2. The hardness measurements were obtained 

by using three different samples, at five different points 

and used averaged. Wear tests were carried out at four 

different sliding distances (53 m, 72 m and 94 m) at three 

different sliding speeds (0.2 ms-1, 0.4 ms-1 and 0.6 ms-1) 

under different loads of 20 N on a pin on disc wear test 

device according to ASTM G99-05 standard [30]. The 

sliding distance used in the wear tests was determined 

according to stopping distances of a vehicle in different 

speeds [31]. Before each wear test, the surface of samples 

and disks were cleaned with acetone. In the wear tests, 

three different samples were tested for each parameter and 

the results were averaged. Wear rates were calculated by 

the equation given in Equation 1 using the weight loss 

results obtained [30]. 
 

                            Wa = ∆m/(M.s.ρ)                   (1) 
 

Wherein, Wa is the wear rate, ∆m is the weight loss (g) 

obtained after the wear test, M is the load (N) used in the 

tests, s is the sliding distance (m), and ρ is the density 

(g/cm3) of the wear sample. After the wear test, worn 

surface SEM images were examined and the active wear 

mechanisms were tried to be determined. 

 

3. Results and Discussion 

3.1 Microstructure examinations 

Microstructure SEM images of composite materials 

produced by adding different amounts of ZrO2 are given in 

Figure 1.  
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In the study conducted by Şimşek [32], similar results 

were obtained. Furthermore, Chu et al. [33] reported that 

smaller graphite particles fully turned into Al4C3 

compound and bigger ones appeared as graphite particles. 

Also, the SEM images show that ZrO2 added into the 

matrix (light grey areas, 4. location) are particularly 

located on the grain boundaries. Sekar et al. [34] and 

Baghchesara et al. [27] stated in their studies that ZrO2 

tended to agglomerate on the grain boundaries.  XRD 

analysis results of composite materials after the addition of 

AlGr and 12% ZrO2 are given in Figure 2.  

When the XRD results of AMC materials after the 

addition of AlGr and 12% ZrO2 are examined, it is seen 

that the matrix material (AlGr) has Al (Card number: 

9011602) and graphite (Card number: 00-056-0159). 

However, Al4C3 (Card number: 00-035-0799) phase, 

which was expected to occur in the matrix, cannot be 

observed. The failure to observe Al4C3 in the structure is 

attributed to the low range of XRD scan or nanosize of 

Al4C3 forming in the structure.  
 

 

 

 
 

Figure 1. Microstructural SEM images of composite materials 

with different amounts of ZrO2 reinforcement; AlGr (a), 3% 

ZrO2 (b), 6% ZrO2 (c), 9% ZrO2 (d) and 12% ZrO2 (e). 
 

Location Al C Zr O 

1 93.22 4.64 - 2.14 

2 81.23 12.15 - 6.62 

3 94.14 3.73 - 1.45 

4 0.71 3.73 66.59 28.97 

 

 
Figure 2. XRD result of the composite material produced with 

AlGr and 12% ZrO2 reinforcement. 

 

 
 

Figure 3. Changes in hardness (a) and density (b) of composite 

materials with different amounts of ZrO2 reinforcement 

In their study, Bostan et al. [35] reported that Al4C3 

compounds formed at nano size in Al-C system produced 

with MA method. However, in the XRD results of the 

AMC material with 12% ZrO2 added, it was observed that 

Al3Zr (Card number: 01-074-5295) phase formed along 

with the expected Al4C3 phase. The presence of Al4C3 

phase in the structure of AMC material after the addition 

of 12% ZrO2 is due to the fact that graphite further 

contracts and fully dissolves in the structure with the 

influence of hard reinforcement particles during MA. 

Hardness and density results of AMC materials after the 

When the SEM images of AMC materials produced 

with the addition of different amounts of ZrO2 given in 

Figure 1 are examined, insoluble graphite particles (grey 

areas 2. location) are observed in the matrix material 

(Figure 1.a). It is seen that these graphite particles in the 

matrix material are not coarse particles as the amount of 

reinforcement material increases. The reason why graphite 

particles are observed in the structure is that it further 

contracted with the influence of hard reinforcement 

particles added into the matrix along with high-energy 

balls during MA. Table 2 shows the EDS analysis results 

of AMC materials with different amounts of ZrO2 added. 

Table 2. EDS analysis results of AMC materials with different 

amounts of ZrO2 



 

 
addition of different amounts of ZrO2 are given in Figure 

3.  

When the hardness results of the AMC materials after 

the addition of different amounts of ZrO2 as given in 

Figure 3.a are examined, it is seen that hardness increases 

as the amount of reinforcement increase. While the lowest 

hardness value was obtained as 680 HMV in matrix 

material (AlGr), the highest hardness value was obtained 

as 862 HMV in the AMC material with the addition of 12% 

ZrO2. The increase in hardness is attributed to the hard 

secondary phase particles ex-situ added into the matrix and 

the dislocation accumulation occurring on the matrix 

interface. Das et al. [1] obtained similar results in ZrO2 

reinforced composite materials produced with the casting 

method. They reported that the hardness increased since a 

dislocation accumulation occurred on the matrix-

reinforcement interface during cooling due to the lower 

coefficient of thermal expansion of the reinforcement 

material (ZrO2) when compared to Al. Again when the 

density changes of the AMC materials with the addition of 

different amounts of ZrO2 as given in Figure 3.b are 

examined, it is seen that density increases as the amount of 

reinforcement increases. While the lowest density value 

was obtained as 2.6 g/cm3 in the matrix material, the 

highest density value was obtained as 3.06 g/cm3 in the 

AMC material after the addition of 12% ZrO2. Based on 

the results, it can be stated that the density values increased 

as expected. This increase in the density values results 

from higher density of the reinforcement material (ZrO2 

5.68 g/cm3) than the matrix material (AlGr 2.64 g/cm3). 

Similar results were obtained in the previously conducted 

studies [27, 36]. Data related to the weight losses and wear 

rates of the AMC materials after the addition of different 

amounts of ZrO2 are given in Figure 4.  

When the weight losses of the AMC materials 

containing different amounts of ZrO2 at different sliding 

speeds as given in Figure 4 are examined, it is seen that, as 

expected, weight loss decreases at all sliding speeds as the 

amount of ZrO2 increases. The obtained results are 

compatible with the hardness results given in Figure 3. 

However, a sudden increase is observed in the weight loss 

results of the AMC material containing 6% ZrO2 at 72 m 

sliding distance given in Figure 4.a. This sudden increase 

in the weight loss results from a large particle breaking off 

the material during wear [18, 37]. The wear rate results 

support these results, as well. What is expected in the wear 

test results is an increase in sliding distance and decrease 

in weight loss. As expected, the lowest weight loss was 

recorded at 0.6 ms-1 sliding speed. However, contrary to 

expectations, the highest weight loss was observed at 0.4 

ms-1 sliding speed. The decrease in the weight loss at 0.6 

ms-1 sliding speed results from the protective effect of the 

oxide layer forming on the surface. As the sliding speed 

increases, the increasing temperature resulting from 

friction leads to the formation of a more effective 

(protective) oxide layer on the surface. Due to the 

lubricating feature of the emerging oxide layer, the weight 

loss decreases [17, 38]. On the other hand, the highest 

weight loss obtained at 0.4 ms-1 sliding speed can be 

explained with the breaking of the oxide layer forming on 

the surface. Similar results were reported in a previously 

conducted study [39]. Furthermore, the friction coefficient 

results given in Figure 5 support these results. Friction 

coefficients of the AMC materials produced with the 

addition of different amounts of ZrO2 are given in Figure 

5. 

 

  

  
Figure 4. Weight losses and wear rates of composite materials with different amounts of ZrO2 reinforced; 0.2 ms-1 (a), 0.4 ms-1 (b), 

and 0.6 ms-1 (c). 
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Figure 5. Friction coefficients of composite materials with different amounts of ZrO2 reinforced; 0.2 ms-1 (a), 0.4 ms-1 (b), and 0.6 

ms-1 (c). 

When the worn surface SEM images of the AMC 

materials containing 12% ZrO2 at different sliding speeds 

given in Figure 6 are examined, the spalls occurring on the 

worn surface at all sliding speeds can be clearly observed. 

Deformation marks can be clearly observed in the worn 

surface obtained at 0.6 ms-1 sliding speed (Figure 6.c). 

However, when the worn surfaces with 0.6 ms-1 sliding 

speed are compared with the worn surfaces obtained at 

other sliding speeds, it is seen that traces of deformation 

disappear, and a more planar surface is formed. It is 

thought that the heat released by friction with increased 

sliding speed and the protective effect of the hard oxide 

layer formed on the surface are caused by the increase of 

wear resistance. It is stated that similar results were 

obtained in a previous study [37]. Also, it is understood 

that the fractures in sheet form observed on the worn 

surface obtained at 0.4 ms-1 sliding speed (Figure 6.b) are 

more apparent and abundant when compared to the worn 

surfaces obtained at the other speeds (0.2 ms-1 and 0.6 ms-

1). The weight loss and friction coefficient results obtained 

in the study support this situation, as well. The worn 

surface mapping images of the AMC materials containing 

12% ZrO2 at different sliding speeds are given in Figure 7. 

   
 

 
Figure 6. SEM images of worn surfaces on different sliding 

speed of composite materials with added 12% ZrO2   

a) 0.2 ms-1, b) 0.4 ms-1, c) 0.6ms-1 

005 

When the friction coefficients of the AMC materials 

containing different amounts of ZrO2 at different sliding 

speeds as given in Figure 5 are examined, it is seen that the 

friction coefficient decreases as the amount of 

reinforcement increases. This decrease in the friction 

coefficient results from the decrease in disc/sample contact 

surface as the amount of reinforcement into the matrix 

increases. On the other hand, it is expected that the friction 

coefficient of the material with high hardness value is low 

[18]. The decrease in the friction coefficient is compatible 

with the hardness results given in Figure 3. Also, it is seen 

that the friction coefficient decreases along with increasing 

sliding distances at all sliding speeds. Accordingly, the 

friction coefficient decreases due to the protective oxide 

layer forming on the surface and also the solid lubricating 

effect of the graphite within the matrix [32, 38]. On the 

other hand, it is expected that the friction coefficient 

decreases as the sliding speed increases. While these 

results are obtained in short sliding distances (53 m and 72 

m), it is not in question in longer sliding distances (94 m). 

Especially after 72 m sliding distance at 0.4 ms-1 sliding 

speed, when the friction coefficients are compared to the 

other sliding speeds, they are found to be high. This 

increase in the friction coefficients is attributed to the 

increase in the sample surface roughness. The increase in 

the weight loss in the weight loss results given Figure 4.b 

is a clear indicator of this situation. Also, the worn surface 

SEM images given in Figure 6.b support this finding. The 

worn surface SEM images of the AMC materials 

containing 12% ZrO2 at different sliding speeds are given 

in Figure 6.  



 

 

     

Figure 7. Worn surface mapping images of different sliding 

speed of composite materials with added 12% ZrO2 

When the mapping images of the AMC materials 

containing 12% ZrO2 at 0.6 ms-1 sliding speed given in 

Figure 6 are examined, the oxide layer formed on the 

surface is clearly understood. In the SEM images given in 

Figure 1, it is understood that the reinforcing material 

(ZrO2) cluster especially on the grain boundaries is 

disperse on the worn surface. It is believed that ZrO2, 

which is clustered at grain boundaries, is caused by re-

burial on the sample surface without leaving the 

tribological system during wear. Due to weak particle 

binding, surface contamination and oxidation, micro 

cracks form on the sample surface as a result of a series of 

successive events. The formation of scaly spills, deep 

grooves, pits with the progression of the formed micro 

cracks causes delamination on the worn surface. The worn 

surface SEM images given in Figure 6 clearly show the 

delamination areas. The worn surface SEM images given 

in Figure 6 clearly show the delamination areas. In 

addition, it is observed that there are regional adhesive and 

abrasive wear mechanisms on the wear surfaces.   

 

4. Conclusions 

The results reached in the study where the wear 

behaviours of the AMC materials containing different 

amounts of ZrO2 added into AlGr matrix at different 

sliding speeds were examined are as follows:  

• ZrO2 particles added into the matrix at different 

amounts get lumpy in the structure and are located on 

the grain boundaries, in particular. 

• In XRD analysis results, Al4C3 phase, which was 

expected to form in the matrix (AlGr) material, could 

not be encountered. On the other hand, the expected 

Al4C3 phase and Al3Zr phase were observed in XRD 

results of the AMC material containing 12% ZrO2.  

• According to the hardness results, hardness of the 

AMC material increased as the amount of added 

reinforcement material increased, and the highest 

hardness value was obtained in the AMC material 

containing 12% ZrO2. 

• According to the density results, density of the AMC 

materials increased as the amount of added 

reinforcement material increased, and the highest 

density was obtained in the AMC material containing 

12% ZrO2. 

• In the wear test results, lowest weight loss and wear 

rate were obtained at 0.6 ms-1.  

• According to the results related to friction coefficient, 

the lowest friction coefficient was obtained at 0.6 ms-1 

sliding speed. 
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