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HIGHLIGHTS 

➢ The hardness value (212 HV) of the hypereutectic Al-25Si alloy is higher, as compared to the hardness 

values obtained for other hypereutectic Al-Si alloy. 

➢ Friction and wear significantly improved under dry sliding condition. 

➢ Negligible wear obtained under lubricated sliding condition. 

 

ABSTRACT 

 

Dry and lubricated sliding tribological tests on hypereutectic Al-25Si alloy was performed using a ball- on- 

disk configuration at room temperature. Hypereutectic Al-25Si alloy were prepared by rapid solidification 

process under T6 condition. Friction coefficient (COF) and wear rate of the alloy were measured under 

different applied loads ranging from 5–100 N. It is found that the friction coefficient varies with load, first 

declines (from 5-50 N), then increases (from 50-80 N) and then again decreases (80-100 N). The wear rate 

of the samples of hypereutectic Al-25Si alloy, first increases and then decreases with increasing the applied 

normal load. Hypereutectic Al-25Si alloy presents higher wear rate at 50 N due to the participation of a large 

amount of needle-like precipitates, but shows low wear rate under high load of 100 N because of the work 

hardening layer. Worn surface morphologies were analyzed using optical and scanning electron microscope 

(SEM) coupled with an energy dispersive spectrometer (EDS). The improvements in COF and wear rate were 

mainly attributed to morphology, size and distribution of Si particles due to its fabrication process. The 

dominant wear mechanism for hypereutectic Al-25Si alloy was adhesive wear, abrasive wear and plastic 

deformation. 

 

Keywords: 

| Hypereutectic Al-25 Si alloy | Vickers hardness | Tribology | Friction | Wear | Lubrication | 

 

 

© 2017 Malaysian Tribology Society (MYTRIBOS). All rights reserved. 



Jurnal Tribologi 15 (2017) 21-49 

 

 22 

1.0 INTRODUCTION 

 

Increase in the demand for quality materials in the automotive industry has been a 

focal point for researchers due to constant development. Specific qualities of materials such 

as resistance to corrosion, resistance to wear, specific strength, ability to withstand high 

temperatures are of a great advantage in the automotive industry (Sexton and Fischer, 1984; 

Wani and Anand, 2010; Farhanah and Bahak, 2015). Friction and wear are the most 

commonly encountered industrial problems leading to the replacement of components and 

assemblies in mechanical systems. Wear is a major problem in industry and its direct cost 

is estimated to vary between 1-4 % of gross national product. Therefore, many efforts have 

been made to produce more durable materials and techniques to reduce wear of tools and 

engineering components (Haque and Sharif, 2001). Light weight and fuel efficiency in 

automobile industries are two important parameters due to more and more serious 

environmental problems nowadays. Replacement of the traditional use of cast iron in 

engine components with lightweight hypereutectic Al-Si alloys leads to saving in fuel 

economy, increase efficiency and improvement in vehicle emissions (ASM, 1992; Islam et 

al., 1995).  

Hypereutectic Al-Si alloys possess superior wear resistance, high strength to weight 

ratio, low thermal expansion, excellent castability, high corrosion resistance, etc. that 

makes these alloys suitable for a number of tribological applications in vehicles, like 

pistons, cylinder liners, compressor scrolls and engine blocks and in other different 

engineering fields (Rohatgi and Pai, 1974; Kumar, 2013; Nuraliza et al., 2016). 

Hypereutectic Al-Si alloys are typically defined as those where the silicon content is equal 

or more than 17 wt %. Reinforcement of silicon particles improves the hardness, which 

further enhances the wear resistance property of Al–Si hypereutectic alloys (Warmuzek, 

2004; Mahato et al., 2010). These are sometimes categorised as metal matrix composites 

because the silicon particles act as reinforcing high hardness particles in the tough 

aluminium matrix. There is a drive to process such high silicon alloys because of the high 

specific stiffness and strength, good hot strength, low thermal expansion coefficient and 

excellent wear resistance. However, if conventional solidification routes are used, the 

primary silicon forms as large, brittle particles and the material has low toughness 

(Warmuzek, 2004). Rapid solidification presents a route for producing the alloy with the 

silicon initially in a very fine form (Jones, 2001). The enhancement in mechanical 

properties and sliding wear resistance is influenced by the size, shape, type and size 

distribution of Si particles within the matrix and matrix microstructures. The additions of 

hard material particle to the matrix, improved both mechanical as well friction and wear 

resistance properties (Sarkar and Clarke 1980; Torabian et al., 1994).  

Clarke and Sarkar (1979) and Sarkar and Clarke (1980) conducted some wear tests 

on a series of Al–Si alloys with varying Si content up to 21 wt% and reported that the wear 

resistance of Al–Si alloys enhanced with Si content up to only near eutectic composition 
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and also the hyper-eutectic alloys wear higher than the hypo-eutectic alloys. Shivanath et 

al. (1977) reported that wear resistance was best within the hypereutectic, while as; Sahab 

et al. (2001) reported it to be in and around the eutectic level.  It has been reported that 

concentration of Si < 20 wt % has no impact on wear of Al–Si alloys (Bai et al., 1987; Bai 

et al., 1983). Eyre (1980) has also studied micro-structural effects on the wear of Al–Si 

alloys. It has been observed that by varying the amount of copper and iron in the alloy a 

transition from mild wear to severe wear occurred by changing the load. Reddy et al. (1994) 

performed wear studies on Al–Si alloys containing Si upto 23 wt %, using a pin-on-disc 

type tribometer under a large load range of 15–200 N. In this research study, it was 

observed that addition of Si improves wear rate and seizure resistance of Al alloy and 

seizure occurred at a particular temperature value. Chen et al. (2008a) and Dey et al. (2009) 

conducted wear studies on Al-18.5% Si alloy under lubricated sliding conditions by 

applying normal load in the range of 0.5N - 5N to understand the wear mechanism of Al-

Si alloy. In these study, it was observed that the Si particles began to fracture at 0.5 N loads 

and sinked into the matrix, thereby supporting the direct load. Damage was restricted to 

only a few scratch marks on wear track by Si particles and it was reported that the matrix 

did not sustain any major wear. At 5N load, a second stage was identified when the matrix 

became exposed to the counter face leading to wear characterised as oxidative wear. Chen 

and Alpas (2008b) later on investigated the wear behaviour of Al-Si alloys close to the 

eutectic composition.  

The reduction of wear and friction losses in an IC engine is a function of good 

lubrication. The high rate of cooling in engine system depends upon the specific heat 

capacity of the lubricant used and its viscosity (Brain, 2000). Conventional mono-grade 

motor oils tend to “boil off” at high temperatures, losing up to 25% of their original weight 

(Corsico et al., 1999; George et al., 2010). These vaporized oils work poorly, decrease fuel 

potency and contribute to extra emissions and engine wear (Tung and Totten, 2013). 

Multigrade engine oil SAE20W50 has high performance and resists vaporization (Tung 

and and Totten, 2013; Wong and Tung, 2016). Therefore, it has already been used as 

lubricant in IC engines in automotive applications. 

However, no research studies have been carried out to study the influence of 25 wt 

% silicon on friction and wear characteristics of hypereutectic Al–Si alloy fabricated by 

rapid solidification process under lubricated sliding conditions. In view of the above, 

present research study is focussed on tribological characterization of hypereutectic Al–25Si 

alloy fabricated by rapid solidification process with T6 condition. Tribological tests of 

hypereutectic Al–25Si alloy/AISI 52100 bearing steel were conducted under dry and 

lubricated sliding conditions to investigate the influence of normal load, and sliding 

distance on friction and wear. The Si particles which protrude from the Al-25Si alloy mix 

with the engine oil and act as solid lubricant.   

 

 



Jurnal Tribologi 15 (2017) 21-49 

 

 24 

 

2.0 EXPERIMENTAL PROCEDURE  

 

2.1 Materials and Samples Preparation 

 

The hypereutectic Al–25Si alloys material was procured from the Tianjin Baienwei 

New Material Technology Co. Ltd, China, in the form of cylindrical rod of 35 mm diameter 

and AISI 52100 bearing steel was supplied by New City Bearings, New Delhi, India. 

Hypereutectic Al–25Si alloy was fabricated by rapid solidification technique at T6 

condition (Solution heat treatment process). The T6 condition for the Al-25Si alloys was 

500 0C for four hours, followed by 175 0C for ten hours. Rapid solidification affects the 

microstructure (Figure 1) and phase equilibrium and offers, refinement of microstructure, 

extension of solid solubility, increased chemical homogeneity, precipitation of non-

equilibrium crystalline phases and also, reduced the amount of silicon segregation 

tremendously.   

 

 
(a) 

 
(b) 

 

 
(c) 

Figure 1: Hypereutectic Al-25Si alloy (a) Optical micrograph (b) SEM micrograph (c) 

EDS analysis 
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After T6 condition, the size of the Si particles reduces and shows uniformity 

throughout and also, solidification rate increases, grain size decreases because more fine 

dispersed particles are formed. Hence, the strength increases due to finer dispersoids and 

grain boundaries impede dislocation movement. The details procedures were published 

elsewhere (Zhou et al., 1991; Lavernia et al., 1992). Chemical Composition and mechanical 

properties of hypereutectic Al–25Si are given in Table 1 and Table 2, respectively. Circular 

specimens of thickness 8 mm were sliced out from the rod. The surface preparation 

procedure of the wear test samples consisted of grinding of the Al-25Si alloys on polishing 

machine by 800, 1000, 1200 and 2000 grit size SiC papers and then final polishing with 4 

µm, 1 µm and 0.25 µm diamond pastes. The hypereutectic Al–25Si alloy discs and steel 

balls were initially cleaned by sonication in acetone and then in benzene to remove any 

chemical contaminants that may have been left during sample preparation like machining 

and polishing operations performed. An average surface roughness (Ra = 0.036 µm) was 

achieved as measured by 3D surface profilometer (Rtec instruments USA). An AISI 52100 

bearing steel ball of 9.5 mm diameter with an avg. surface roughness Ra= 0.04 µm was 

used as counterpart material for all tribological tests. 

 

Table 1: Chemical composition of hypereutectic Al–25Si alloys 

Alloy Fabrication Technique Chemical Composition (wt %) 

  Si Cu Mg Al 

Al-25Si Rapid Solidification 25 4 1 Balance 

 

Table 2: Mechanical properties of hypereutectic Al–25Si alloys 

Material 

Tensile 

Strength 

(MPa) 

Density 

(g/cm3) 

Yield 

Strength 

(MPa) 

Poisson’s 

Ratio 

Elongation 

(%) 

Elastic 

Modulus 

(GPa) 

Hardness 

(HV) 

Al-25Si 480 2.64 441 0.29 0.7 96 212 

 

2.2 Microhardness 

 

The Vickers micro hardness (HV) was evaluated to determine the surface hardness 

of hypereutectic Al–25Si alloys by using a micro hardness tester (Innovatest Falcon 

500XL, Netherlands). Calibration of the hardness machine was carried out according to 

BS427. The tests were carried with different indentation loads, ranging from 0.3 kgf to 30 

kgf for a dwell time of 10 sec, 12 sec and 15 sec. Each test for same load and dwell time 

was carried out three times, and the average value of the three readings was given in Table 

3.  
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Table 3: Vickers Hardness (HV) values of hypereutectic Al-25Si alloy 

Indention Load HV (for 10 sec) HV (for 12 sec) HV (for 15 sec) 

0.3 225.12 223.55 225.28 

0.5 224.7 222.31 226.83 

1 214.62 218.1 227.13 

3 214.14 218.28 217.66 

5 213.81 215.89 215.91 

10 210.63 211.53 210.9 

20 209.54 209.75 209.12 

30 209.52 209.43 209.12 

 

2.3 Tribological Tests Description 

 

Sliding wear experiments were conducted at room temperature in dry and lubricated 

sliding conditions. For lubrication experiments, commercially available engine grade 

synthetic oil SAE20W50 was used as a lubricant. The typical properties of SAE20W50 

engine oil are given in Table 4. In this paper, the typical condition used for the friction and 

wear tests was given in Table 5.  For lubricated tests, small amount (1 drop or 0.1-0.12 ml 

of lubricant) was applied on the highly polished surface of hypereutectic Al-25Si alloy disc 

before the starting of the test. Each sample condition was tested in triplicate to allow 

estimation of the experimental error. After the tests, the hypereutectic Al–25Si alloy disc 

and steel ball were cleaned with acetone and benzene. The microstructure of materials was 

studied under optical microscope (Leica DM 6000M) and SEM (Hitachi S3600N). 

 

Table 4: Properties of lubricant oil grade SAE 20W50 

Lubricant properties Temperature (°C) Value 

Kinematic viscosity 
40 

100 

120 mm2 s-1 

15 mm2 s-1 

Viscosity index --- 145 

Dynamic viscosity -10 2780 mPas 

Density 15 890 kgm-3 

Flash point --- 250°C 

Pour point ---- -30°C 

 

Table 5: Operational parameter for tribological tests 

Load 5 N – 100 N 

Frequency  30 Hz 

Sliding Distance 250 m 

Stroke 4 mm 

Cycles 30600 
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Friction and wear tests were carried out on universal tribometer (Rtec instruments) 

shown in Figure 2. It is a computer controlled tribometer, which produces a linear relative 

oscillating motion between tribopair. By electromagnetic reciprocating drive, the disc 

sample was made to oscillate with a relative linear displacement of constant stroke and 

frequency. Piezoelectric sensor was used to sense the applied load and measure the friction 

force. Variation in tangential force was recorded and the corresponding coefficient of 

friction was calculated online with the help of a computer based data acquisition system.  

 

 
(a) 

 
(b) 

Figure 2: (a) Universal tribometer with reciprocating test set up (b) schematic of 

reciprocating test set up: (1) disc sample (2) clamp for disc sample (3) ball specimen (4) 

ball holder (5) electromagnetic reciprocating drive (6) load actuator (7) loading arm (8) 

piezoelectric sensor (9) supporting frame 

  

To estimate the wear rate after the tests, we calculated the wear volume of the disc. 

The wear rate was determined by the ratio of the wear volume (mm3) per unit sliding 

distance (m), and is given in equation as follows: 

  

Wear Rate =
Wv

(Sd)
    

mm3

m
                 (1) 

 

where Wv is the wear volume (mm3) and Sd is the sliding distance (m). To evaluate the 

lubrication condition, the ratio (λ) of minimum lubrication thickness (hmin) over the r.m.s. 

surface roughness (r*) of the two contacting surfaces was calculated. The r.m.s roughness 

of the two surfaces in contact defines the severity of asperity interactions in lubricated 

sliding:  
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λ =    
hmin

r∗
                        (2)  

 

The oil film thickness at the start of the experiment was estimated using the following 

equation (Hutchings, 1992): 

 

hmin = 1.79R0.47α0.49η0.68U0.68 (E*)-0.12 W-0.07                (3) 

 

where E* is the composite elastic modulus calculated using: 

 

1

E∗ =  
1−(νAl−25Si)2

EAl−25Si
+

1−(νsteel)2

Esteel
                 (4) 

 

and EAl–25Si, and Esteel are the elastic modulus of the Al–25Si alloy and steel ball, 

respectively, ν is the Poisson’s ratio. According to Eqs. (4), E*= 72.5GPa. R is the radius 

of the counterface ball, U is the sliding speed, W is the applied normal load, α and η are the 

viscosity constants of the oil and relate to each other by the following relationship 

(Hutchings, 1992): 

α ≈ (0.6 + 0.965 log10η) × 10−8                (5) 

 

Table 6 lists the parameters used to calculate hmin. r* is calculated using the 

following equation:  

r* =√(rqa)2 + (νqb)2                 (6) 

 

Where Rqa and Rqb are the r.m.s roughness values of the Al–25Si alloy and steel ball, 

respectively. The calculations for all the experiments using Equations 3 and 6 gave the λ 

ratio which is between 0.3 and 0.8 for applied load of 5-100 N and the values are well 

under unity, which means that the lubrication occurred in the boundary lubrication regime 

only. The morphologies of the wear tracks of hypereutectic Al-25Si alloy disc were 

analysed by optical microscopy, Scanning Electron Microscopy (SEM) equipped with 

Energy Dispersive Spectroscopy (EDS) and 3-D surface profilometer.  

 

Table 6: Parameters required to estimate the film thickness, hmin and λ 

R(m) 
η 

(Pa.s) 
α (Pa-1) U (m/s) rqa rqb 

EAl-25Si 

(GPa) 

Esteel 

(GPa) 

5 2.78 3.4x10-8 0.24 0.036 0.04 96 210 

        

νAl-25Si νsteel E* (GPa) r*     

0.29 0.3 72.5 0.053     
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3.0 RESULTS AND DISCUSSION 

 

3.1 Microstructure Examination 

 

Hypereutectic Al–25Si alloy discs were mirror polished and the average surface 

roughness (Ra) value of 0.03 µm was attained. Optical micrograph of hypereutectic Al–

25Si alloy is shown in Figure 1a. SEM study of the polished surface of hypereutectic Al–

25Si alloy was carried out to understand the microstructure of the alloy as shown in Figure 

1(b). Hypereutectic Al–25Si alloy was produced by rapid solidification technique under 

T6 condition. In Rapid solidification, there is a large chemical driving force available to 

transform the liquid phase to the product crystalline phase. A grain size of the order of 10 

nm can be achieved. Strength is an important factor that can be improved by the reduction 

of the grain size of material produced by Rapid solidification. After T6 condition, the size 

of the Si particles reduces and shows uniformity throughout and also, solidification rate 

increases, grain size decreases because more fine dispersed particles are formed. Hence, 

the strength increases due to finer dispersoids and grain boundaries impede dislocation 

movement. The presence of particulate - like Si dispersoids was attributed to the high 

cooling rate, associated with the rapid solidification process (Vitta, 1987; Zhou et al., 1991; 

Lavernia et al., 1992; Wang et al., 2004; Chen et al., 2005). Meanwhile, it can be seen that 

the volume fraction of primary Si phase was increased with increase in Si content. The 

hardness of rapid solidification hypereutectic Al-Si alloys increases as a result of dispersion 

strengthening. EDS analysis as presented in Figure 1c reveals the composition of the alloy 

and confirms that Si particles were uniformly distributed throughout aluminium matrix.  

 

3.2 Vickers Micro-Hardness (HV) 

 

It is well known that there is a proportional relationship between wear behaviour 

and the hardness of the material (Wang et al., 2004). It is necessary to know the hardness 

of the material before the wear test. The variations of HV versus indentation load at 

constant dwell time are shown in Figure 3. It was evident from the figure that HV decreases 

with increasing load at constant dwell time. 

 As the indentation load increases material undergoes plastic deformation which 

results in the decrease in the values of HV. The plastic deformation of material was 

observed under high load of 10 kgf - 30 kgf. Therefore, HV decreases with increase in 

indentation load. The average HV value obtained for hypereutectic Al–25Si alloy is 212 

HV and the hardness of ball material is HRC 59-63. The hardness value (212 HV) of the 

hypereutectic Al-25Si alloy is higher, as compared to the hardness values obtained for other 

hypereutectic Al-Si alloys (Chen et al., 2005; Abouei et al., 2010; Liu et al., 2011; Alshmri 

et al., 2014). A possible reason for this may be that rapid solidification process yields better 

mechanical properties than other process used for producing Al-Si alloys.  
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Figure 3: HV versus Dwell Time for hypereutectic Al-25Si alloy 

 

3.3 Friction and Wear 

 

Tribological tests were conducted to study the effect of varying load on the friction 

and wear characteristics of hypereutectic Al-25Si alloy against steel ball at room 

temperature. In these studies, two types of experiments were conducted: (1) hypereutectic 

Al-25Si alloy against steel ball in dry sliding condition, (2) hypereutectic Al-25Si alloy 

against steel ball in lubrication with SAE20W50 engine oil. Each test was conducted three 

times and average value was taken to allow estimation of the experimental error.  Results 

of COF obtained from these experimental studies are shown in Figure 4 and Figure 5 and 

corresponding values are given in Table 7.  After the experimental studies wear tracks of 

hypereutectic Al-25Si alloy discs were examined under optical microscope and SEM 

equipped with EDS to understand the wear mechanism under dry and lubricated sliding 

conditions. 3-D profilometer was also used to analyse the surface texture and measure the 

surface roughness of the wear tracks.   

 

 

 

 

 

 

 

 

 

Table 7: Result values of COF and wear rate for hypereutectic Al-25Si alloy 

Normal load COF Wear rate (10-12 m3/m) 
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Dry SAE20W50 Dry SAE20W50 

5 0.2238 0.0792 5.15 0.151 

10 0.1277 0.0493 5 0.151 

15 0.1122 0.0443 4.95 0.151 

20 0.0971 0.0406 5.15 0.203 

30 0.0925 0.0303 5.9 0.264 

40 0.0788 0.0263 8.03 0.306 

50 0.0689 0.0226 8.03 0.36 

60 0.0834 0.0371 7.27 0.206 

70 0.0851 0.0441 6.51 0.2 

80 0.0871 0.0553 6.21 0.151 

90 0.0753 0.0447 5.9 0.151 

100 0.0652 0.0326 5.6 0.151 

 

3.3.1 Friction 

 

 The primary Si phases play an important role in the friction behaviour. As shown 

in Figure 4, COF of hypereutectic Al-25Si alloy /steel decreases with increase in normal 

load from 5 N to 50 N then increases from 50-80 N and then again decreases from 80-100 

N under dry sliding condition and average COF values are given in Table 7. The size and 

distribution of the primary Si particles present in the wear track of Al–25Si alloy are 

potentially responsible for reduction in COF at higher applied normal load.  At lowest 

applied normal load of 5 N, highest COF of 0.2238 is attained.  The actual contacts between 

the sliding surfaces are well known to be localized only at asperities. The higher affinity of 

aluminium asperities adhere to the steel counter surface results in the larger frictional 

traction during sliding (Rabinowicz et al., 1971; ASM, 1992). EDS (Figure 4) of steel ball 

confirm the transfer of aluminium and Si particles from the hypereutectic Al-25Si alloy 

and it proves that adhesion between Al-25Si alloy disc and steel is dominating which 

results in high COF. As the load increases from 5 – 50 N, the COF decreases linearly as 

shown in Figure 4. Such a reduction in COF is mainly due to the grain refinement of 

primary Si particles and formation of oxide layers during wear process as load increased 

(Kori and and Chandrashekharaiah, 2007). 
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Figure 4: COF vs. Normal Load for hypereutectic Al-25Si alloy/steel tribopair 

 

In addition, it can be observed that surface deformation without the formation of 

surface cracks appears in the relatively smooth zones as shown in Figure 8a and Figure 8b. 

This feature is recognized as wear plastic deformation (Goto et al., 2009), which often 

introduces relatively smooth surfaces and is related with low friction coefficient (Wang et 

al., 2004; Chen et al., 2005). The COF was increased when the load increased (from 50 – 

80 N) to the transition point. This increasing in the COF at the transition due to an extensive 

subsurface deformation should be responsible for the transition. However, as the sliding 

proceeded, the temperature of the sliding surface increased continuously with the sliding 

load, which softens the aluminium matrix (Chen et al., 2005). When the external stress 

yielded by the frictional traction and the applied normal load exceeded the flow strength of 

the aluminium matrix, it would begin to be plastically deformed.  

Consequently, the flow of the matrix fractured the primary Si particles. As the large 

primary Si particles were broken down into small particles, the aluminium particles came 

into direct contact and adhered with the steel ball. Consequently, the COF of the alloy 

increased because of the higher affinity of aluminium particles to the steel surface. As the 

applied normal load further increased from 80-100 N, the COF decreased. At higher loads, 

the primary Si particles protrude from the worn surfaces during sliding. These protrusions 

may act as solid lubricant at the interface during sliding and carry most of the load. The 

higher concentration of Si particles are responsible for the generation of the larger 

protuberances on the worn surfaces, reducing the opportunity for the aluminium particles 

to come into direct contact with the steel counter-body, and reducing the frictional traction. 

The results obtained from this research study show a good degree of agreement with the 

results obtained in earlier research studies (Chen et al., 2005; Shi et al., 2010).  

However, In case of lubrication with SAE20W50 engine oil, it can be observed that 

the COF is significantly reduced. In case of lubrication, the COF is decreases with increase 
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in normal load from 5-50 N then increases from 50-80 N and then again decreases from 

80-100 N as shown in Figure 4 and average COF values are given in Table 7. This is due 

to the formation of coherent oil film between the two surfaces. In addition, at high loads, 

reduction of COF is also attributed to the presence of higher concentration of Si particles 

at the interface, which lower the frictional traction, as Si particles do not easily adhere to 

the steel counter-face. The protruded Si particles mix with the SAE20W50 oil and works 

as a solid lubricant. It is explicit that friction behaviour of hypereutectic Al-25Si alloy/steel 

ball is strongly affected by the concentration of Si particles. 

The decline of friction coefficient may be due to the wear mechanism transition 

caused by the increasing load. Plastic deformation dominates the wear mechanism under 

high applied load, which smooths the surface and decreases the friction coefficient. In 

addition, as the load increases, the contact area of the friction pairs increases, and the 

surface asperities are easily sheared. Moreover, the process of fabrication of alloy has also 

contributed in attaining lower friction values. Unique characteristics of fine and uniform 

Si particles throughout the alloy produced by rapid solidification process under T6 

condition resulted in lowest COF in hypereutectic Al-25Si alloy, which can strongly affect 

friction. The COF results obtained in this research study is significantly low, as compared 

to the values of COF reported in research studies (Chen et al., 2005; Goto et al., 2009). It 

is inferred that a  decrease in the range of 20- 40 % in COF value attained for applied 

normal load of 5-100 N when SAE20W50 engine oil is applied at the interface of 

hypereutectic Al-25Si alloy against steel tribopair.  

 

3.3.2 Wear 

 

Wear rate of hypereutectic Al-25Si alloy was calculated by weight loss method by 

using equation 1. Weight of disc was measured using electronic balance accurate up to 10 

µg. After removing loose debris from the worn surface by using ultrasonic cleaner, the 

mass loss of the specimens before and after wear tests was calculated. Each test was 

conducted three times to compensate the experimental error. The wear rate versus normal 

load of hypereutectic Al-25Si alloy is shown in Figure 5 and values of wear rate are given 

in Table 7. The wear coefficient of hypereutectic Al-25Si alloy and steel ball is presented 

in Figure 6 as a function of load.  
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Figure 5: Wear rate vs. Normal Load of hypereutectic Al-25Si alloy 

 

 
(a) 

 
(b) 

 

 
(c) 

Figure 6: Hypereutectic Al-25Si alloy disc at 5 N load and 30 Hz frequency under dry 

sliding condition (a) optical micrograph (b) SEM micrograph and (c) EDS spectrum 
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(a) 

 
(b) 

 

 
(c) 

Figure 7: AISI steel ball at 5 N load with 30 Hz frequency under dry sliding condition (a) 

optical micrograph (b) SEM micrograph and (c) EDS spectrum 

 

The wear coefficient of the alloy is decreased with the increase in applied normal 

load. Negligible wear coefficient is observed in the alloy disc under lubricating sliding 

condition and also of the steel ball under dry and lubricated sliding conditions. The 

behaviour of hypereutectic Al-25Si alloy is divided into two regions. In region 1st (5 N-50 

N), the wear rate of the hypereutectic Al-25Si alloy increases linearly with the increase in 

normal load and in region 2nd (50 N-100 N), the wear rate decreased as shown in Figure 

5. The microstructure and size distribution of primary Si particles play a critical role in 

determining wear behaviour of hypereutectic Al-25Si alloy. During running in period, 

direct contact between hypereutectic Al-25Si alloy disc and steel ball transpire at micro 

level i.e., at asperity level. This leads to adhesion due to solubility of Al and steel 

(Rabinowicz et al., 1971; ASM, 1992). At the beginning of the low normal load  tests (5N 

and 40 N), complete adhesion between two surfaces take place and during continuous 

sliding these asperities are broken which results in adhesive wear. Consequent to this Si 

particles present on wear track lead to abrasion of surface.  
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In Figure 6a and 6b, the optical and SEM micrographs of the wear track of 

hypereutectic Al-25Si alloy indicate presence of many parallel tracks, which are due to the 

combination of adhesive wear and abrasive wear at applied normal load of 5N. Mutual 

transfer of material has taken place between hypereutectic Al-25Si alloy disc and steel ball 

as indicated by EDS shown in Figure 6c and Figure 7c, i.e., transfer of Si and Al from 

hypereutectic Al-25Si alloy disc to steel ball and Fe from steel ball to hypereutectic Al-

25Si alloy disc. Optical (Figure 7a) and SEM (Figure 7b) micrograph of steel ball shows 

the adhesion due to transfer of materials from the hypereutectic Al-25Si alloy. 3D-

profilometer trace and surface texture (Figure 15a) of hypereutectic Al-25Si alloy shows 

distortion of the surface with Ra value of 11.4 µm at normal load of 5 N. The wear rate of 

the T6-treated hypereutectic Al-25Si alloy is maximum under the applied load of 50 N as 

shown in Figure 4. This is likely associated with that the more abrasive particles are 

presents on the wear track as compared to the low loads, which increases the wear rate 

under this applied load apparently. Hypereutectic Al-25Si alloy presents higher wear rate 

due to the participation of a large amount of needle-like precipitates (Wang et al., 2004). 

The hard needle-like precipitates cause much wear loss, leave rough grooves, and the 

oxidation layer is worn quickly. This process is more obvious under 50 N than under low 

loads because the shear force is not likely strong enough to shear the precipitates in the 

matrix under the low loads, and the abrasive particles are mainly composed of soft 

oxidation wear debris (Dwivedi, 2006). Therefore, the wear rates of the alloy under 50 N 

are higher.  

Optical (Figure 8a) and SEM (Figure 8b) micrograph shows the worn surfaces of 

the alloys under the applied load of 50 N. Similar to those under 5 N, abrasion, adhesion, 

needle-like precipitates. In addition, it can be observed that surface deformation without 

the formation of surface cracks appears in the relatively smooth zones as shown in Figure 

8a. This feature is recognized as wear plastic deformation. The plastic deformation may 

cause obvious work hardening layer to affect the wear behaviour. EDS (Figure 8c) reveals 

formation of oxide layer and the presence of hypereutectic Si particles at the interface. 

Further, 3D-profilometer trace and surface texture (Figure 15b) of the wear track at normal 

load of 50 N indicate an increase in Ra value (19.7 µm) as compared to the Ra value (11.4 

µm) at low load of 5 N. It is also clear from Figure 5 that as the load is further increased 

from 50 to 100 N, wear rate decreased (region 2nd).  The transition from high wear rate to 

low is attributed to protrusions of Si particles and formation of mechanical mixing layer. 

The transition is important for the alloy because it improves the wear performance of the 

alloy and related only to a critical load. The strong mechanical mixing layer is formed 

under a wide range of loads for Al–Si/steel tribopair due to the plastic deformation and 

formation of oxide layer at the interface with the increase in surface temperature (Li and 

Tandon, 1999; Dwivedi, 2001; Chen et al., 2005). At higher loads, higher concentration of 

Si particles is present on the wear track due to protrusions. Under high normal load, Si 

particles are deformed into small fragments and act as solid lubricant at the interface. These 



Jurnal Tribologi 15 (2017) 21-49 

 

 37 

deformed particles carry most of the load and under continuous sliding these small particles 

smoothen the wear track.  Plastic deformation strengthens the surface material by work 

hardening, generating microstructures that comprise elongated sub-grains or textures and 

improve the wear performance of the hypereutectic Al-25Si alloy under high load sliding 

conditions (Perrin and Rainforth., 1997).  

 

 
(a) 

 
(b) 

 

 
(c) 

Figure 8: Hypereutectic Al-25Si alloy disc at 50 N load with 30 Hz frequency under dry 

sliding condition (a) optical micrograph (b) SEM micrograph and (c) EDS spectrum 

 

The work hardening layers modify the interaction of the friction pairs and improve 

the wear resistance of the hypereutectic Al-25Si alloy is decreased. Under the load of 100 

N, the worn surface optical and SEM micrographs are presented in Figure 9a and 9b. 

Abrasion, adhesion, plastic deformation and oxidation are detected under this wear 

condition, and the plastic deformation may cause obvious work hardening layer to affect 

the wear behaviour. The cracks are also found nearly perpendicular to the sliding direction 

(as shown in Figure 9a), which are the evidence of delamination (Suh, 1973; Chen et al., 

2005). In addition, the adhering zones under 100 N are less continuous than those under 50 

N, which are usually broken by crooked grooves and attach more debris to the grooves. It 
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can be predicted that a new groove will break the adhering zone soon. The EDS (Figure 

9c) results show that the higher oxygen content on the wear track.  

 

 
(a) 

 
(b) 

 

 
(c) 

Figure 9: Hypereutectic Al-25Si alloy disc at 100 N load with 30 Hz frequency under dry 

sliding condition (a) optical micrograph (b) SEM micrograph and (c) EDS spectrum 

 

Further, Optical (Figure 10a) and SEM (Figure 10b) micrograph of steel ball shows 

the adhesion due to transfer of materials from the hypereutectic Al-25Si alloy and the 

sliding contact changes from hypereutectic Al-25Si/steel to hypereutectic Al-

25Si/hypereutectic Al-25Si. The EDS (Figure 10c-10e) result confirms the presence of 

higher concentration of Al and Si particles on the steel ball surface. The trapped wear debris 

is easy to maintain in the wear system and recycle in the contact surface due to the ductility 

of the hypereutectic Al-25Si alloy and suggests that the reattachment of wear debris is rich 

in oxidation and might come from the worn oxidation layer. Further, 3D-profilometer trace 

and surface texture (Figure 15c) of the wear track at normal load of 100 N indicate a 

decrease in Ra value (10.6 µm) as compared to the Ra value (19.7 µm) at low load of 50 N 

The results obtained from this research study show a good degree of agreement with the 
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results obtained in earlier research studies (Wang et al., 2004; Chen et al., 2005; Dwivedi, 

2006; Kori and and Chandrashekharaiah, 2007; Abouei et al., 2010; Alshmri et al., 2014). 

 

 
(a) 

 

 
(b) 

 
(c) 

 

 
(d) 

 
(e) 

Figure 10: AISI steel ball at 100 N load with 30 Hz frequency under dry sliding condition 

(a) optical micrograph (b) SEM micrograph and (c-e) EDS spectrum at 3 different points 
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In case of lubrication with SAE20W50 engine oil as shown in Figure 5, it is evident 

that the wear rate is significantly reduced. This is due to the formation of thin oil film 

between the mating surfaces, which prevents the direct contact of the tribopair.  As a result, 

the adhesion, plastic and shear deformation of the asperity are significantly reduced, which 

leads to reduction in the wear rate. Another possible reason is the removal of metal chips, 

dirt and contaminants from the wear track by the flowing lubricant thereby reducing the 

amount of three-body abrasion.  

At applied normal load of 5 N, it can be observed from optical (Figure 11a) and 

SEM (Figure 11b) micrographs that the worn surfaces acquired less dense wear scars and 

grooves, which were dominated by adhesive wear. EDS (Figure 11c) analysis confirms the 

presence of fine Si particles on the wear track due to formation of thin lubricant film which 

dominate the wear rate reduction. Further, 3D-profilometer image and surface texture 

(Figure 16a) analysis of wear track at normal load of 5 N also in agreement with results 

and less Ra value of 1.45 µm is obtained.  

 

 
(a) 

 
(b) 

 

 
(c) 

Figure 11: Hypereutectic Al-25Si alloy disc at 5 N load with 30 Hz frequency under 

SAE20W50 engine oil lubricated sliding condition (a) optical micrograph (b) SEM 

micrograph and (c) EDS spectrum 
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However, at applied normal load of 50 N, optical (Figure 12 a) and SEM (Figure 

12b) show mild adhesion and transfer of materials from steel ball, which increase the wear 

rate of the hypereutectic Al-25Si alloy. EDS (Figure 12c-12d) at two points reveals the 

absence of hypereutectic Si particles and transfer of material due to direct contact between 

the mating surfaces. Further, 3D-profilometer trace and surface texture (Figure 16b) of 

wear track at normal load of 50 N also in agreement with results as high Ra value of 1.88 

µm is obtained as compared to Ra value of 1.45 µm at normal load of 5 N. The reduction 

in wear rate obtained at an applied normal load of 100 N. 

 

 
(a) 

 

 
(b) 

 
(c) 

 
(d) 

Figure 12: Hypereutectic Al-25Si alloy disc at 50 N load with 30 Hz frequency under 

SAE20W50 oil lubricated sliding condition. (a) optical micrograph (b) SEM micrograph 

(c-d) corresponding EDS spectrum at different 2 points 

 

Optical (Figure 13a) and SEM (Figure 13b) micrographs show mild adhesion and 

smooth surface, therefore, plastic and shear deformation of the asperities are significantly 

reduced due to the formation of lubricating film between the mating surface which reduce 

the wear rate of the alloy. EDS (Figure 13c-13d) of the wear track at two different points 

confirms the presence of Si particles, lubricant additive and formation of oxide layer which 

prevent direct contact of the hypereutectic Al-25Si alloy to steel ball. Optical (Figure 14a) 
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and SEM (Figure 14b) micrograph shows the negligible wear scar on the steel ball surface. 

The EDS (Figure 14c) result confirms that negligible transfer of materials from the 

hypereutectic Al-25Si alloy to the steel ball surface. This clearly indicates that the surface 

remains smoother at high normal load of 100 N because Si particles mix with the 

SAE20W50 oil and act as solid lubricant which reduces the wear rate of the alloy. 3D-

profilometer trace and surface texture (Figure 16c) of wear track at normal load of 100 N 

also in agreement with results as less Ra value of 1.53 µm is obtained as compared to Ra 

value of 1.88 µm at normal load of 50 N.   

 

  
(a) (b) 

Figure 13: Hypereutectic Al-25Si alloy disc at 100 N load with 30 Hz frequency under 

SAE20W50 oil lubricated sliding condition (a) optical micrograph (b) SEM micrograph 

(c-d) EDS spectrum at different 2 points 
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(a) 

 

 
(b) 

 
(c) 

Figure 14: AISI steel ball at 100 N load with 30 Hz frequency with 30 Hz frequency 

under SAE20W50 oil lubricated sliding condition (a) optical micrograph (b) SEM 

micrograph and (c) EDS spectrum 

 

From the above discussion, it is inferred that the fabrication process, rapid 

solidification with T6 condition has strong influence on friction and wear behaviour of 

hypereutectic Al-25Si alloy, as well as on microstructure and hardness. The fine Si particles 

can effectively bear the loads and suppress the delaminating rate of mechanical mixing 

layers and reduce the friction and wear rate of the alloy. The Si particles which protrude 

from the Al-25Si alloy mix with the engine oil and act as solid lubricant. Therefore, it is 

envisaged that nano-lubrication effect can be achieved without the addition of nano-solid 

lubricant particles in SAE20W50 engine oil. However, further nano-lubrication studies 

need to be carried out to ascertain it fully. The wear mechanism of hypereutectic Al-25Si 

alloy at low loads was characterized by adhesion, abrasion of surfaces while as, at higher 

loads adhesive wear, oxidative wear and plastic deformation of Si particles leading to three-

body abrasion wear which act as solid lubricant, were the dominating wear mechanisms.  
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(a) 

 
(b) 

 

 
(c) 

Figure 15: 3D-profilometry image and surface texture of wear tracks of hypereutectic Al-

25Si alloy at 30 Hz frequency and different loads under dry sliding condition: (a) 5 N  

(b) 50 N (C) 100N 
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(a) 

 
(b) 

 

 
(c) 

Figure 16: 3D-profilometry image and Surface texture of wear tracks for hypereutectic Al-

25Si alloy at different loads under lubricated sliding condition: (a) 5 N (b) 50 N (c) 100 N 
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CONCLUSION 

 

In a range of applied load of 5 N – 100 N, the dry and lubricated sliding friction 

and wear behaviour of hypereutectic Al-25Si alloy have been studied and the following 

conclusions were drawn: 

a) The COF of hypereutectic Al-25Si alloy/steel tribopair first declines (from 5-

50 N), then increases (from 50-80 N) and then again decreases with increase 

in load (from 80-100 N) under dry and lubricated conditions. 

b) The wear rate of the hypereutectic Al-25Si alloy first increases and then 

decreases with increasing the applied load. Hypereutectic Al-25Si alloy 

presents higher wear rate than at an applied load of 50 N due to the participation 

of a large amount of needle-like precipitates, but shows the lowest wear rate 

under 100 N because of the work hardening layer. 

c) Significant reduction in COF and wear rate is accomplished with SAE20W50 

engine oil. Primary Si particles of alloy act as solid lubricant in SAE20W50.  

d) The overall investigation shows that the hypereutectic Al-25Si alloy produced 

by rapid solidification process under T6 condition has higher strength, higher 

hardness and low COF and greater resistance to wear due to finer size and 

uniformity of the Si particles. 
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