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ABSTRACT 
        The coefficient of friction was experimentally calculated for aluminum-silicon alloys by 

connecting a strain gauge to the arm of pin-on-disc wear machine in order to take microstrain 

readings from the strain-meter.  As-cast and modified aluminum-silicon alloys were thermally 

homogenized for long periods of time (1-40hr) in order to study the effect of homogenization on 

friction.  Scanning electron microscopy was successfully used to build up the mechanism of surface 

damage during sliding.  The results showed that the coefficient of friction was increased with 

increasing bearing pressure for as-cast, modified and homogenized aluminum-silicon alloys.  

Thermal homogenization led clearly to remarkable changes in the frictional behavior of as-cast and 

modified aluminum-silicon alloys.  Many mechanisms were responsible for aluminum-silicon 

alloys surface damage during sliding.�
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INTRODUCTION�
        Friction can be defined as a resistance to motion occurring during tangential displacement of 

contact surfaces in the real area of contact under applied force (Halling 1979 and Rigney 1981).  

Components used in tribological applications are exposed to friction during their work (Nayak 

2004 and Zhang 2004).  One of the mostly used alloys in tribological applications is aluminum-

silicon because of its good wear resistance, high strength to weight ratio, good corrosion resistance 
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and good castability and machinability (Granger 1988 and Polmear 1989).  Many investigators 

studied the friction property not only for aluminum-silicon alloys but also for other materials.  

(Sarkar and Clarke 1980 and 1982) found that the frictional resistance fluctuated violently for 

most as-cast and age hardened aluminum-silicon alloys, indicated stick-slip and suggested plastic 

interaction but correlation between surface damage and magnitude of friction could not be found.  

(Sakamoto and Tsukizoe 1978) found that the metal transfer from the soft metal to hard asperities 

in contact with it caused significant changes in the shape, size and height distribution of the 

asperities which led to reduce the effect of the initial surface roughness of the hard metal during 

friction.  Consequently the friction force became less dependent on the surface roughness than it did 

when no metal transfer occur.  (Mahdavian and Mai 1984) studied the variation in friction 

coefficient with sliding distance for similar and dissimilar metals.  They found that for similar 

metals sliding on each other there was a significant contribution to friction owing to severe 

ploughing while for dissimilar metal, the coefficient of fiction was determined primarily by the way 

metal transfer occurred between sliding surfaces.  (Prasad and Mecklenburg 1993) found that no 

significant differences in the friction behavior of the Al2O3.SiO2 and Al2O3 fiber-reinforced 

aluminum metal-matrix composite (MMC) and unreinforced alloy when metallugraphically 

polished samples were used.  They also found that when the surface of the MMC was etched, the 

friction coefficient dropped to a low value of 0.18 and the stick-slip type behavior disappeared.  The 

addition effect of different lead percentages to aluminum-silicon alloys on friction properties was 

studied by (Pathak et al. 1997).  They found that the addition of lead was reduced the interfacial 

friction and improved the ability of aluminum-silicon alloys to resist seizure.  A lower friction 

coefficient and higher seizure load were obtained for Al-Si-Pb alloys bearing in semi-dry sliding 

conditions compared with those observed for dry conditions.   

        The aim of this work is to study the frictional behavior of as-cast and modified aluminum-

silicon alloys with titanium.  The effect of thermal homogenization with different time periods for 

aluminum-silicon alloys on frictional behavior is also studied. 

 
MATERIALS AND METHODS 
        Binary Al-12%Si alloy was prepared by adding small quantity of pure aluminum to Al-13%Si 

master alloy.  Titanium was added to Al-12%Si alloy in different percentages (0.05 and 0.1%Ti) 

after putting it in an aluminum foil and inserting it to the molten Al-12%Si alloy with good mixing 

(10 min in time) to ensure solubility and distribution of titanium in the alloy matrix.  All alloys were 

melted in an alumina crucible by using a gas fired furnace.  Then these alloys were poured in a 

preheated carbon steel die (300 C
º
) to ensure no chilling occurring to these alloys after 

solidification.  The ingots samples produced from casting process have 15 mm diameter and 100 

mm length.  The chemical composition of pure aluminum, master alloy and prepared aluminum-

silicon alloys are illustrated in Table 1.  All alloys were thermally homogenized at 525 C
º
 with 

different time periods (1-40 hr) to increase the coherency between silicon particles and aluminum 

matrix. 

        Coefficient of friction was measured by taking the microstrain readings from the strain-meter.  

The strain-meter was connected to the arm of pin-on-disc wear machine through a strain gauge, in 

which the specimen has been supported.  The time of each test was 30 min, in in which the 

coefficient of friction for each test represents the average value during the test.  All specimens were 

dry slided on a 45 HRC carbon steel disc to make contact with other material. 

 

 

RESULTS AND DISCUSSION 

 

The frictional behavior of as-cast and modified Al-Si alloys 
        The relationship between bearing pressure and coefficient of friction (µ) Fig.1 reveals that the 

coefficient of friction increases with increasing bearing pressure due to increased interaction and 
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cold welding between the asperities of pin surface and counterface.  This means that the surface 

damage is greater due to tangential traction.  Since, strong welds and interaction between the 

asperities should also mean a high value of friction coefficient because the shear force required to 

distangle the interaction and cold welding between these asperities is greater in order to make 

sliding continuous.  Fig.1 also shows that Al-12%Si alloy has a lower coefficient of friction in 

comparison with the other alloys containing titanium, while the coefficient of friction of the alloy 

containing 0.1%Ti approached the coefficient of friction of Al-12%Si at high bearing pressure.  

This approach relies on the wear rate, in which the coefficient of friction increases linearly with 

wear rate (Mitchell 1976).  The wear rate of Al-12%Si alloy is lower in comparison with the other 

alloys containing titanium (Subhi 2000)., therefore Al-12%Si alloy has a lower coefficient of 

friction. Fig.2  shows the relationship between sliding distance and coefficient of friction of 

aluminum-silicon alloys.  The figure shows that all alloys have two types of friction coefficient.  

The first is static and the other is dynamic coefficient of friction.  Generally, the static coefficient of 

friction was greater than the dynamic coefficient of friction for all aluminum-silicon alloys.  This is 

because the asperities are interacted before sliding under applied bearing pressure, and when sliding 

begins, they need high shear forces to distangle them to make sliding continuous.  After increasing 

the coefficient of friction in the early stage of sliding, its magnitude gradually decreases due mainly 

to reduction in ploughing action by transfer of material from the aluminum-silicon alloy pin surface 

to the counter asperities, leading to an increase in the tip angle of the asperities.  Under steady state 

sliding, the dynamic coefficient of friction becomes approximately constant with fluctuation in its 

magnitude.  (Mitchell and Osgood 1976) found that this fluctuation depends on the fluctuation in 

friction force resulted from changes in the number of contacts as well as from changes in the 

proportion of the welded contacts.  (While Blau 1981) introduced a comprehensive picture to this 

fluctuation in which it coincides with the present work.  Blau found that the friction depends on 

many processes as (1) metal transfer (2) film formation and removal (3) debris generation and (4) 

cyclic surface deterioration.  It has bean also shown from Fig.2 that Al-12%Si alloy has a lower 

static and dynamic coefficient of friction compared with other alloys containing titanium.  This is 

because the coefficient of friction depends on the wear rate (Mitchell 1976). 

 
The frictional behavior of homogenized Al-Si alloys 
        Thermal homogenization affected the magnitude of friction coefficient and this effect is 

dependent on the thermal homogenization time.  The relationship between bearing pressure and 

coefficient of friction of homogenized aluminum-silicon alloys Figs.3-5 showed that the 

homogenization for 1 hr led to increasing the coefficient of friction for all homogenized aluminum-

silicon alloys in comparison with its magnitude in the as-cast and modified aluminum-silicon 

alloys.  This is because the ductility of homogenized aluminum-silicon alloys for 1 hr was increased 

as a result of internal stresses relief, led to increase the interaction and cold welding between the 

asperities of pin surface and counterface.  Since, the wear mechanism appeared with increasing 

bearing pressure as interaction between the asperities, and galling as a result of incomplete cold 

welding during sliding [Subhi 2000].  This demonstrates our explanation in which the increasing 

coefficient of friction accompany with increasing bearing pressure.  With increasing thermal 

homogenization greater than 1 hr (5-40 hr), the coefficient of friction decreased.  This is because the 

coefficient of friction depends on the wear rate (Mitchell 1976).  Decreasing in the wear rate 

occurred with increasing thermal homogenization time greater than 1 hr (Subhi 2000), therefore, 

coefficient of friction decreases with increasing thermal homogenization time in comparison with 

its magnitude at 1 hr.  The frictional behavior of homogenized alloys was similar to that of as-cast 

and modified aluminum-silicon alloys in which the two types of friction coefficient were present 

regardless of its magnitude, therefore, there is no need to re-explain the frictional behavior during 

sliding of homogenized alloys at constant bearing pressure. 
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The study of worn surface 
        Fig.6 shows the worn surface of as-cast and modified aluminum-silicon alloys where different 

mechanisms contributed in surface damage during sliding.  The predominant mechanism is 

dependent on the alloy composition and bearing pressure.  The worn surface of Al-12%Si alloy 

revealed that there were many mechanisms responsible for material removal.  It has been shown 

that there was spalling in the worn surface, leading to a large pit formation, as well as there were 

many subsurface cracks sheared to the surface which were responsible for wear particles formation.  

These wear particles can be recognized clearly in the worn surface of the alloy containing 0.05%Ti.  

It has been shown that there were many wear small particles on the surface removed from the 

surface during sliding.  The same wear particles can be shown in the worn surface of the alloy 

containing 0.1%Ti.  These small particles were removed by secondary delamination.  Secondary 

delamination is distinguished by craze cracking.  (Clarke and Sarkar 1981) found that this 

secondary delamination may be a function of surface forces only and may have nothing to do with 

probable subsurface cracking responsible for primary delamination. 

        The wear mechanisms remained the same for homogenized aluminum-silicon alloys, but in 

different degrees.  The worn surface of homogenized Al-12%Si alloy Fig.7 shows that there were 

many surface cracks due to surface traction.  These surface cracks were responsible for material 

removal by secondary delamination.  The worn surface of homogenized alloy containing 0.05%Ti 

shows advanced stage in subsurface crack growth sheared to the surface.  There are many surface 

cracks in the worn surface of homogenized alloy containing 0.1%Ti, as well as many small particles 

compacted on the surface due to the action of bearing pressure in which these small particles 

delaminated by secondary delamination. 

 

CONCLUDING REMARKS 
1-The coefficient of friction was increased with increasing bearing pressure for as-cast, modified 

and homogenized aluminum-silicon alloys. 

2-Two types of friction coefficient were present, static and dynamic regardless of the magnitudes of 

these two coefficient types. 

3-Thermal homogenization at 1 hr led to an increase in the coefficient of friction in comparison 

with its magnitude for as-cast and modified aluminum-silicon alloys, while increasing thermal 

homogenization time greater than 1 hr (5-40 hr) led to a decrease in the coefficient of friction in 

comparison with its magnitude at 1 hr. 

4-Many mechanisms were responsible for surface damage during sliding.  The predominant 

mechanism was dependent on the alloy composition, bearing pressure and thermal homogenization 

time. 

 

REFERENCES 
Blau P.J., “Mechanisms for Transitional Friction and Wear Behavior of Sliding Metals”, Wear, 72 

(1981) 55. 

 

Clarke J. and Sarkar A.D., “Topographical Features Observed in a Scanning Electron Microscopy 

Study of Aluminum Alloy Surfaces in Sliding Wear”, Wear, 69 (1981) 1.  

�

Granger D.A., Elliott R., "Solidification of Eutectic Alloys", Metals Handbook, Vol. 15, “Casting”, 

American Society for Metals, Metals Park, Ohio, 1988. 

 

Halling J., “Principle of Tribology”, Macmillan Pres Ltd. (London) 1979 

 



Journal of Engineering� �Volume13 December  2006       � �Number4 
� �

 

������

Mahdavian S.M. and Mai Y.W., “Further Study in Friction, Metallic Transfer and Wear Debris of 

Sliding Surfaces”, Wear, 95 (1984) 35. 

 

Mitchell L.A. and Osgood C., “A Theory of Friction and Wear Based on a New Characterization of 

Asperity Interactions”, Wear, 40 (1976) 203. 

 

Nayak S. and Dahotre N.B., "Surface Engineering of Aluminum Alloys for Automotive Engine 

Applications", JOM, Jan. (2004) 46. 

 

Pathak J.P., Torabian H. and Tiwari S.N., "Antiseizure and Antifriction Characteristics of Al-Si-Pb 

Alloys", Wear, 202 (1997) 134. 

 

Polmear I.J., “Light Metals”, Edward Arnold (London) 1989. 

 

Prasad S.V. and Mecklenburg K.R., "Friction Behavior of Ceramic Fiber-Reinforced Aluminum 

Metal-Matrix Composite Against a 440C Steel Counterface", Wear, 162-164 (1993) 47. 

 

Rigney D.A., “Fundamentals of Friction and Wear of Materials”, American Society for Metals, 

Metals Park, Ohio, 1981. 

 

Sakamoto T. and Tsukizoe T., “Metal Transfer in the Frictional Contact of a Rough Hard Surface”, 

Wear, 47 (1978) 301. 

 

Sarkar A.D. and Clarke J., “Friction and Wear of Aluminum –Silicon Alloys”, Wear, 61 (1980) 

157. 

 

Sarkar A.D. and Clarke J., "Wear Characteristics, Friction and Surface Topography Observed in the 

Dry Sliding of As-Cast and Age-Hardening Al-Si Alloys”, Wear, 75 (1982) 71. 

 

Subhi A.D., “Study of Microstructure and Wear of As-Cast and Modified Aluminum-Silicon Alloys 

with Titanium”, M.Sc. Thesis, School of Production Engineering and Metallurgy, University of 

Technology, Baghdad, Iraq, 2000 (In Arabic). 

 

Zhang C., Cheng H.S. and Wang Q.J., "Scuffing Behavior of Piston-Pin/Bore Bearing in Mixed 

Lubrication-Part ��: Scuffing Mechanism and Failure Criterion", Trib. Trans., 47 (2004) 1. 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 



A D Subhi                                                                                      Friction and Worn Surface Topographical Features of �as-Cast,                                 
                                                                                                         Modified and Homogenized Aluminum-Silicon Alloys 

 

 ����

 

Table.1 Chemical composition of pure aluminum, master alloy and prepared aluminum-

silicon alloys. 
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Fig.(1). The relationship  between bearing pressure and coefficient of friction of as-cast and 

modified aluminum-silicon alloys. 
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`Fig.2 The relationship  between sliding distance and coefficient of friction of as-cast and 

modified aluminum-silicon alloys. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3 The relationship  between bearing pressure and coefficient of friction of homogenized 

Al-12%Si alloy. 
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Fig.4 The relationship  between bearing pressure and coefficient of friction of homogenized 

Al-12%Si-0.05%Ti alloy. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5 The relationship  between bearing pressure and coefficient of friction of homogenized 

Al-12%Si-0.1%Ti alloy. 
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Fig.(6). Secondary electron images of freshly worn surfaces of as-cast and modified 

aluminum-silicon alloys.  Bearing pressure, 168.6 kPa; sliding speed, 160.2 m min
-1

.  Arrow 

indicates sliding direction. 
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Al-12%Si-0.05%Ti 
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Fig.(7). Secondary electron images of freshly worn surfaces of homogenized aluminum-silicon 

alloys at 40 hr.  Bearing pressure, 168.6 kPa; sliding speed, 160.2 m min
-1

.  Arrow indicates 

sliding direction. 
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