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ABSTRACT 

 

Dry wear properties of Aluminum nitride (AlN) 

reinforced aluminum silicon alloy (Al-Si) 

studied by using a pin-on-disc configuration 

tester. In this work different weight percentage 

(wt %) of 0, 2, 5, 7 and 10 of AlN was added in 

the metal matrix composites. The composites 

were prepared by a stir casting process which 

was then aged with a T6 condition prior to the 

wear test. Detailed analyses on the 

morphologies were conducted using a scanning 

electron microscope (SEM) with the aid of an 

energy dispersive x-ray analyser (EDX). It was 

clearly observed that the hardness improved 

from 70 to 240% for the aged samples 

compared to un-aged samples. The specific 

wear rate or the K’ valued was 2.06 x 10
-4

 

mm
3
N

-1
m

-1
 and 1.35 x 10

-4
 mm

3
N

-1
m

-1
 for Al-Si 

alloy and Al-Si/10%AlN respectively and 

improved to 70% and 60% respectively after the 

heat treatment. A surface investigation by the 

scanning electron microscope (SEM) revealed 

that thick mixed mechanical layers (MML) with 

wear delamination occurred on the Al-Si alloys 

while thin layers (MML) were observed in the 

AlN reinforced composites.  

 

Keywords: Al-Si alloy, AlN, mixed mechanical 

layer, reinforced particles  

 

1. INTRODUCTION 
 

The A good combination of high strength and 

ductility of the aluminum based metal matrix 

composites (MMCs) has introduced the material 

to a wide area of possible advanced 

applications. Aluminum alloys are amongst the 

most promising structural materials due to their 

high specific strength and stiffness, which are 

widely used in automobile industries for 

structural components in engines and other parts 

(Rittner, 2000). Various manufacturing 

processes are available in the industry for 

discontinuous metal matrix composites. 

Amongst them, stir casting method has drawn 

considerable research interest due to its 

simplicity, flexibility and applicability to large 

quantity production (Hasyim et al, 1999). In 

addition, in principle it allows a conventional 

metal processing route to be used, hence 

minimises the final cost of the product. Particles 

reinforced aluminum alloy composites have 

shown significant improvement in the 

terminological properties including sliding and 

abrasive wear resistance and seizures 

resistances. Better wear resistance of particulate 

reinforced MMCs is normally due to the hard 

ceramic particle content which finally gives a 

protection from further surface damage (Geng et 

al., 2006). The aging behaviour of 

discontinuously reinforced metal matrix 

composites has been a subject of great interest, 

which is beneficial to optimise the aging 

treatment and provide the experimental and 

theoretical information for designing the 

properties of the composites (Sheu & Lin, 

1997). Many works on SiCp/Al alloys and 

Al2O3/Al alloy composites have been reported 

(Sevik & Kurnaz 2006; Daoud & Reif 2002) but 

very few reports on the use of AlN as 

reinforcement for Al alloy composites (Vicens 

et al., 2002). Limited studies was done so far to 

investigated the behaviour of AlN reinforced 

matrix alloy and mostly concentrated in the 

electrical field (Sheppard, 1990), thin films and 



Regional Tribology Conference 

Bayview Hotel, Langkawi Island, Malaysia, 22-24 November 2011 

 

184 

 

semiconductor application (Shimada & Hayashi, 

2005). With comparison to other ceramic 

materials, AlN provide the lowest densities, 

high specific modulus, and lowest thermal 

expansion. Its thermal expansion of 4.6 x 10
-6 

m/ºC was close to Si and may offer a potential 

use for both monolithic and composites 

materials (Karamuto & Takada, 2003). Thus the 

objective of this research is to investigate the 

effects of AlN particles in Al-Si alloy 

particularly on the wear behaviors before and 

after the heat treatment.  

 

 

2. METHODOLOGY 

 

A commercially available Al-Si alloy series 

(AC3A.2) in Table 1 with chemical 

composition, 88 wt.% Al, 11.1 wt% Si, 0.42 

wt.% Fe, 0.02 wt.% Cu, 0.02 wt.% Zn and other 

elements as impurities was used as the matrix 

for the composite. Aluminum nitride (AlN) 

powders from Aldrich manufacturer with a 

purity of >98% and the size of <10 µm were 

used as the reinforcement materials. Figure 1 

shows the actual AlN size which observed by 

the scanning electron micrograph (SEM). Al-Si 

alloys with and without the reinforcement were 

prepared by a stir casting process. A small 

amount of magnesium i.e. 2.5 wt% was melted 

together with the Al-Si alloy. The purpose of 

adding the magnesium addition was to improve 

the wetting properties of the melt and to ease 

binding process between the molten metal and 

the reinforced particles (Hashim et al., 2001). 

During casting process, melting temperature 

was fixed at 750 ºC, held for 30 minutes before 

aluminum alloy melted completely. Aluminum 

dross was then removed from the surface of the 

molten metal. Small amounts of particulate 

aluminum nitride was preheated to 750 ºC and 

added continuously to the molten metal through 

the side of a vortex created by the stir impeller. 

The Al-Si was then casted via a bottom furnace.  

 

Table 1: Chemical composition of Al-Si alloy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 the actual size of reinforced AlN 

particles 

 

Some sample of the matrix Al-Si alloy were 

subjected to T-6 type heat treatment which 

involved solutionising at 540 ˚C followed by 

quenching and  artificial ageing at 180 ˚C. The 

soaking time was fixed at 4 hours. The macro 

hardness tests were taken by using a DXT 

Shimadzu hardness tester with a 1/16 inch steel 

ball indenter. Each sample was taken 10 

indentation points with 100 kg indenting load 

and dwelling time of 15 second. Prior to the 

wear test, as-cast Al-Si alloy sectioned and 

metallographically polished and etch with 

Keller's reagent (Rao et al., 2010). Testing 

parameter was fixed i.e. disk speed 400 rpm, 

sliding diameter of 48 mm and a load range of 

25N to 70. The sliding distance was 1-5 km 

with a fixed velocity of 1 ms
-1

. The wear test 

was carried out against steel made from a 

hardened carbon steel grade EN-31. Before and 

after each test, sample was weighed to 

determine the volume loss. Worn surface for 

each sample were cleaned with acetone prior to 

SEM and EDX analyses. 

 

 

3. RESULT AND DISCUSSION 

 

The microstructures of as-cast and aged Al-Si 

alloys, and composites reinforced with 10 wt% 

AlN, aged at 180
o
C for 4 hrs are shown in 

Figure 2. AlN particles seemed to be randomly 

trapped after the casting and were observed at 

the boundaries of silicon grains shown in Figure 

2(b). The formation of AlN particles entrapment 

can be explained by the Al dendrite growth 

during the solidification process whereby the 

AlN was pushed to the outer side of the last 

freezing point of eutectic liquid, thus the AlN 

particles are seen surrounded by the Si. This 

was due to AlN particles and Si element in the 

matrix that had the same thermal expansion 

properties (Baik & Drew, 1996). An effect on 

aged treatment had transformed the Si grains 

with equiaxed shapes while the Al dendrites 

Elements wt% 

Si 11.10 

Fe 0.420 

Zn 0.020 

Cu 0.020 

Sn 0.016 

Mg 0.011 

Al Balance 
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tend to be more globular and bigger in sizes. 

The precipitated Si in the Al matrix is shown in 

Fig. 2(c) and was reported in finding previously 

(Curle & Ivanche, 2010). The AlN particles 

were seen similar with the as-cast alloys 

whereby the trapped AlN closed to the 

precipitates Si (Fig. 2(d)). The presence of the 

AlN in the Al-Si matrix was supported by an 

EDX as shown in Figure 2(e). Similar behaviour 

was reported by Longtao et al., ( 2005) in which 

they observed a formation of grain dislocations 

and precipitates in aged 2024Al of sub-micron 

Al2O3/2024Al composites. 

 

 
 
Figure 2 Morphologies and EDX spectrum for 

Al-Si/AlN composites with (a) as cast 

Al-Si alloy, (b) as-cast Al-Si/10%AlN, 

(c) and (d) for heat treated Al-Si alloy 

and Al-Si/10%AlN respectively. 

 

Figure 3 shows the hardness values for 

Al-Si alloys and their composites for aging and 

heat treated AlN composites. Significant 

increase in the hardness of the Al-Si matrix 

alloy can be seen by the addition of AlN 

reinforced particles. An increased in hardness 

value indicated that the particulates presence in 

the matrix had improved the overall hardness of 

the alloys. For as-cast Al-Si alloy and 

composites, hardness increased from 17 HRB 

for Al-Si matrix alloy to 44 HRB and 40 HRB 

for Al-Si/7%AlN and Al-Si/10%AlN 

respectively. An increase trend was also 

recorded for the heat treated sample with 59 

HRB for Al-Si alloy to 78 HRB and 75 HRB for 

treated Al-Si/7%AlN and Al-Si/10%AlN 

respectively. Precipitation hardened of Si grain 

may attributed to the increased hardness in aged 

Al-Si matrix alloy as previously reported by 

Harun et al., (1996). As for the aged AlN 

reinforced Al-Si matrix alloy, the properties of 

AlN itself may contributed to the increased in 

hardness. A small decreased in hardness for as-

cast and aged Al-Si/10%AlN was due to the 

presence of micro pores which associated with 

agglomerated as discussed by previous 

researchers (Hashim et al., 1999). 

  

 

Figure 3 Hardness properties of as-cast and aged 

Al-Si/AlN composites 

 

Specific wear rates (K’) for as-cast and 

aged Al-Si/AlN composites were studied against 

the applied loads as shown in Figure 4. Figure 

4(a) shows the wear rate of Al-Si alloy, Al-

Si/7%AlN and Al-Si/10%AlN at 25N. The 

higher wear resistance of AlN reinforced 

composites was due the dominant effect of the 

hardness (Karamuto & Takada, 2003) of the 

AlN particles enhancing the wear resistance of 

the composites. At 50N, the wear rates were still 

similar to the lower loads. Beyond 50N the wear 

rates changed drastically and increased with the 

load complying the Archard equation of wear 

(Suresh et al., 1993), which stressed that the 

wear rates were low at the lower loads and 

increased with load at a constant ratio. An 

observation of the heat treated sample showed a 

reversed behaviour of wear resistance by 

showing stagnancies of wear rates for both load 

(Fig. 4(b)).  The value of wear rates or K’ at 

70N reduced tremendously to 5.97 x 10
-5 

mm
3
N

-

1
m

-1
 and 5.20 x 10

-5 
mm

3
N

-1
m

-1 
for as-cast Al-Si 

alloy and Al-Si/10%AlN respectively. As for K’ 

at the same load before aging was at 2.06 x 10
-4 

mm
3
N

-1
m

-1
 and 1.35 x 10

-4 
mm

3
N

-1
m

-1 
for as-

cast Al-Si alloy  and Al-Si/10%AlN 

respectively. It was noted that the precipitation 

hardening of Si needles and the re-arrangement 

of the AlN particles due to aged treatment as 

show in Fig. 3 improved the wear properties of 

the Al-Si/AlN. 

 

The cross section of the worn surface in Figure 

5 exhibits various types of mixed mechanical 

layers (MML). A close scrutinised of as-cast Al-

Si alloy shown piled large loosed debris. Wear 

mechanisms of delamination was suspected in 

the as-cast Al-Si alloy (Fig. 5(a)). The 

delamination wear was initiated with a 
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formation of abrasion caused by the hardened 

counter-face onto the pin surface. As a result, 

the soft was scarified with formations of craters 

at the delamination grooves. The result was 

supported with higher wear rates as shown by 

the curve formation of Al-Si alloy in Fig. 4(a). 

Similar behaviour of wear regime was also 

reported by Lim et al., (2003), Kok and Ozdin 

(2007) for wear test at low speed of 1 ms
-1 

to 3 

ms
-1

 and load ranges from 10-100N. As for the 

un-treated Al-Si/10%AlN composites (Fig. 

5(b)), shallow and thin mixed mechanical layers 

(MML) were observed on the worn surface. The 

presence of hard AlN particles seen in Figure 

2(b) reduced the extent of penetration of the 

sample surface, therefore protecting the softer 

Al alloy. This similar result was reported by 

Sahin & Acular (2003) and Ahlatcia et al., 

(2006) in their observation of the wear 

behaviour of SiC and aluminum oxide 

reinforced Al matrix composites.  

          SEM morphologies for heat treated Al-Si 

alloy showed similar structures as the as-cast 

alloy with large and deep MMLs (Fig. 5(c)). 

The Al-Si surface was found with large craters 

and wide delamination grooves. The 

precipitation Si grains and others inter-metallic 

compounds improved the hardness, resulting 

significant increased in wear resistance. In this 

case, it enhanced wear resistance in both Al-Si 

matrix and composites. Heat treated Al-Si alloy 

improved the ductility of Al-Si material which 

was indicated by then sign of material extrusion 

at the end of pin surface (Fig. 5(c)) thus 

reducing a tendency to wear. As for then heat 

treated Al-Si/10%AlN composite in Figure 5(d) 

the cross section showed precipitated Si and 

reinforced AlN particles dominated the Al-Si 

microstructure with thin MML layer on top. The 

smooth contour may be explained by the 

presence of hard and brittle AlN particles in the 

Al-Si alloy. When cracks occurred the AlN 

particles were ejected from the surface which 

tends to be a buffer zone between the pin and 

the counter-face, thus reducing the wear rates. 

This argument was supported by the wear 

resistance of the treated Al-Si/10%AlN in 

Figure 4(b) with more than two fold increase as 

compared to the as-cast composites. Similar 

behaviour was observed in Al2O3 reinforced 

particles where the debris acted as a buffer of 

the matrix wear resistance (Kok & Ozdin 2007). 

 

 

 

 

Figure 4 Wear rates K’ against various load for 

Al-Si/AlN composites with (a) as-cast 

composites and (b) heat treated 

composites  

 

 

 

Figure 5 Cross section of as-cast and heat 

treated worn pin surface with (a) as-cast 

Al-Si alloy; (b) as-cast Al-Si/10%AlN 

composite; (c) heat treated Al-Si alloy and 

(d) heat treated Al-Si/10%AlN composite 

 

 

4. CONCLUSION 

 

A stir casting process was successfully 

fabricated Al-Si composites reinforced with 

AlN particles. AlN particles seemed to be 

randomly trapped after the casting and were 

observed at the boundaries of silicon grains. An 

aged treatment had transformed the Si needles 

to equiaxed shapes due to precipitation 

hardening. Hardness properties improved 70% 

to 240% for the aged composites compared to as 

cast composites. Specific wear rates or K’ at 

70N were 2.06 x 10
-4 

mm
3
N

-1
m

-1
 and 1.35 x 10

-4 

mm
3
N

-1
m

-1 
for as-cast Al-Si alloy  and Al-

Si/10%AlN respectively and it reduced 70% and 

60% after the heat treatment. SEM morphology 

showed thick layer of MML for as-cast Al-Si 

alloy due to delamination while for aged 

samples the combination of delamination wear 

and extrusion dominate its worn surface. A heat 
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treated Al-Si/AlN composites observed with 

presence of hard AlN particles mixed with wear 

debris act as buffer zone thus protect the Al-Si 

surface. 
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