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INTRODUCTION   

Particulate-Reinforced Aluminium Matrix Composite (AMCs) materials are lightweight. They have high specific 

strength, hardness, fatigue resistance, and excellent wear resistance, making them very attractive to be applied in the 

aerospace, automotive, and military industries [1]. Besides, the advantage of AMCs materials is that the types of their 

materials (matrix and filler), as well as their processes, may be engineered, which results in composites with specific 

expected abilities and properties [2]. Aluminium is the most economical metal as a matrix because it can provide a weight 

reduction of up to 60% compared to an iron metal matrix. Also, automotive component design can be developed to 

produce a longer product life [3]. Several studies on AMCs reinforced by ceramic materials such as SiC, C, Al2O3, SiO2, 

B, BN, B4C, AIN and others have recently been carried out [4]. One of the aims of the study was to find a replacement 

material for friction brakes that is free from asbestos or Non-Asbestos (NOB) [5, 6]. Asbestos-based material is hazardous 

for the health of lungs, and thus most countries in the world have banned it is the production and use [7]. 

Research on AMCs reinforced by 25% silicon carbide showed that hardness could be increased by 150% from 30 

HRB to 75 HRB, but fragility also increased by up to 33% [8]. Meanwhile, Agbeleye et al.[9], who examined AMCs with 

a wt.15% clay filler, found an increase in hardness by 78%, from 43 HV to 76.7 HV. Clay material is hard because it 

contains a chemical composition of 45% SiO2 and 33.74% Al2O3. Therefore, some AMCs have been made using a type 

of filler material containing SiO2 compounds such as silica sand, rice husk ash, and others. This is considering that SiO2 

compounds have the advantage of being relatively hard and light and thus are often used as filler powder reinforcement 

in the manufacture of composites or as coatings [10, 11]. The aim of their overall research is to be applied as a replacement 

material for Asbestos-based friction brakes. The processing efficiency of aluminium metal recycling reaches 95% 

compared to primary aluminium processing. This situation has spurred the increase of recycled aluminium production in 

Europe, reaching up to 53% of total European aluminium production in 2017 [12,13]. China in recent years should devote 

greater attention to build an efficient recycled aluminium system to ensure a sustainable supply for the increased global 

demand for aluminium metal. Therefore, the optimization of using recycled aluminium metal alloy as the basic material 

for making AMCs is very important [14]. Sand waste in the form of fine soil remnants from the grinding and extracting 

of tin on the Bangka and Belitung islands, called tailings, has occupied an area of approximately 64,255 Ha of the total 

area of the former tin mine covering 125,875 Ha [15]. These economic values of silica sand tailings can be increased if 

they are made into nano-silica material by grinding using a crusher and ball mill, to reduce the size to 200 mesh or 74 µm 

ABSTRACT – Due to the increased demand for aluminium and the prohibitive cost of producing 
primary aluminium, the process of making AMCs using recycled aluminium alloy as a matrix and 
silica sand tailing without leaching as a filler is essential to be developed. For more cost-effective, 
the purpose of this study is to make particulate aluminium composite matrix AMCs with a matrix of 
recycled aluminium and reinforced with silica sand tailing without leaching. This research involves 
the effect of differences in grain size and filler weight percentage on matrix Al-ZnSiFeCuMg 
recycled aluminium alloy powder. This study used powder metallurgy technology as well as two-
way hot-compaction (300°C) and applied a sintering temperature of 550°C. Density, hardness, and 
wear testing, as well as microstructure analysis, were conducted to determine the characteristics 
of the resulting AMCs. An increase in hardness of 67% was achieved by the AMCs-164 µm-
20%SiO2 specimen, which used a filler grain size of 164 µm wt.20%. Meanwhile, AMCs-31 µm-
20%SiO2, which used a filler grain size of 31 µm, only increased by 63%. The wear test result also 
showed a lower wear rate achieved by the AMCs-164 µm-20%SiO2 specimen. The results 
analyses using SEM-EDS instruments showed higher agglomeration and porosity in specimens 
using a filler grain size of 31 µm, while AMCs using a filler grain size of 164 µm showed an even 
spread of filler powder. Therefore, AMCs that used 164 µm powder-sized fillers have a stronger 
bond between the filler and the matrix and produce AMCs that are harder than AMCs that use 31 
µm fillers.   
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[16]. Silica sand or quartz sand from Bangka Belitung is well known to have the best quality in Indonesia [17]. According 

to research by Wahyudi and Amalia [18], silica sand leaching can produce chemical products with compositions of 

98.75% SiO2, 0.079% TiO2, 0.054% Al2O3, 0.389% Fe2O3 and 0.25% LOI. However, the leaching process to obtain 

relatively high levels of silicon dioxide or quartz has very expensive costs [19, 20] . 

The process of making composites with the powder metallurgy technology has seven stages: providing powder and 

additive, blending and mixing, compaction, lubricant removal, sintering, process finishing, and product finishing [21]. 

Smaller grain sizes will increase the agglomeration property of the powder. Therefore, a good mixing process is needed 

that can produce a matrix and filler powder mixture with even homogeneity and a low level of filler agglomeration before 

the mixture is compacted.  To avoid agglomeration, the mechanical alloying is often used in the process of mixing the 

matrix and the filler powders before being compacted [22, 23].  There are several advantages of powder metallurgy 

compared to other processing technologies: it is economical because it can produce precise products with a high efficiency 

of material usage (a minimum of 96% will lead to finished products), it is capable to be used for small or tiny products, 

it is capable of producing finished products or semi-finished products, product dimensions are more accurate than other 

methods, products can be controlled and deviations are relatively small, and the process can be done at low temperatures. 

However, the drawback is that during the powder metallurgy process, segregation and agglomeration must be avoided, 

which can cause uneven and non-homogeneous powder distribution between matrix and filler [22, 23].  

Kumar et al. [24] researched AMCs strengthened by three variations of fly ash grain size (50-75 µm, 75-103 µm and 

103-150 µm), whereas Gopal et al. [25] researched the effect of weight fraction and particle grain size (10 µm, 30 µm, 

and 50 µm) of CRT glass for tribology behaviour. Both delivered the same conclusion that the usage of greater grain sizes 

increased hardness. Jo et al. [26] examined the effect of SiC particle size (1 µm, 7 µm and 20 µm ) on the mechanical 

properties of the resulting hybrid metal matrix composites, and the result was that composites with SiC filler of larger 

particle sizes had greater wear resistance compared to smaller-sized fillers. Likewise, Chen et al. [27] examined 

composites using coarser TiC filler particles (2 µm and 20 µm) too, and the results showed greater effects of hardening 

than composites with smooth TiC particles. All the conclusions of the research are in contrast with the theory regarding 

the strengthening mechanism of reduced particle diameter sizes and dispersion strengthening [28]. However, the 

theoretical assumptions apply if small reinforcing particles can be distributed evenly in the matrix or there is a relatively 

homogeneous mixture of the filler and the matrix. This condition did not occur in some of these studies; instead, the 

converse condition occurred, with clumping among filler particles that fill packets in the intergranular region. 

Chaubey et al. [29] examined the impact of Mg filler of 7.4% grain size on produced AMCs. There were four variations 

of Mg particle sizes: 0-20 µm, 20-40 µm, 40-80 µm, and 80-100 µm. The research concludes that smaller filler particle 

sizes led to greater tensile strength from 195 MPa to 295 MPa, increased ductility from 3% to 4%, and a direct increase 

of the wear rate toward the increase of coarse filler size. This is in line with the theory of particle size reduction 

strengthening and dispersion reinforcement related to the Hall-Petch relationship [30].  In principle, dispersion 

strengthening refers to the theory that smaller powder diameters lead to greater contact surfaces and shorter distances 

among particles, and therefore increased interface bonds when powder metallurgy is carried out, which finally leads to 

increased mechanical properties of composites [31, 32]. 

The production of AMCs reinforced with silica sand or SiO2 powder using the powder metallurgy technique has been 

carried out by many researchers, where the results showed an increase in mechanical properties through an increase of 

filler wt.% to a certain percentage, between wt.5% to wt.40% SiO2. Rizkalla et al. [33] investigated AMCs using filler 

wt.20% SiO2 produced AMCs with 34 VHN. Zuhailawati et al. [34] investigated AMCs using filler wt.30% SiO2 

produced AMCs with 230 HV. [20%=150 HV]. Furthermore, Mohan et al. [35] researched AMCs with wt.10% SiO2 

produced AMCs 52 HV. Meanwhile, Aigbodion et al. [6] examined AMCs using asbestos-based commercial brake pad 

materials produced AMCs with a hardness 0f 101 HB. However, these studies still used matrix and filler materials with 

high chemical composition levels that are greater than 97%. They use commercial aluminium, not aluminium recycled as 

a matrix and commercial silica as well or leached silica for filler. Yet, the cost of leaching to obtain SiO2 of high purity 

levels and the cost of processing primary aluminium are still very expensive [19, 20]. Based on these conditions, the 

purpose of this study is to increase the direct utilization of silica sand tailings, without being preceded by a leaching 

process as a filler material and using a matrix made from recycled aluminium alloy. A further goal of this research is to 

produce AMCs from aluminium recycled reinforced Silica Sand Tailings with certain properties (density, hardness and 

wear rate), which are expected to be applied as a substitute for asbestos material friction brakes. 

 

METHODS AND MATERIALS 

Research Methods 

This research on AMCs reinforced by silica sand tailings was carried out using the powder metallurgy technique 

following the steps of the process as shown in Figure 1, referring to the stages of powder metallurgy [21]. The powder 

material for the matrix is produced and prepared using the recycling method from automotive component waste and 

beverage can package waste. The process of melting waste material uses an electric induction furnace at 700-800 0C, and 

the liquid material is poured into a billet-shaped mould [36]. Afterwards, the billet products are machined by lathe and 

chips is crushed using a ball mill machine, and the next process is aluminium powder is sieved (mesh). The initial process 

of powder metallurgy is the silica tailings powder, and Al-ZnSiFeCuMg recycled aluminium alloy powder was prepared 

in a preheating process at a temperature of 50-60 °C for 30 minutes before the mixing process. The silica filler grain size 
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variable included 31 µm and 164 µm. The wt.% filler variable included 0%, 5%, 10%, 15%, 20%, 25%, and 30%. The 

mixing of matrix and filler refers to wt.%, with the mixture weight total being 25 grams for one specimen. The process 

of mixing the powders utilized spiral rods gripped by a drilling machine and rotated at a speed of 200 rpm for 10 minutes. 

 

 

Figure 1. Schematic of the AMCs production process using the technique of powder metallurgy 

 
The moulding for the specimens is ring-shaped, with the dimensions of samples were the large diameter (D) being 40 

mm, the small diameter (d) being 17 mm and thickness 8 mm. The 25 gr of mixed powder was placed in the moulding, 

which had been given a lubricant and then heated using a thermocouple. The compaction process was carried out after 

the heating temperature reached 300 °C with a compaction pressure of 100 MPa for 10 minutes [21]. The compaction 

process used a two-way hydraulic pump, which consists of a top ram and a bottom ram [37]. After the powder became a 

solid specimen, the specimen was then removed from the mould, and the lubricant was removed. The average thickness 

of the produced specimens is in the range of 9-10 mm. In the next process, the specimens were sintered using an electric 

oven at a temperature of 550 °C for 15 minutes. 

Characterization of AMCs specimens was carried out through density testing, hardness testing, wear testing, and 

specimen microstructure analysis. Calculation of the theoretical density of the matrix and filler powder mixture for AMCs 

was carried out using the following equation [38]: 

𝜌𝑇 =
∑ %𝑢. 𝜌𝑢 

100
=

% 𝑢1. 𝜌𝑢1  +  % 𝑢2. 𝜌𝑢2 + … +  % 𝑢𝑛. 𝜌𝑢𝑛

100
 (1) 

where the variables of %u and 𝝆u are percentages of chemical elements and their densities, while 𝝆T is the theoretical 

density value. Measurement of the density value was performed by using pycnometry, making use of Archimedes’ 

principle (ASTM Standard B962-15), before and after the sintering process [39]. The initial step of measuring the density 

of the produced AMCs specimens (𝝆AMCs) involved the weighing of specimens, which included the scale weight in air 

(Wa), the weight of a specimen and the specimen basket in water (Wsb), the weight of the basket in water (Wb) and the 

weight of specimen in water (Wc = Wsb - Wb). If 𝝆w is the density of water, then the value of the density of a composite 

specimen is obtained by calculation using Eq. (2) below [40]. Next, the per cent of porosity P(%), of hot-compaction 

AMCs and sintered AMCs were determined using Eq. (3) below: 

𝜌𝐴𝑀𝐶𝑠 =
𝑊𝑎

𝑊𝑎 − 𝑊𝑐

 =
𝑊𝑎

𝑊𝑎 −  (𝑊𝑠𝑏 −  𝑊𝑏)
 ×  𝜌𝑤 (2) 

𝑃(%) =
𝜌𝑇 − 𝜌𝐴𝑀𝐶𝑠 

𝜌𝑇

×  100 (3) 

Hardness testing utilized Hardness Rockwell B [HRB]. In principle, Rockwell hardness is measured based on the 

depth of an imprint. The utilized hardness testing machine was the Emcotest type N3 HRB hardness testing machine at 

the Vocational Education Development Center (VEDC) in Malang, Indonesia. The diameter of the utilized steel ball 

indenter is 1/16'' with an initial load of 10 kg and a final load of 100 kg for 10 seconds [8].  Hardness testing with a steel 

ball indenter is recommended for heterogeneous materials [35]. 

Wear testing utilized the pin-on-disk wear testing method, which is a simple and often-used method, ASTM: G99-05 

standards [41]. The friction force from a revolving disk is applied to a specimen, with the constant shear speed of 0.54 

ms-1, a roll diameter of 28 mm, and a roll thickness of 3 mm[42]. The given load was 78.4 N and the wear friction test 

time was 2 minutes. The roller material is a type of hardened steel alloy with a hardness of 25 HRC and with roughness 

(Ra) = 4.57 µm. The wear rate (Ww) is calculated by Eq. (4) below [43]: 
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𝑊𝑤 =
∆𝑊

2𝜋𝑟. 𝑛. 𝑡
=

𝑚1 − 𝑚2

2𝜋𝑟. 𝑛. 𝑡
    (4) 

where m1 and m2 are the masses of the specimen before and after the wear test was carried out, ∆W is weight loss, n is 

revolution per minute, r is the radius of AMCs composite disc, and t is time. 

The material powder characterization process utilized several instruments. Sieving used the Retsch Analysensieb sieve 

shaker machine at the Metal Casting Laboratory of Mechanical Engineering, Brawijaya University. Testing of aluminium 

alloy composition used the Spectro Spark Analyzer machine, Spectrolab-AMETEK, by the Al-01 method with the SS-

6063 standard. The test was conducted at PT. HP. Metal Indonesia, located in Ngoro Industri Persada in East Java, 

Indonesia. Measurement of grain size distribution utilized the Cilas 1090 Dry Laser Particle Size Analyzer (PSA) machine 

at the Chemical Engineering laboratory of Brawijaya University. Testing of the chemical composition of silica sand 

tailings utilized the X'Pert Pro type PanAnalytical X-Ray Diffraction (XRD) machine at the Central Laboratory of the 

State University of Malang. Microstructure analysis was performed to support the conclusions of this study. The 

instruments used in microstructure analysis included the Scanning Electron Microscope (SEM) of FEI Quanta FEG 650, 

FE-SEM type, using the X-act Oxford Instrument EDS detector, at the Central Laboratory of Living Sciences, Brawijaya 

University (LSIH-UB). 

 

Materials   

The AMCs were made using the primary material of Al-ZnSiFeCuMg aluminium alloy powder that resulted from the 

recycling of aluminium waste produced by αβγ workshop in Landungsari, Malang, Indonesia. The chemical composition 

of the Al-ZnSiFeCuMg aluminium alloy, obtained from the Spectro Spark Analyzer test, is shown in Table 1. The test of 

grain size distribution utilized the Particle Size Analyzer (PSA) instrument with the dry method. It referred to the 

cumulative grain size distribution values of 10%, 50%, and 90%, denoted as D10, D50, and D90. In this paper, only the 

grain size distribution of 50% or D50 is recorded. The grain size of the Al-ZnSiFeCuMg aluminium alloy used for the 

matrix is of D50: 204 ± 3.81 µm. The size is the average value of three repeated measurements at 199.88 µm, 207.31 µm, 

and 205.08 µm, as in Figure 2(a). 

 
Table 1. Chemical composition of Al-ZnSiFeCuMg  

Element Al Zn Si Fe Cu Mg Sn Pb Sb Ni Other 

[%] 83.15 6.16 4.35 2.20 1.30 1.13 0.37 0.33 0.28 0.16 0.56 1) 

STDEV 2)  1.33 1.07 0.35 0.20 0.09 0.08 0.04 0.01 0.03 0.02 0 
1) Cr/Mn/Ti/Zr/Ca/Bi/Na/P/Sr/Be/Cd   2) STDEV = Standard Deviation 

 

Table 2. Chemical composition of silica sand tailings 

No. Compound Formula 
Filler Size 

31 µm  

Filler Size 

164 µm  

1 Quartz SiO2 81 83 

2 Zirconium Oxide ZrO2 2 0 

3 Magnetite Fe2O3 12 12 

4 Anatase TiO2 5 5 
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Figure 2. PSA Powder Measurement Charts and Phenom SEM Images of Powder Surface Morphology: (a) PSA, Al-

ZnSiFeCuMg aluminium D50 = 204 µm, (b) PSA, silica tailings D50 = 31 µm, (c) PSA, silica tailings D50 = 164 µm, 

(d) SEM image, Al-ZnSiFeCuMg aluminium D50 = 204 µm, (e) SEM image, silica sand tailings D50 = 31 µm and (f) 

SEM image, silica sand tailings D50 = 164 µm 

 

The filler powder material utilized silica sand that comes from tin mining leaching waste in Mentok in the Province 

of Bangka-Belitung Islands, which is called silica sand tailings. The size of silica sand tailings ranges from 50 - 60 mesh 

or 267 µm - 250 µm. These were processed by a ball mill to reduce the grain size, followed by sieving [44]. There are 

two classifications of grain size sieving that are used as fillers in the manufacture of the AMCs: 550-325 mesh (25 µm - 

44 µm) and 120-70 mesh (125 µm - 210 µm). Next, silica tailings powder was measured using the PSA instrument and 

the PSA average size distribution was found to be D50: 31 µm ± 4.49 and D50: 164 µm ± 3.59. The results of PSA 

measurements are shown in Figure 2(b) and (c). 

 

 

Figure 3. Graph of XRD test results for silica sand tailing powder D5=31 µm ± 4.49 

 

The aluminium alloy powder had a whitish-grey colour and tended to be flat and elongated in shape, but a small 

portion had a spherical shape [45, 46]. The aluminium powder was obtained after being machined by a lathe into chips 

and processed by a ball mill, as shown in Figure 2(d). Whereas the silica sand tailings tended to be brown, and after being 

processed by a ball mill, most were spherical and rounded, and some were angular and cubical [21, 47, 48] , as shown in 
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Figure 2(e) and (f). The XRD silica sand tailings test results are shown in Table 2, and the graph is shown in Figure 3 for 

31 µm and Figure 4 for 164 µm silica sand tailings. 

 

 

Figure 4. Graph of XRD test results for silica sand tailing powder D50 = 164 µm ± 3.59 

 

RESULTS AND DISCUSSION 

Density and Porosity 

The theoretical density of the Al-ZnSiFeCuMg aluminium alloy matrix was determined by referring to the results of 

chemical element composition testing using a laser spectrometer, as shown in Table 1. The calculations used Equation 

(1) to obtain the theoretical density value of Al-ZnSiFeCuMg aluminium alloy, which is 3,087 grams / cm3. Meanwhile, 

the theoretical density of the silica tailings filler material was determined by referring to the data from the XRD test in 

Table 2. The calculation of the theoretical density of filler powder with 31 µm grain size is 3.100 grams / cm3 and filler 

powder with 164 µm grain size is 3.040 grams / cm3. To determine the theoretical density values of the matrix and filler 

mixture, the percentage variable for the filler mass of AMCs, wt.% SiO2, was applied, being 0%, 5%, 10%, 15%, 20%, 

25%, and 30%. The hot-compaction density testing (𝝆H-C) and sintered density testing (𝝆S) of AMCs were carried out 

using Archimedes’ principle. 

The calculated theoretical density values and the density values from the above measurements were then combined 

and tabulated. Table 3 shows the theoretical density (𝝆T) values of AMCs with 31 µm filler and 164 µm filler. The 

theoretical density values of AMCs with 164 µm filler are relatively smaller than the theoretical density values of AMCs 

with 31 µm filler. Several factors cause these differences in values; first, the density of 164 µm filler powder is less than 

the matrix density, and the density of 31 µm filler powder is higher than the matrix density. Second, there are differences 

in the compounds contained in the 164 µm filler, which contains the ZrO2 compound, while in the 31 µm filler, the ZrO2 

compound was not found, as shown in Table 2. Conversely, SiO2 content with a low density increased from 81% to 83%. 

Base on the data density values of Table 3, the calculation was then performed to determine the percentage value of 

the porosity of each AMCs used Equation (3); the result showed that AMCs specimens with a filler size of 31 µm had 

greater porosity values than AMCs specimens with a filler size of 164 µm. This condition is caused by the electrostatic 

energy of the powder which increases proportionately with a decrease in powder size, then produces some agglomeration 

and then forms several porous structures when the compaction process takes place, as shown in Figure 5. The porosity 

values of the produced AMCs specimens generally tended to decrease and then increase with increased filler wt.%. The 

AMCs specimen with a filler size of 164 µm with wt. 20% SiO2, AMCs-31 µm-20% SiO2, had the lowest porosity value, 

and the AMCs specimen with a filler size of 31 µm with wt. 30% SiO2, AMCs-31 µm-30% SiO2, had the highest porosity.  

 

Table 3. Variations of the density of AMCs with 31 µm and 164 µm filler grain size 

31 µm filler grain size 164 µm filler grain size 

wt.% 

 

Specimen 

Code 

𝝆T 𝝆H-C 𝝆S Specimen 

Code 

𝝆T 𝝆H-C 𝝆S 

[gr/cm3] [gr/cm3] 

0 AMCs-non-filler 3.087 2.401 2.563 AMCs-non-filler 3.087 2.401 2.563 

5 
AMCs-31 µm – 

5% SiO2 
3.088 2.306 2.433 

AMCs-164 µm - 

5% SiO2 
3.085 2.344 2.554 

10 
AMCs-31 µm -

10% SiO2 
3.088 2.260 2.381 

AMCs-164 µm - 

10% SiO2 
3.082 2.307 2.506 

Position [°2 Theta] 
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15 
AMCs-31 µm -

15% SiO2 
3.089 2.268 2.428 

AMCs-164 µm - 

15% SiO2 
3.080 2.330 2.535 

20 
AMCs-31 µm -

20% SiO2 
3.090 2.246 2.448 

AMCs-164 µm - 

20% SiO2 
3.078 2.345 2.571 

25 
AMCs-31 µm -

25% SiO2 
3.090 2.246 2.357 

AMCs-164 µm - 

25% SiO2 
3.075 2.290 2.460 

30 
AMCs-31 µm -

30% SiO2 
3.091 2.223 2.334 

AMCs-164 µm - 

30% SiO2 
3.073 2.292 2.379 

 
The formation of high porosity in AMCs specimens occurs during the processes of hot-compaction and sintering, 

which are strongly influenced by hot-compaction pressure, sintering temperature, cooling time, and process environment. 

Also, this is influenced by several innate factors of powder materials, such as grain size distribution, grain shape, fluidity, 

agglomeration, lubrication effect, and others [21, 22]. During the process of AMCs specimen production, the surrounding 

air in the environment was not controlled, which resulted in a volume of trapped air when the surface area of the specimens 

underwent the cooling process. Shrinkage from the resulting semisolid had left voids in the grain boundary, which resulted 

in the formation of open pores on the surface and closed pores inside. This was also influenced by the agglomeration and 

segregation that occurred in AMCs with the smaller filler size (31 µm), as shown in Figure 7 (b, d, and f), where the 

powder clumping that occurred at the grain boundaries covered up small gaps when the cooling process took place. 

 

 
Figure 5. Graph of Porosity AMCs uses filler grain size 31 µm versus 164 µm 

 

Hardness 

The AMCs specimen with non-filler and produced by the hot-compaction process showed a hardness value of 38.67 

HRB. Figure 6 shows the chart comparing the hardness values of AMCs specimens using a filler powder of 31 µm and 

164 µm sizes. The hardness values of AMCs with 164 µm filler size tended to increase with increased wt.% SiO2, but 

after exceeding 20% SiO2, the hardness values of the specimens decreased, up to 30% SiO2. The same trend occurred in 

the hardness values of AMCs with 31 µm filler size, the difference being that the decrease was after exceeding 15% SiO2. 

This condition shows that a greater percentage of filler leads to greater dispersion strengthening; however, if the 

percentage of filler continues to be increased above 15-20%, then the filler powder cannot evenly fill small gaps, because 

smaller grain sizes lead to greater agglomeration and segregation or poor homogenous. Besides, the capability of the 

matrix for wettability and as a binder for a given filler volume decreases with increased wt.% of filler. This results in the 

mechanical bond between the surface matrix and the filler becoming weaker, as shown in Figure 7. 
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Figure 6. Hardness Graph of AMCs: (a) Hot-Compaction AMCs with 31 µm versus 164 µm fillers and (b) Sintered 

AMCs with 31 µm versus 164 µm fillers  

 

 

 

 

Figure 7. Secondary Electron (SE) SEM Images of AMCs Specimen Microstructures: (a) AMCs wt.0% SiO2 (non-

filler) (b) AMCs-31 µm -10% SiO2, (c) AMCs-164 µm -10% SiO2, (d) AMCs-31 µm-20% SiO2, (e) AMCs-164 µm -

20% SiO2, (f) AMCs-31 µm -30% SiO2 and (g) AMCs-164 µm -30% SiO2 
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    AMCs specimens with 164 µm filler showed higher hardness values than AMCs with 31 µm filler. In the process 

of powder metallurgy, this condition is mainly influenced by the agglomeration that occurs with a smaller filler size (31 

µm) compared to agglomeration with a larger filler size (164 µm) as shown in the images in Figure 7(b, d, f). This 

agglomeration is caused by the electrostatic energy of the powder, increasing in proportion to the decrease in powder size. 

The spread of 164 µm filler in AMCs occurred more evenly compared to the 31 µm filler, which tends to agglomerate, 

as shown in Figure 7(c, e, g). The best filler spread occurred for the AMCs-164 µm -20% SiO2 specimen, as in Figure 

7(e). Therefore, the greatest hardness value occurred for that specimen, with a hardness value of 78 HRB. The value for 

AMCs with non-filler only reached 46.67 HRB. Thus, the addition of filler powder for the AMCs-164 µm-20% SiO2 

specimen was able to increase AMCs hardness by up to 67%. Whereas, the highest hardness value for AMCs with 31 µm 

filler powder reached 76 HRB or increased by 63%. 

The problem of agglomeration that occurs in mixing powders of small sizes can be avoided through a mixing process 

that is performed better or more perfectly, for example mixing with the mechanical alloying method or mixing with 

chemical solutions to increase wettability, adhesiveness, and binding capacity [21, 22]. Consequently, this requires 

additional processes and costs. 

 

Wear Rate  

The data of the wear friction test is used to determine wear rate value by using Eq (4). The calculation results are 

shown in graph Figure 8. The lowest wear rate value was for the AMCs-164 µm-20% SiO2 specimen. AMCs specimens 

from both the hot-compaction process and the sintering process showed higher wear rate values for AMCs with a filler 

size of 164 µm compared to AMCs with a filler size of 31 µm. 

 

 
Figure 8. Wear rates of AMCs with 31 µm versus 164 µm fillers 

 

Microstructure and Analysis 

Microstructure analysis shown by Secondary Electron (SE) SEM images of Figure 9, supported confidence in the 

calculation of porosity (Table 3). SE SEM images of Figure 9(a) and (b) showed AMCs specimens' porosity without filler 

powder (low fillers). As well, SE SEM images of Figure 9(c) and (d) showed an increase in the number of pit pores, 

which are presented on the side of the enlarged image (on the 100 um scale image). However, SE SEM images of Figure 

9(e) and (f) showed the opposite condition, being a decrease in porosity, with a tendency for shallow-pore morphologies 

to appear, which are presented on the side of the enlarged image (on the 100 um scale image). Finally, images of Figure 

9(g) and (h) again showed an increase in porosity, even showing wide-pit pore morphologies, in which without an 

enlargement image, the pores are visible.   

 Figure 10 shows SE images from SEM photography of the imprints on several AMCs specimens as a reference for 

the analysis of the level and type of wear that occurred. SE images of Figure 10(a), (b) show the occurrence of plastic 

deformation and formation of deep groups, which indicate the occurrence of a mild-wear process through simultaneous 

adhesive wear and abrasive wear in AMCs specimens non-filler. The image of Figure 10(c) shows the chemical 

composition of elements found in the friction observation area, from SEM-EDS analysis results. The friction area of the 

matrix specimen was dominated by elements Al, O, Si, Cu, and Fe, and thus it may be possible that most of friction 

surface area contained the aluminium alloy matrix phase (Al-ZnSiFeCuMg ), and a small amount of SiO2 phase and Cu 

(FeO2) phase impurities, as shown in Table 4. 
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Figure 9. Secondary Electron (SE) SEM Images of AMCs Specimen Pores: (a, b) AMCwt.0% SiO2 (non filler) (c) 

AMCs-31 µm -10% SiO2, (d) AMCs-164 µm-10% SiO2, (e) AMCs-31 µm -20% SiO2, (f) AMCs-164 µm-20% SiO2 , 

(g) AMCs-31 µm -30% SiO2 and (h) AMCs-164 µm-30% SiO2 

 

Figure 10(d), (e) shows the SE images of AMCs-31 µm -10% SiO2 AMCs, where the friction that occurred resulted 

in plastic deformation, abrasive wear, and formation of shallow grooves, indicating mild-wear. Figure 10(f), (g) shows 

that for the AMC-164 µm -10% SiO2 specimen, cracks and abrasion occurred, indicating or characterizing hard-wear. 

Next, Figure 10(h), (i) shows the hard-wear process that occurs in AMCs-31 µm-20% SiO2 AMCs. Wear delamination 
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occurred in AMCs with wt.20%, especially in AMCs specimens with a filler size of 164 µm, as shown in SE images of 

Figure 10(j), (k) for the AMC-164 µm-10% SiO2 specimen. The distribution of the SiO2 powder dispersal, as shown in 

the SE image from Figure 7(e), affected the hard friction that occurred for the AMCs-164 µm -10% SiO2 specimen, and 

thus it is the specimen with the highest wear resistance and the lowest wear rate. Meanwhile, SE images from Figure 10 

images covers ; 10 (l), (m), (n), and (o) show the specimens with the highest wt.% of SiO2 (30%), where severe abrasive 

wear occurred, evidenced by the high amount of debris wear found for these specimens.  

 

 

 
Figure 10. Secondary Electron (SE) SEM Images of AMCs Specimen Wear: (a) and (b) AMCs non-filler, (c). EDS 

element of AMCs non-filler, (d) and (e) AMCs-31 µm-10% SiO2, (f) and (g) AMCs-164 µm -10% SiO2, (h) and (i) 

AMCs-31 µm -20% SiO2, (j) and (k) AMCs-164 µm-20% SiO2, (l) and (m) AMCs-31 µm-30% SiO2, (n) and (o) 

AMCs-164 µm-30% SiO2 

 

Table 4 shows the results of SEM-EDS observations regarding the composition of chemical elements found on the 

surface of the specimen friction plane. Seven main elements appeared for each examined AMCs specimen. However, 

three dominant elements were always found for each specimen, being aluminium (Al), oxygen (O), and silicon (Si), with 

the total composition of the three elements averaging above 97.5%. Therefore, from the results of SEM-EDS observations, 

it can be assumed that the phases contained for each specimen are a matrix of Al, O, and SiO2. 

Detailed analysis of AMCs specimens with filler sizes of 164 µm and 31 µm found that there were significant 

differences regarding the levels of SiO2 contained in the two groups of specimens. The Si content of AMCs-31µm-20% 

SiO2 was 8.4 % less than the Si content of the AMCs-164µm-20% SiO2 specimen, which was 12.1%, although the 

research design instituted the addition of SiO2 filler of the same wt.% (wt.20%). The condition also occurred for the 

AMCs-31 µm -30% SiO2 specimen, which had a smaller Si level of 8.4% compared to the AMCs-164 µm-30% SiO2 
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specimen, which was 12.7%, even though the added SiO2 fillers were of the same wt.%. So, the specimens with 31 µm 

filler, agglomeration and segregation has a high chance of occurring, as shown in Figure 7(d, f), which results in a weaker 

mechanical bond between the surface of the matrix and the surface of the filler, and consequently greater wear and SiO2 

erosion as evidenced by the wear test, in comparison to AMCs with 164 µm filler. Therefore, AMCs with the addition of 

SiO2 filler of 164 µm powder size had a lesser wear rate or greater wear resistance than AMCs with the 31 µm filler, 

being 0.00041 g/m and 0.00113 g/m respectively. 

 

Table 4. List of chemical compositions of each specimen at the friction area test by SEM-EDS analysis 

Element 

 

Specimen 

Al O Si Cu Fe Zn Ti Other 
Possible phase 

matrix 
Wt (%) 

AMCs non- filler 75.3 13.9 5.5 2.1 1.5 1.3 - 0.4 Al, SiO2, Cu(FeO2) 

AMCs-31µm- 10% 

SiO2 
64.6 20.7 8.6 2.2 2.1 1.7 - 0.1 

Al, SiO2, Cu 

(FeO2),ZnO 

AMCs-164 µm -10% 

SiO2 
64.2 21.2 8.3 2.3 2.0 1.6 0.4 - 

Al, SiO2,Cu 

(FeO2),TiO 

AMCs-31µm - 20% 

SiO2 
40.3 35.5 8.4 1.7 2.4 1.2 0.1 0.2 

Al,SiO2, Cu 

(FeO2),TiO 

AMCs-164 µm -20% 

SiO2 
50.8 30.9 12.1 1.8 2.1 1.2 0.9 0.2 

Al, SiO2, Cu 

(FeO2),TiO 

AMCs-31 µm - 30% 

SiO2 
38.7 41.8 8.4 1.0 1.8 1.5 0.2 0.5 

Al, SiO2, Cu 

(FeO2),TiO 

AMCs-164 µm -30% 

SiO2 
40.8 41.6 12.7 1.5 2.3 0.5 0.6 0.5 

Al, SiO2, Cu 

(FeO2),TiO 

 

CONCLUSIONS 

The research on the production of AMCs using a matrix of Al-ZnSiFeCuMg aluminium alloy reinforced with silica 

sand tailings filler, using the powder metallurgy method and involving several material characterizations, had been 

successfully carried out and resulted in the following conclusions: 

1) Testing of the chemical composition of recycled Al-ZnSiFeCuMg aluminium alloy using laser Spectro and EDS 

indicated several element impurities such as Ca, Zr, Mg, Ti, and others up to a maximum impurity percentage of 

0.5%. However, this aluminium alloy can function as the best matrix and binder for adding silica sand tailing fillers 

with a percentage of weight 20%, compared to variations in other weight percentages of fillers (5%-10%-15%-25%-

30%).  

2) Silica sand tailings from tin mining waste in Bangka Belitung, Indonesia, has SiO2 levels that exceed 80%. The 

silica tailings powder can be used directly as a filler in the manufacture of AMCs without having to undergo the 

leaching process first, which requires a very high cost. 

3) Results of observations using SEM images showed that the use of silica tailings filler of 31 µm grain size in the 

manufacture of AMCs tended to lead to high agglomeration and segregation compared to silica tailings filler of 164 

µm grain size. This agglomeration resulted in relatively high porosity of AMCs, between 16% - 25%. 

4) The mechanical properties of AMCs with silica tailings filler of 164 µm grain size were better than AMCs with 

silica tailings filler of 31 µm grain size. The addition of silica tailings filler of 164 µm grain size up to wt.20% to 

the Al-ZnSiFeCuMg aluminium alloy matrix was able to increase the hardness of AMCs by 67%, from 46.67 HRB 

in AMCs non-filler to 78 HRB, with a wear rate of 0.00041 g/m. Meanwhile, the addition of silica tailings filler of 

31 µm grain size up to wt.20% to the Al-ZnSiFeCuMg aluminium alloy matrix could increase the hardness of AMCs 

by 63%, from 46.67 HRB to 76 HRB, with a wear rate of 0.00113 g/m. 

5) The wear test result using the pin-on-disc method, then characterized using the SE image SEM-EDS analysis has 

helped to clarify the phenomenon of severe-mild wear rate that occurs. The smallest percentage of silica filler weight 

(wt.5% SiO2) showed the occurrence of severe adhesion wear because the matrix material is mild and ductile, while 

the largest percentage of silica filler weight (wt.30% SiO2) showed the occurrence of severe abrasion wear due to 

the influence of filler clumping and brittleness. 
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