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AbStRACt: The fabrication and characteristics of amorphous silica reinforced 
Al matrix composites are studied in this paper. The major starting materials were 
commercial Al powder and extracted nanoparticle SiO2 (NPS) powder from Indonesian 
silica sands. Two different active solutions, namely N-butanol and tetramethylammonium 
hydroxide (TMAH), were introduced during synthesis. Characterisations in terms 
of physical, mechanical, microstructural and corrosion rate examinations were also 
employed. Introducing the SiO2 nanoparticles into the Al matrix has decreased the density 
and increased the porosity of the composites. The addition of N-butanol into Al/SiO2  
(Al/SiO2(B)) led to broader and lower X-ray diffraction profiles than the addition of  
TMAH (Al/SiO2(T)). From the microstructural analysis, we found that the SiO2 particles 
enter and agglomerate into the opening gap of the Al sheets. Furthermore, yield strength, 
ultimate compression strength and modulus of elasticity tended to reduce the addition of 
SiO2. The corrosion rate of Al/SiO2(T) was lower than that of Al/SiO2(B) composites.

Keywords: Aluminium, silica (SiO2), Al/SiO2 composite, mechanical strength, corrosion 
rate
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1. INtRODUCtION

Aluminium is one of the most popular non-ferrous metal matrix composites (MMCs) 
due to its excellent characteristics in terms of low density, good corrosion, high 
acid resistance, and high thermal and electrical conductivities.1,2 Aluminium-based 
MMCs with Al2O3 and SiC reinforcements have enhanced some important material 
properties like tensile strength, elastic modulus, hardness, wear resistance, thermal 
conductivity and corrosion resistance.3,4

Latest studies reveal that SiO2 has become a potential reinforcement in aluminium-
based MMCs due to its prospective applications for automotive, defence, chemical, 
and oil and natural gas industries.6–9 Selecting SiO2 as the reinforcement in 
aluminium-based MMCs improves their impact strength, hardness, porosity, wear 
and corrosion resistance, but reduces the ductility, toughness, tensile strength, 
elastic modulus and thermal conductivity.6–7,10–14 Concerning corrosion resistant 
property, a potentiodynamic polarisation system has been used to investigate 
corrosion characteristics of Al and its alloys, Al/SiCp (6061Al-SiC) and Al-fly 
ash.15,17–19 Their corrosion rate increases along with the increasing temperature, 
medium concentration and profile of pitting corrosion in the surface. 

This study deals with the simple approach of producing Al/SiO2 composites prepared 
by two different active solutions, i.e., N-butanol and tetra-methyl-ammonium-
hydroxide (TMAH), as well as their microstructural and mechanical characteristics. 
Furthermore, the corrosion rate of the composites will also be studied. To the best 
of our knowledge, a comprehensive examination of the properties of amorphous 
nano-silica-reinforced aluminium employing various active solutions as media 
mixing matrix and filler has, so far, has rarely been reported.

2. EXPERIMENtAL

The raw materials were Al powders (Merck) and extracted amorphous SiO2 
powders with an average crystallite size of around 35 nm that were prepared from 
natural silica sands.20 The elemental contents of those raw materials are detailed 
in Table 1. Al/SiO2 composites were synthesised with varying content of SiO2 (in 
vol.%): 0, 5, 10, 15, 20, 25 and 30 by simply mixing Al and SiO2 in two different 
active solutions, namely N-butanol and TMAH, for 2 h. The mixtures were then 
dried at 120°C for 12 h. The dried powders were uniaxially pressed in a metal 
die by applying a pressure of 200 N m–2 to produce cylindrical samples with a 
thickness of 10 mm and a diameter of 13 mm. Heat treatment was given to the 
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samples by pre-sintering at 200°C for 0.75 h, followed by vacuum sintering at 
500°C for 2 h. The sintered samples were labeled as Al/SiO2(B) and Al/SiO2(T), 
standing respectively for N-butanol and TMAH treatments.

Table 1: Elemental contents of Al and nano-SiO2.

Powders
Element (wt.%)

Al Si P Ca Ba V Cr K Fe Ni Others

Al 98.10 0.00 0.68 0.41 0.08 0.06 0.02 0.00 0.36 0.02 < 0.01
SiO2 0.00 97.30 0.00 1.00 0.00 0.05 0.00 0.16 1.08 0.00 < 0.01

Phase compositions within the composites were evaluated using Cu-Kα radiation 
X-ray diffraction (XRD) data. Elemental mapping and microstructures were 
analysed by scanning electron microscopy and energy dispersive spectrometry 
(SEM-EDX) module. Density and porosity were measured using the Archimedes 
principle, while the mechanical properties were investigated through a compression 
test. The corrosion rate was studied by potentiodynamic polarisation using stainless 
steel as the calculating electrode, Al/SiO2 composite as working electrode, and 
Ag/AgCl as a reference electrode. ANOVA analysis was employed to evaluate 
the Tafel curve using Butler-Volmer mathematical expression, and polarisation 
resistance was calculated using the Stern-Geary equation.15 The Tafel analysis 
yielded some important corrosion parameters, namely, the calculated corrosion 
potential (Ecor,Calc), the observed corrosion potential (Ecor,Obs), corrosion current 
(icorr), corrosion current density (jCorr), polarisation resistance (Rp) and corrosion 
rate (VCorr (mm/y)).16–18

3. RESULtS AND DISCUSSION

3.1 Mechanical Properties

Figure 1 shows the characteristic density and porosity of the prepared composites. 
In general, for samples with 5% to 20% SiO2 content, the density decreased and 
therefore, the porosity increased. This was in line with the previous report.14 The 
lowest density (the highest porosity) was shown by the 20% SiO2 sample, while 
the highest density (the lowest porosity) was shown by 5% SiO2 sample, which 
proved to be the best among the samples. Figure 1 illustrates that there is no strong 
influence in employing N-butanol and TMAH solutions as mixing media during 
the sample preparation.
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Figure 1: Plots of (a) density, and (b) porosity of Al-SiO2 composites.

Measured modulus of elasticity (Ec) of the Al/SiO2 composite is given in  
Figure 2(a). The sample with 5% SiO2 content demonstrated the highest Ec, and 
the sample with 5% SiO2 showed the lowest Ec. The decreasing trend of Ec may be 
due to individual Ec of both Al and nano-SiO2, respectively having values of about 
69 GPa and 72 Gpa.6,7 As we may observe in Figure 2, the modulus of elasticity 
does not merely decrease; it increases when the SiO2 content exceeds 20%. This 
behaviour can be explained by the rule of mixture principle in which the upper 
bound and lower bound for the two components, Al and SiO2 are relatively closer.21 
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Figure 2: Plots of (a) measured, and (b) calculated modulus of elasticity of Al/SiO2.
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Nevertheless, the porosity should be considered for evaluating the modulus 
of elasticity.8,22 Since we introduced SiO2 as discontinuous reinforcement, the 
modulus of elasticity with porosity involvement can be best computed using 
Sprigg’s equation, where Epore and Eo are respectively the theoretical moduli of 
elasticity with and without porosity considerations, b is a constant for the filler 
ratio factor having value of around 3.95, and P is porosity. As it is well known, the 
Eo can be calculated using the Halpin-Tsai expression.21,22 

Epore = Eoe−bP (1)

100

120

300 5 10 15 20 25

110

(a)

70

80

60

90

50

Volume fractions of SiO2 (%)

Al/SiO2 (T)
Al/SiO2 (B)

Y
S 

(M
Pa

)

140

40

130

100

120

300 5 10 15 20 25

110

(b)

70

80

60

90

Volume fractions of SiO2 (%)

Al/SiO2 (T)
Al/SiO2 (B)

U
C

S 
(M

Pa
)

140

150

130

Figure 3: Plots of (a) yield strength, and (b) ultimate compression strength of Al/SiO2.
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In Figure 2(b), the Epore characteristic of the composites is seen as showing the same 
trends but having larger values as compared to the Ec characteristic. These trends 
accord well with another report introducing nano-sized SiO2 into the Al matrix, 
which would enhance the modulus of elasticity up to about 14 Gpa.7 Meanwhile, for 
micron-sized SiO2, reinforcement may give only around 0.240 Gpa.11 Our present 
study exhibited that the maximum modulus of elasticity attained was 61.28 GPa 
and 62.43 GPa respectively for Al/SiO2(B) and Al/SiO2(T) samples with 5% SiO2. 
This finding signifies that the addition of 5% SiO2 leads to the most superior  
Al/SiO2 composite in terms of its modulus of elasticity.21,23 The characteristics of 
yield strength (YS) and ultimate compression strength (UCS) of Al/SiO2 are given 
in Figure 3, and they agreed with other investigations.7,11,14 Both UCS and YS of 
Al/SiO2(T) were slightly greater than those of Al/SiO2(B), implying that the use of 
TMAH may enable more homogenous distribution of SiO2 within the composites.

3.2 Microstructures

Figures 4 and 5 show the representative XRD spectra for Al/SiO2(B) and Al/
SiO2(T) composites after their phase identification. From Figure 4, we can see that 
only Al (reference code 00-004-0787) and γ-Al2O3 (00-002-1420) are present in 
all composites. Figure 2 also clarifies the noncrystalline SiO2 content through the 
absence of any SiO2 peak, implying that the whole treatment in all the processes 
did not transform the structure of silica from amorphous to crystalline state. The 
occurrence of γ-Al2O3, especially in Figure 5, indicates that γ-Al2O3 is likely to 
form due to sintering Al/SiO2 mixtures. OH- ions can easily react with Al powders 
forming aluminium hydroxide (γ-Al(OH)3), which in turns transforms into γ-Al2O3 
after sintering.24–28

Adding N-butanol and TMAH as the active solutions along with Al/SiO2 synthesis 
strongly affects the crystalline states and sizes of the composites. More amorphous 
state and smaller crystallite size, which are qualitatively indicated by the broader 
and lower XRD peaks, are obtained by Al/SiO2(T) rather than Al/SiO2(B) (see 
Figures 4 and 5). This evidence indicates that the addition of TMAH may reduce 
the dominance of Al in the composites. Also, more γ-Al2O3 formed in Al/SiO2(T).
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Figure 4: XRD profiles for Al/SiO2(B) composites: #0 for pure Al; #5-B for 5% SiO2; 
#10-B for 10% SiO2; and so forth. The letter B indicates the N-butanol addition 
during synthesis.

Figure 5: XRD profiles for Al/SiO2(T) composites: #0 for pure Al; #5-T for 5% SiO2; 
#10-T for 10% SiO2; and so forth. The letter T indicates the TMAH addition 
during synthesis.
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Figure 6: Illustrations of (a) micrographical, and (b–c) elemental mapping of Al observed 
using 1000X magnification.

(c)

(a) (b)

Figure 7: Illustrations of (a) micrographical, and (b–c) elemental mapping of Al/SiO2(B) 
composite with 5% SiO2 observed using 1000X magnification.
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Figure 8: Illustrations of (a) micrographical, and (b–c) elemental mapping of Al/SiO2(T) 
composite with 5% SiO2 observed using 1000X magnification.

Figures 6, 7 and 8 show respectively the micrographic images as well as the 
elemental mapping for pure Al, 5% SiO2 in Al/SiO2(B), and in Al/SiO2(T). In 
the figures, it is seen that Al appears like sheets, with SiO2 particles entering and 
agglomerating into the opening gaps in the sheets. Grains of Si, Al and O elements 
are present. The sheets of Al appear very clearly in Figure 6. Also, larger and more 
homogenous grains of Al are found in Figure 7(a) as compared to Figure 8(a).  
In Figure 8(b), the elemental mapping viewpoint, more of γ-Al2O3 can be detected. 
Different elemental contents of the samples of Al/SiO2(B) and Al/SiO2(T) with 5% 
SiO2 are shown in Figures 7(c) and 8(c). These results seem to support the XRD 
data as previously discussed.

The more detailed micrographs of non-homogenous distribution of amorphous 
SiO2 within Al matrix are presented in Figure 9 (#25-B sample). Even supposing 
that SiO2 has a large specific surface area due to its nano-sized structure, its 
agglomeration remains observed, shown in Figure 9(c). The distribution of the 
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reinforcement, in this case SiO2, is affected by its size.1,7,21 Also, the large specific 
surface area of SiO2 plays an important role in the interfacial bonding of the 
composite.8 In Figure 9, the presence of interfacial bonding between Al and SiO2 
with sphere-plane characteristic is also illustrated. This type of bonding contributes 
to the enhanced mechanical properties of the composites. The elemental mapping 
in the selected grain and the grain boundaries of Al/SiO2(B) with 15% SiO2 (#15-
B sample) are shown in Figure 10. In terms of wt%, the highest and the lowest 
Al contents are found respectively in the areas 1 and 3, which are simultaneously 
correlated to the lowest and the highest Si contents respectively. Again, Figures 9 
and 10 very well support the XRD data, especially as the evidence of the presence 
of the γ-Al2O3 phase. 

(b)(a) (c)

Figure 9: SEM micrography for Al/SiO2(B) with 25% SiO2 (#25-B) using (a) 5,000X 
magnification, (b) zooming in Z1 area with 20,000X magnification, and  
(c) zooming in Z2 area with 150,000X.

1

2
3
+

 5 μm

Area Element Wt% At%

1 O
Al
Si

12,40
81,77
 5,83

19,32
75,51
 5,17

2 O
Al
Si

17,21
76,81
 5,98

26,01
68,84
 5,15

3 O
Al
Si

25,21
61,28
13,51

36,41
52,48
11,11

Figure 10: EDS elemental mapping of Al/SiO2(B) with 15% SiO2 (#15-B sample) in grain 
boundaries. The elemental content was observed from areas specified (1, 2, 3) 
on the figure.
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3.3 Corrosion Rate 

The results from the Tafel curve analysis and its parameters for Al/SiO2 composites 
with volume fraction 0% SiO2 or bulk-pure Al are represented in Figure 11 and 
Table 2. The corrosion parameters obtained from the Tafel curve analysis for Al/
SiO2 composites are shown in Table 3. The corrosion rate and the current density 
were calculated using the Stern-Geary equation:27 
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where C is a constant that labels the corrosion rate units divided by the specimen 
density and area, and Weq is equivalent to the weight of the material.
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Figure 11: Tafel curve for Al/SiO2 (#0 sample) composites from potentiodynamic 
polarisation test with 1M NaCl medium at room temperature. 

The corrosion rates of all composites (#0 sample and Al/SiO2 samples) can be 
seen in Figure 12. The corrosion rates of Al/SiO2(B) and Al/SiO2(T) clearly have 
different trends. The corrosion rates for both types of composites, Al/SiO2(B) and 
Al/SiO2(T), increase with increasing SiO2 content. Introducing TMAH during 
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the synthesis leads to lower corrosion rates than those produced by N-butanol.  
In comparison, the corrosion rates of Al/SiO2(T) with incorporation of 0%, 5%, 
10%, 15%, 20%, 25% and 30% of SiO2, were respectively 0.05504 mm y–1,  
0.03461 mm y–1, 0.05749 mm y–1, 0.16936 mm y–1, 0.19117 mm y–1,  
0.15807 mm y–1 and 0.10831 mm y–1. Meanwhile, the corrosion rates of  
Al/SiO2(B) with an addition of 0%, 5%, 10%, 15%, 20%, 25% and 30% of 
SiO2, were 0.05504 mm y–1, 0.03968 mm y–1, 0.09975 mm y–1, 1.61440 mm y–1, 
1.7020 mm y–1, 1.434 mm y–1 and 1.3246 mm y–1, respectively. This implies 
that the presence of 20% of SiO2 in the Al/SiO2(B) (VCorr ≈ 1.7020 mm y–1) is 
roughly ten times less corrosive than in the Al/SiO2(T) (VCorr ≈ 0.19117 mm y–1).  
Furthermore, the Al/SiO2 for the volume fraction of 5% of SiO2 not only has a 
higher corrosion resistance than bulk pure-aluminium (#0), but also the most 
excellent mechanical properties, i.e., modulus elasticity, yield strength, and 
ultimate compression strength (Figures 2 and 3).  

Table 2: Data of Tafel analysis with NOVA software for Al/SiO2 sample (#0, example).

Parameter Tafel analysis Result

Open circuit potential, OCP –0.329 V
Coef. of Tafel anodic, βa 603.090 mV dec–1

Coef. of Tafel cathodic, βc 386.260 mV dec–1

ECorr calculation –325.240 mV
ECorr observation –326.210 mV
jCorr 4.73680 µA cm–2

icorr 2.430 µA
Corrosion rate, VCorr 0.055042 mm y–1

Polarisation resistance 42.0800 kΩ
E begin –399.020 mV
E end –256.960 mV
x2 3.7607E-15
Iterations 60

Sample parameters:
Density 
Equivalent weight 
Surface area 
Number of significant digits

7.86 g cm–2

27.925 g mol–1

0.513 cm2

5

Also, both Al/SiO2(T) and Al/SiO2(B) show nearly the same value of corrosion 
rate at 5% SiO2 and demonstrate the best reductive characteristic in chloride-
based environments. But, the presence of 5% of SiO2 in the Al/SiO2(T) has a 
corrosion resistance stronger (VCorr ≈ 0.03461 mm y–1) than in the Al/SiO2(B)  
(VCorr ≈ 0.03968 mm y–1). It is because of the more amount of γ-Al2O3 phase  
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formed at Al/SiO2(T) than Al/SiO2(B) (EDX or elemental mapping shown in 
Figures 7(b and c) and 8 (b and c); and XRD datas (Figures 4 and 5). Particles 
of amorphous silica fill the gaps among the Al layers to prevent corrosive agents 
from terminating the composites. Also, more SiO2 aggregates initiate the presence 
of agglomeration (Figure 9c), which in turn reduces corrosion rates (Figure 12).
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Figure 12: Corrosion rate (VCorr) of Al/SiO2. T refers to TMAH solution and B refers to the 
N-butanol solution.

4. CONCLUSION

Al/SiO2 composites were successfully produced using a simple metallurgical 
approach and employing commercial Al powders and extracted amorphous SiO2 
powders from Indonesian natural silica sands. From the phase and microstructural 
evaluations, it was shown that besides crystalline Al and amorphous SiO2, 
γ-Al2O3 were formed within the composites as had been predicted as the physical 
consequences of the presence of active solutions and sintering.

The addition of SiO2 reduced the density or increased the porosity of the composites. 
Reduction of other physical properties in terms of yield strength and compression 
strength, ultimate compression strength, and modulus of elasticity were also 
observed due to the addition of SiO2. The composite with 5% SiO2 exhibited the 
highest values of yield strength, modulus of elasticity and ultimate compression 
strength. Furthermore, corrosion rates (VCorr) in the case of Al/SiO2(T) were lower 
than that of Al/SiO2(B) composites. 
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