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This study has used the powder metallurgy route to investigate the influence of varying ratios of SiO. and CrB:
reinforcement on the mechanical properties of aluminium-copper alloy. Aluminium-copper alloys have been used in the
fabrication of aircraft and automobile components. In the present work, SiO has been synthesized by a sol-gel process, and
UV-Vis and FTIR analyses have confirmed the quality of the synthesis. Varying ratios (0:1, 0.5:1, 1:1) of CrB2 and SiO-
have been mixed with Al+4wt% Cu, and the mixture undergoes cold compaction and sintering. The mechanical properties
of the base metal alloy and hybrid composites have been compared. A maximum sintered density of 92.1% has been
observed after reinforcement. Hardness values have consistently increased with increasing reinforcement amount. Adding
5 wt% of CrB: and SiO: has increased hardness by 52%, whereas compression strength has decreased by 34.4%. As the
ceramic percentage has increased, compression strength has decreased, contrary to the reported trend. Inhomogeneously
dispersed ceramic particles on a metal matrix and poor interfacial bonding have been attributed to this reduction. The results
have inferred that the homogeneity of reinforcement distribution serves as a decisive factor in determining the ultimate
mechanical properties of composites fabricated via powder metallurgy
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1 Introduction

The demand for high strength-to-weight ratio
materials having lightweight properties is growing
daily in the automotive sector'®. Aluminium with low
density (2.7 g/cm®) and good corrosion resistance is a
promising base material for such applications.
However, its low hardness, yield strength, and wear
resistance restrict the use in many demanding
situations. To overcome these limitations, aluminum
can be reinforced with hard particles such as
carbides and oxides’. Particle-reinforced aluminum
matrix composites exhibit enhanced performance
characteristics and can retain their mechanical
properties at high temperatures over standard
aluminum alloys®. Traditional methods such as stir
casting and squeeze casting routes at the liquid state
and solid state manufacturing methods (friction stir
welding, high energy ball milling, diffusion bonding)
are generally used to fabricate Aluminum composites®*,
Previous studies found that aluminium-based
composite fabricated by traditional casting methods
has poor wettability because of the agglomeration of
reinforcement particles, which leads to a depletion of
mechanical properties. Aluminum powder metallurgy

*Corresponding author (E-mail: mvenkat@mech.sastra.edu)

(P/M) is a cross-variable engine platform, which
represents a reliable and economically viable
manufacturing technology that can overcome the
above-mentioned difficulties™.

Al-Cu alloy, having light weight and high load-
bearing capacity, was used to fabricate aircraft fittings
and automotive components™. Among the alloy
elements, copper has a good strengthening effect and
high solubility within the Al matrix™. There are several
investigations on Al-4wt% Cu alloys, which detail that
due to age hardening, there is an improvement in their
mechanical properties and the capacity to attain
uniform phase dispersion through solid state
methodology'®™. High-performance ceramics such as
Al,Os, SIO,, ZrO,, SiC, TiC, B4,C, WC, ZrB,, TiB,,
BN, AIN, SiN,, fly ash and graphene are used as
reinforcement material®®? to increase the strength of
Al matrix. Adding ceramic particles in the Al matrix
reduces stiffness; this can be resolved by decreasing the
size of the ceramic particle to the nanometer scale®.
Hybrid reinforcement applications utilize composite
materials, including Al,05-SiC*, B,C-SiC*®, B,C-
BN? Si-TiO,”, SiC-graphine® and have been
processed into hybrid reinforcement materials.

This study uniquely examines the SiO,-CrB,
reinforcement in AI-Cu composites, a previously
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investigated combination. Adding chromium boride
improves the composite's mechanical, electrical, and
corrosion resistance properties®. Reinforcement of
5% of SiO, in the Al matrix results in better modulus
of elasticity, yield strength, and ultimate compression
strength®. Nallusamy et al.* found that Al composite
material having 4wt% % - 6wt% % of SiO, enhanced
tensile strength, yield strength, and % of elongation.
SiO, is synthesized by several methods, such as
extraction from rice husk®, sol-gel process®,
devitrification®, etc. In these methods, Sol-Gel is the
cost-effective method®, having advantages such as
large area deposition at atmospheric temperature,
excellent homogeneity, accurate composition control,
and the ability to coat curved surfaces.

This study reports the fabrication of lightweight
metal matrix composites, reinforcing CrB, and
synthesised SiO, in AI-Cu matrix alloy through
compaction and sintering. Mechanical properties,
including density, hardness, and compressive
strength, are examined to determine the role of these
reinforcing agents.

2 Materials and Methods

2.1 Synthesis of silica by sol-gel process

Initially, 12.5 ml of concentrated Hydrochloric
Acid is dissolved in 35 ml of Deionized Water. The
mixture is stirred with an electromagnetic stirrer with
a hot plate at 350 RPM for 5 minutes at room
temperature in the fume hood. The solution turns
cloudy as HCI is added. 25 ml of TEOS is dissolved
in 25 ml of absolute Ethanol. The mixture of
TEOS and Ethanol is added to the latter solution at a
constant temperature and stirring RPM. After
60 minutes of stirring, a cloudy solution is obtained,
and the prepared sol is kept idle at room temperature
for aging. The reaction occurring during the process is
shown in equation (1).

Si(0C?*H>)* + 4H?0 + HCl —» Si(OH)* +
4C2H°0H —» Si— 0 —Si + H*0 + C?H°0H -
Si0, + 2H,0 .. (D)

After aging, the gel is dried at 120°C in the HTLP
45L hot air oven for 24 hours, forming silica crystals.
The obtained crystals are ground with a pestle and
mortar to get fine powders and then calcined at 700°C
for 2 hours in the SA2-4-17TP box-type high-
temperature furnace.

Elemental powders of high purity, namely
Aluminum fine powder (98%), copper metal powder
(99.99% - electrolytic grade), were purchased from
LOBA CHEMIE, while chromium boride (99%) was
purchased from Alfa Aesar. Finely ground SiO, powder
synthesized by the sol-gel process was employed.
Al with 4 wt% Cu was reinforced with 5 wt % SiO,,
2.5 and 5 wt% CrB, and was homogenized using a
motor mixer to achieve a homogeneous mixture.

Al,Cu matrix alloy and Al,Cu-based composites
were cold compacted using a manual hydraulic press
of a maximum capacity of 450 MPa. Green pellets of
10mm diameter and 15 mm thickness were obtained
at the end of the process. Zinc stearate (10-15% ZnO)
from Sisco Research Laboratories Pvt. Ltd was used
as a lubricant to avoid internal friction in the die. The
green pellets were sintered at a temperature of 550 °C
at a heat rate of 10 °C/min for 1.5 hours with a
continuous Argon gas flow. The sintered samples
were left for furnace cooling.

UV-vis and FTIR analyses were done on the sol-
gel product to confirm the formation of SiO,. X-ray
diffractometer (XRD) was used for phase analysis.
Archimedes method was employed to determine the
densities of the sintered samples. Sintered samples
were polished using SiC abrasive sheets (grades
ranging from 400 to 2000 grit) and a disc polishing
machine with alumina suspension, and etched with
Keller’s reagent (1.5 ml HCI, 2.5 ml HNO3, 1 ml HF,

Fig. 1 — SEM image of (a) Al,Cu, (b)Al,CusSiO, , (c)Al,CusSiO, -2.5CrB, and (d)Al,CusSiO,-5CrB, composite powders.
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95 ml Distilled Water). An optical microscope was
used to observe the microstructure of the samples.
Hardness measurements were done by using Struers
micro Vickers hardness tester (DuraVista-80) with a
load of 259 and dwell time of 10 seconds. The
compressive strength of Al alloy was assessed using a
cylindrical sample (L/D ratio of 1.5) with a strain rate
of 0.18mm/min. The nomenclature details are given in
Table 1. The results and discussion are detailed in the
next section.

3 Results and Discussion

3.1 Confirmation of silica

The confirmation of SiO: particles was carried out
using Fourier Transform Infrared Spectroscopy
(FTIR), by employing an Agilent Cary 630 FTIR
spectrometer. This technique is widely utilized for
identifying functional groups and bonding structures
in materials due to its high sensitivity and specificity.
The transmittance spectra were recorded in the
6004000 cm™ range to capture the characteristic
vibrational modes associated with silica and related
bonds.

For FTIR analysis, the silica sample was finely
ground and homogeneously mixed with Aldrich

Table 1 — Compositions and sample codes of the
reinforcement mixtures.

Composition Sample code
Al-4 wt% Cu Al4Cu
Al-4 wt% Cu- 5 wt% SiO, Al4Cu5SiO,

Al-4 wt% Cu-5 wt% SiO,-2.5wt %  Al4Cu5SiO, -2.5CrB,

CrB,
Al- 4 wt% Cu- 5 wt% SiO,-5 wt%  Al4Cu5SiO,-5CrB,
CrB,
»un,‘wia‘lfd’
-l L =
L'} /7
*‘w”',
3467
S
[0
e
©
=
£
2
©
=

potassium bromide (KBr - 99% pure), using a 2:98
sample-to-KBr ratio. The choice of KBr is necessary
as it is IR-transparent and does not interfere with the
spectral region of interest. Approximately 200 mg of
the mixture was pressed into transparent pellets under
high pressure to ensure uniform thickness and density,
critical for minimizing scattering and enhancing
spectral resolution. A background scan using pure
KBr pellets was recorded before the sample
measurement to eliminate ambient or material-related
interferences.

As shown in Fig. 2, the FTIR transmittance
spectrum shows a broad absorption band centered at
3462 cm™, corresponding to the O-H stretching
vibrations associated with adsorbed moisture. The
distinct peak observed at 1650 cm™ denotes the
stretching vibration of silanol (Si—OH) groups. These
features indicate the hydrophilic nature of the
synthesized silica surface.

Characteristic peaks identified at 1098 c¢cm™ and
795 cm™, confirms the presence of asymmetric and
symmetric stretching vibrations of Si—O-Si bonds,
respectively. These peaks are the most characteristic
signatures of the siloxane (Si—-O-Si) framework in
silica. The spectral profile agrees with previously
reported FTIR data for amorphous silica®, confirming
the successful synthesis of SiO- in the sample.

For further confirmation of the presence of Silica,
UV-Visible spectroscopy was conducted using a
HoverLabs UV-Vis spectrophotometer. The analysis
was performed in the wavelength range of 190-1100 nm
to assess the material's absorption behavior in the
UV-VIS range.
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Fig. 2— FTIR spectra of the synthesized silica sample by the sol-gel process.
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E Péré et al.*® found that the pure silica does not
exhibit significant absorbance below 250 nm due to
its wide band gap (approximately 8-9 eV), which
prevents electronic excitation under UV-Vis radiation.
Consistent with this, the obtained spectrum of the
prepared silica showed minimal absorbance below
250 nm, as seen in Fig. 3. Also, there is a gradual and
continuous decline in absorbance with increasing
wavelength. The absence of sharp absorption peaks
indicates a lack of chromophoric impurities or defects
within the silica matrix®.
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Fig. 3 — UV vis absorption spectrum of synthesized silica
particles.

These  spectroscopic  analyses confirm the
successful formation of high-purity silica with well-
defined structural and optical characteristics.

The microstructural image of the Al4Cu composite
has a fine grain structure, which is depicted in
Fig. 4(a). A few dark, irregularly shaped spots
distributed in the matrix are observed, which are
likely the ceramic particles introduced into the
composite. These dark regions increase as the
percentage of ceramic particles increases, as shown in
Fig. 4(b-d). The formation of the intermetallic phases
and the presence of ceramic particles have been
additionally validated by X-ray Diffraction (XRD)
analysis.

The XRD patterns of Al4Cu and its composites are
shown in Fig. 5, which demonstrates that only the
peaks of Al and Al,Cu phase are formed in all the
sintered samples®. This proves that no intermediate
phase formation occurred during the sintering process.
Ganesh et al® stated that the formation of
intermetallic Al2Cu occurs at 548 °C due to the
interaction between Al and Cu. Aravind et al.®
observed the higher peaks of Al and Al,Cu during
sintering. The XRD results show that the synthesized
silica is amorphous; therefore, no distinguishable
peaks were observed®. The XRD pattern for the CrB,

Fig. 4 — Microstructure of (a) Al,Cu, (b) Al,CusSiO,, (¢) Al,CusSiO, -2.5CrB,and (d) Al,CusSiO,-5CrB,
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Fig. 5 — XRD patterns of the sintered composites.
Table 2 —Density of the sintered composites.
Sample Theoretical Archimedes Relative
Density (g/cc) Density (g/cc)  Density (%)
Al4Cu 2.78 2.47 88.84
Al4Cu5Sio, 2.77 2.46 88.87
Al4Cu5SiO, - 2.81 2.59 921
2.5CrB,
Al4Cu5SiO,- 2.84 2.36 83.09
5CrB,

peaks agrees with the previous investigation*’. From
the study, it can be concluded that neither the silica
nor the chromium boride particles decomposed to any
other form or phase during the sintering process.

The theoretical densities of Al4Cu and reinforced
Al4Cu matrix were calculated by the rule of mixtures.
The Relative density and Archimedes density are
mentioned in Table 2. The density increases as
the wt% of reinforcement increases because Cu
(8.94 g/cc) and CrB, (5.15 g/cc) have high densities.
The relative densities of sintered samples range
between 83.09% to 92.1%. Leszczynska et al.** found
that Al-4wt% Cu after compaction and sintering had
a relative density of 89%. Relative densities of
Al-4wt% Cu range between 81% to 91% and were
reported in a study by Wolla et al.* The formation
of intermetallic precipitates such as Al,Cu, AlgCuy,
reduced densification produced by SPS, and was
investigated by Kim et al. From the previous studies,
Al+4wt% Cu had a relative density of 89% which is
quite similar to the result obtained®. This is due to the
presence of intermetallic precipitate Al,Cu (has a
density of about 4.4 g/cc).

Hard and brittle particles reinforced in a ductile
metal matrix reduce the diffusion between the metal
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Fig. 6 — Hardness values of (a)Al,Cu, (b) Al,CusSiO, , (c)

Al,CusSiO, -25CrB, and (d) Al,CusSiO,-5CrB, sintered
composites.

particles during sintering**. This is because low

diffusion densification is diminished. AI4CuSiO,-
2.5CrB, had the highest density of 92.1% when
compared to Al4Cu. There is a 3.6% increase in
relative density. An increase of 2.5 % of CrB2
reduces 10% relative density. This denotes that
increasing the wt% of CrB, above 2.5% in the
Al4Cu5SiO, matrix reduces the densification.

Post-sintering, the development and dispersion of
the Al,Cu intermetallic phase serve to substantially
bolster the hardness of Al-Cu alloys®*"*%, In related
studies, sintering has consistently resulted in the
emergence of intermetallic AlLCu precipitate,
resulting in increased hardness across all sintered
samples. The hardness value of Al4Cu is 55.5HV in
Fig. 6, which is much closer to 52.02HV obtained by
Ganesh et al.*’. The hardness value gradually
increases as the reinforcement wt.% is increased. The
inter-particle distance decreases as the amount of
reinforcement in the Al alloy matrix increases. The
closer spacing of the materials restricts the movement
of dislocations, consequently enhancing the structural
rigidity of the composite °. The hardness of silica and
Chromium boride is found in the range of 550.6-652.6
HV and 1631HV, respectively**®. Adding 5 wt%
silica and chromium boride in the Al4Cu alloy matrix
increases the hardness from 55.5 HV to 95 HV.
Though no interfacial bonding is created between the
reinforcement and matrix, it restricts the motion of the
dislocation during indentation. Adding 5 wt% silica
aluminum composite increases the hardness value, but
only by 16.5%, whereas adding 5% Silica and 5%
CrB2 increases the hardness value by 52%.

Figure 7 presents the compression test results of
Al4Cu alloy and SiO,, CrB, reinforced composites.
Al4Cu and AIl4Cu5SiO, matrices have the highest
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Fig. 7 — (a) Compressive stress-strain, (b) Load-displacement and (c) Load-time curves of the Al,Cu alloy and SiO, and CrB, reinforced

composites.

compressive strength of 151 MPa. Adding 2.5wt%
and 5wt% in the AIl4Cu5SiO, matrix reduces the
compressive strength to 101 MPa and 99 MPa. An
increase in reinforcement wt% results in increased
hardness, but is not directly proportional to the
compressive  strength. Clustering of composite
particles can occur after adding a critical wt% of
reinforcement®. It was also observed that samples
prepared from ball-milled powders have higher
compressive strength than samples fabricated with
unball-milled powder®'. Mechanical alloying helps to
disperse the reinforcement into the matrix properly.
Compressive strength is affected because of
inhomogeneously located reinforcement clusters that
lead to crack formation® and cause the sample to fail
early (Fig. 7(c)). The highest displacement was found
in the Al4Cu matrix alloy (Fig. 7 (b)), which denotes
it has plastically deformed more than the other
composite samples. The addition of SiO, and CrB,
reduced the alloy's ability to deform because of
restrictions on dislocation plastically.

4 Conclusion

This research paper investigates the effect of
reinforcement of amorphous silica synthesized by the
sol-gel method and CrB, in Al4Cu. The powders were
mixed, cold compacted, and sintered. Based on the
results, the following conclusion can be drawn.

a The peaks at 1098 cm™ and 795 cm™ in FTIR
analysis confirm the formation of Si-O-Si bonds
in the synthesized silica. Additional confirmation
was done using UV Vis spectroscopy, where the
silica had absorption below 250 nm

b Successive additions of reinforcement particles
lead to a progressive rise in the hardness values.
Composite reinforced with 5% of SiO, and CrB,
has the maximum hardness of 95HV.

C The highest compressive strength of 151
MPa was observed in Al4Cu and Al4Cu5SiO2
matrices.  Further addition of chromium
boride leads to a progressive reduction of the
compressive strength. This was an inverse trend
compared to several studies that have reported
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compressive strength increases with the addition
of SiO, and CrB, in the metal matrix. Non-
uniform distribution of ceramic particles is
attributed to weak interfacial bonding at the
matrix-reinforcement interface, which introduces
stress concentrators. Optimizing the powder
mixing procedure could address these limitations
in future studies.

d X-ray diffraction analysis confirm the presence of
Al,Cu after sintering at 550 °C and the presence
of CrB,. The highest relative density of 92.1%
was found in Al4Cu5Si02-2.5CrB2
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