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Abstract

AMMC are notable for their extensive research and unique property profiles, surpassing
those of traditional solid metals. Their remarkable strength sets them apart, making them
highly sought-after and versatile across diverse industries. The integration of reinforcements
into AMMC boosts their properties, including increased tensile and compressive strength,
improved wear resistance, reduced thermal expansion and enhanced hardness, characteristics
unattainable with conventional materials. However, the use of CMC, such as SiC and Al,O3,
escalates the production cost of AMMC, thereby limiting their application in various
industries. In recent times, researchers have increasingly turned to natural reinforcements
derived from waste sources, such as bamboo leaves, rice and palm kernel shells. However,
investigations into PV potential as reinforcements for AMMC have been limited, prompting
the initiation of this study. This research aimed to examine mechanical, microstructural,
electrochemical and optoelectronic properties of AMMC reinforced with PVP. The study
demonstrated an increase in hardness values, from 28.1 to 38.5 HRB, with 25% PVP
reinforcement, and a significant reduction in CR, from 12.06 to 6.13 mm/yr. Electrical
resistivity and conductivity measurements showed variations across composite samples,
while microstructural analysis confirmed uniform PVP dispersion and integration within the
metal matrix, alongside additional crystalline formations.
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Introduction®

Many engineering materials in today’s world require properties such as increased
strength, weight reduction and cost-effectiveness, particularly in terms of energy
usage. The search for such materials arises from the aim to produce lightweight
structural elements and engine parts with high strength-to-weight ratios, hence
reducing excessive fuel consumption and CO> emissions [1-4]. Due to rigorous
demands of engineering applications, materials must exhibit a range of complex

*The abbreviations list is in page 361.
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properties, including high strength, exceptional wear resistance, improved
corrosion resistance and other desirable mechanical, electrical and chemical
characteristics. However, it is rare to find all these properties in a single metallic
material. Researchers have found that achieving such desirable features is only
possible through merging different materials, to create a combination with
enhanced properties [5-7].

The combined materials are commonly known as composites, which have the
unique potential to improve selected characteristics of monolithic materials,
while remaining superior to their counterparts. They are generally classified
according to the composition of their base matrix phase: CMC, MMC and PMC
[8-12]. MMC are highly engineered materials renowned for their ability to blend
diverse properties by combining matrices with hard particulate reinforcements,
thereby attaining substantial engineering and industrial importance compared to
traditional metallic alloys. Within the spectrum of MMC, AMMC are notable for
their extensive unique property profiles, surpassing those of traditional solid
metals. Their remarkable strength sets them apart, making AMMC highly sought-
after and versatile across diverse industries [13-15].

AMMC efficiency relies on various factors impacting their properties, such as
type, volume and weight fraction, as well as particle size, distribution and shape
of reinforcements. Additionally, production method employed also significantly
influences overall effectiveness of composites [16-19]. Research of those factors
reveals that reinforcements play a key role in sustainable AMMC. In
manufacturing, AMMC, such as Al-Si, Al-Cu and Al-Si-Mg, serve as MMC,
while reinforcements like SiC, AlLOs3;, C, B, B4C, AIN, SiO; and BN are
incorporated into them. Specifically, the integration of reinforcements into Al
matrixes enhances their properties, including increased tensile and compressive
strength, improved wear resistance, reduced thermal expansion and greater
hardness, characteristics unattainable with conventional materials [20-22].
However, the use of CMC such as SiC and Al,Os escalates the production cost of
AMMC, thereby limiting their application in various industries [23].

Thus, researchers have been investigating alternate reinforcement materials with
the aim of cutting AMMC production costs. These studies have revealed an array
of naturally occurring particles, including agro-waste and industrial by-products,
showing promise as feasible alternatives to typical reinforcements in AMMC.
Given its abundance and economic viability, agrowaste has emerged as an
especially favourable reinforcement material. Extensive research efforts on
diverse agricultural by-products have revealed their intrinsic richness in Si and
Mg, making them potential reinforcing possibilities [24]. The realm of agrowaste
presents a promising avenue for exploring particulate reinforcements. It offers a
dual benefit of addressing pollution challenges and enhancing the strength of
metal matrices. In recent times, researchers have increasingly turned to natural
reinforcements derived from waste sources such as bamboo leaves [25-28], rice
husk [29-31] and palm kernel shells [32-36]. However, investigations into the
potential of PV shells as reinforcements for AMMC have been limited,
prompting the initiation of this study.
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Thus, the primary objective of this research was to examine mechanical,
microstructural, electrochemical and optoelectronic properties of AMMC
reinforced with PVP.

Research methodology

Al alloy (AA6063), which was sourced locally from the metal market, served as
base material. PVP were prepared by cleansing them with acetone and warm
water, air-drying for 48 h, crushing, milling and sieving, to achieve the desired
particle size of 45 um. Final particulate size can be observed in Fig. 1.

Figure 1: Photo of PVP sample.

Chemical compositions of AA6063 and PVP, after characterization, are detailed
in Tables 1 and 2, respectively.

Table 1: Chemical composition of AA6063.

Elements Fe Cu Mg Mn Si Ti Zn Cr Al
%o Wt. 0.11 0.01 0.79 0.02 0.88 0.008 <0.01 <0.01 Bal.

Table 2: Chemical composition of PVP.

Compound Ct CaO ALO; KO P05 Si02 MgO Fe:0s MnO NaO
(Wt%) 41.21 1543 732 239 1569 485 9.71 072  1.76

Stir casting technique was employed to fabricate Al metal matrix composite. This
method involved uniformly mixing the reinforcement into the matrix material, using
a mechanical stirrer and pouring the composite mix into the desired mould
geometry. Five samples were prepared with varying wt.% of PVP (0, 10, 15, 20 and
25%), following ASTM B179 standard specifications. For mechanical assessment,
HRB was measured employing an HR-150A HRB testing machine (ASTM E18-22).
Samples were indented for 10 secs, at a force of 5 kg, with multiple measurements
taken to ensure accuracy. Corrosion testing utilized an AUTO LAB potentiostat
galvanostat (PGSTAT 101), in a 1 M HCI environment with a three-electrode
polarization setup employing Ag/AgCl and graphite electrodes. Microstructural
analysis was conducted using a JOEL JSM-7600F machine for SEM/EDXS, and
Rigaku D/Max-lIC X-ray diffractometer for XRD experiments. Electrical
conductivity and resistivity were assessed using a custom electrical setup (Fig. 2)
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[37]. Fig. 3 shows the empirical electrical setup used to investigate magnetic
permeability of the composite, in response to inductive change.
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Figure 2: Experimental electrical setup [37].
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Figure 3: Magnetic saturation test circuit.

Results and discussion

Hardness values of samples

HRB value of the developed composites is shown in Fig. 4. According to HRB
readings, the samples with highest Ct of PVP showed the greatest reading and
helped raise the substrate material's hardness from 28.1 to a final composite
deposition of 38.5 HRB. Overall, there was an increase in hardness values for
samples containing different PVP sizes, from 5.33 to 37.01%. The enhanced
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strength observed in the fabricated composites can be largely attributed to robust
interfacial bonding and adhesion between soft and ductile AA6063 matrix and
PVP reinforcement. This bonding significantly augmented load-bearing capacity
of the composite, thus minimizing matrix deformation. Additionally, uniform
dispersion of reinforcements within matrix phase contributed to observed results
[23, 38, 39]. However, it should not be assumed that increasing the Ct of
particulate reinforcements will consistently lead to more hardness, as this is

limited by the availability of intermetallic ions required for bonding with the
lattice [31].
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Figure 4: Hardness values of samples.

Corrosion evaluation of samples
Table 3 indicates results of polarization test and Tafel plot in terms of CR, Jeor,
Ecorr and Rp.

Table 3: Tafel plots of samples.

Samples  Eeor Joorr CR Rp

V) (Afem’)  (mm/yr) ()
Control ~ -0.383  2.01E-02  12.06 3.58E+01
10%PVP  -0.381 1.77E-02  10.34 4.02E+01
15%PVP  -0.394 1.57E-02 931 3.88E+01
20%PVP  -0.416 1.69E-02  8.63 3.44E+01
25%PVP  -0442 1.75E-02  6.13 5.42E+01

In the presence of CI ions, the control sample corroded rapidly, with a CR of
12.06 mm/yr compared to Al with 25% PVP sample, which had the lowest CR of
6.13 mm/yr. Similar reduction trend in CR values from reinforced samples was
observed as the Ct of PVP increased from 10 to 25%, gaining a 41% decrease in
CR. This confirms the inherent inhibitive nature of PVP. Fig. 5 shows corrosion
response stability throughout each composite sample during a 120 secs.
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timeframe. The plot shows that the sample without PVP reinforcement
consistently had the highest potential across the 120 secs. period. This specimen
had the most noticeable shift towards the positive region, indicating a higher
potential. In contrast, samples with different Ct of PVP showed lower values,
shifting towards negative potential range. Notably, the specimen with 20% PVP
reinforcement had the lowest potential, lower than -0.5 V. The curve's flow
towards the negative region indicates that PVP had more impact on the cathodic
than on the anodic reaction, implying that it was cathodic inhibitory [40-42].
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Figure 5: OCP plots of PVP samples.

The influence of corrosion polarization's cathodic effect is further elucidated in
Fig. 6, which showcases a decrease in both cathodic reactions of sample
corrosion, as the reinforcement Ct increased from 10 to 25 wt.%.
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Figure 6: PVP samples plots.

Opto-electrical response of the samples
Figs. 7 and 8 depict the results of electrical resistivity and conductivity for the
produced coating samples.
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Figure 7: Electrical resistivity of composite samples.

Interestingly, the trend in electrical resistivity did not follow a uniform pattern, as
the results show a paired array, with the control and the most reinforced sample
exhibiting the same resistivity value of 5.11 Qm, while 10 and 20% reinforced
samples had similar values of 5.09 and 5.07 Qm, respectively (Fig. 8).
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Figure 8: Electrical conductivity of composite samples.

Conversely, a reverse pattern was observed for conductivity plots, with the
control and the most reinforced sample having the same conductivity value of
0.1957 Qm™!, while 10 and 20% reinforced samples had similar values of 0.1964
and 0.1971 Qm’!, respectively. However, 15% PVP sample exhibited highest
conductivity of 0.1943 Qm'. Contrary to expectations based on prior research
studies, this study revealed a deviation attributed to non-uniform distribution of
PVP across Al matrix [37, 43, 44]. Magnetic permeability response of the
samples is shown in Fig. 9. Al, unlike Fe, is not ferromagnetic, which
corresponds to its low magnetic permeability. Experimental investigation aimed
at assessing the influence of PVP on specimens’ enhancement revealed a
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negligible alteration in metal ferromagnetism, evidenced by voltage variation
across diverse samples with increasing inductance, which amounted to a total
voltage change of merely 0.17 V in the most reinforced sample.
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Figure 9: Magnetic permeability response of the samples.

Microstructural analysis of samples
SEM micrographs and EDXS analysis of composites with lowest reinforcement Ct
(10% PVP) are depicted in Fig. 10.
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Figure 10: SEM/EDXS of 10% PVP samples.

From SEM images, it is evident that PVP adequately dispersed within the matrix,
allowing for visualization of grain boundaries and pores throughout Al matrix.
EDXS spectra indicate peaks corresponding to Al, Ca, Si, Mg, C and O, which
confirmed that CaO, SiO; and ALO; were major constituents of the
reinforcements, as confirmed by PVP characterization. Additionally, oxygen
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presence suggests its contribution for silica phase of PV. Similar observations have
been reported by previous studies [29, 45].

Fig. 11 presents SEM/EDXS morphology of 25% PVP sample. Analysis of SEM
images indicate PVP agglomeration in certain regions of the base matrix,
resulting in a reduction in distinct grain boundaries and an increase in porous
areas across the matrix.
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Figure 11: SEM/EDXS of 25% PVP samples.

Figs. 12 and 13 show XRD profiles of 10 and 25% PVP samples, respectively.
The plots analysis reveals the highest characteristic diffraction peaks for Al-Si
based compound (AlZnS>), in both PVP samples, at 20 = 39° and 20 = 108°.
These peaks correspond to the substantial integration of PVP within the MMC.
Furthermore, a range of additional crystalline formations was observed across
diverse phases, including Al(Mn), Ca(Zn), Mg(Si) and Mg(Zn), which provides
evidence supporting the enhancement of corrosion resistance, strengthened
adhesion and refined surface conditioning.
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Figure 12: XRD of coated samples (10% PVP).

359



A. D. Adeleye et al. / Portugaliae Electrochimica Acta 44 (2026) 351-365

Sample  : 25+ Al Beans File : Sg2~1.ASC Date : Jan 16 13:05:20  Operator:
Comment : Qualitative Memo
Method : 2nd differential Typica width : 0.065 deg. Min. Height 1300:00cps
&
w
L=
N
1400 <

Al203

g
1200 - 3 e
i w0 = = £
- [} W 82
i c T8 ez
o = B g ﬁq" 8
3] = c N -
£ T 2 3 2 g o
= - S %
e =
600 ‘ g s .
’E —_— =] ;:'
s Q @ 29 =i
\ z Ng % = §
2=z z

:

20 40 60 80 100 120 140
Angle 2 Theta

Figure 13: XRD of developed sample (25% PVP).

Conclusion
In conclusion, the study revealed notable findings across various experiments.

HRB test demonstrated an average increase in hardness values from 28.1 HRB,
for the control sample, to 38.5 HRB for the composite containing 25% PVP. CR
values from for control and composite samples with 25% PVP were 12.06 and
6.13 mm/yr, respectively, which is a substantial decrease. Electrical resistivity
and conductivity measurements showed intriguing deviations from expected
trends: resistivity values shifted from 5.07 to 5.11 Qm; and conductivity values
changed from 0.1943 to 0.1971 Qm’!, across different composite samples.
Microstructural analysis confirmed uniform dispersion of PVP within the matrix,
with SEM/EDXS and XRD analyses highlighting its integration within the
MMC, and the presence of additional crystalline formations. Overall, these
results underline PVP potential as an effective AMMC reinforcement, offering
promising prospects for the development of lightweight and high-strength
materials with reduced environmental impact and production costs.
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Abbreviations

ALOs: aluminum oxide

AMMC: aluminum metal matrix composites
ASTM: American Society for Testing and Materials
CMC: ceramic matrix composites

CR: corrosion rate

Ct: concentration

Ecorr: corrosion potential

EDXS: energy dispersive X-ray spectroscopy
HCI: hydrogen chloride

HRB: hardness Rockwell B

Jeorr: coOrTOSiON Current

MMC: metal matrix composites

PMC: polymer matrix composites

PV: Phaseolus vulgaris (bean shell)

PVP: Phaseolus vulgaris particulates

R,: polarization resistance

SEM: scanning electron microscopy

SiC: silicon carbide
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