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Abstract
In developing countries, the importation of synthetic ceramic particles for particulate reinforcement of metal matrixes is
costly, so locally sourced and sustainable alternatives are sought after Rice husk ash (RHA) at 3–12 wt.%, glass powder (GP)
at 2–10 wt.%, and stirring temperature (ST) at 600–800 °C were evaluated for their effects on the elemental distribution,
microstructure, and tensile performance of aluminum-7075green composite.Response surfacewas utilized in the experimental
design and statistical analysis of the experimental results for the purpose of determining the optimal combination of the three
input variables. Yield, ultimate tensile, flexural, and impact strengths, as well as microhardness and compressive strength,
are examined as responses. To optimize these parameters, response surface analysis was incorporated into the experimental
design, modeling, and optimization procedures. Variation in experimental variables led to microstructural evolution, which in
turn caused variation in performance. Response surface analysis (RSA) revealed that the input factors contributed significantly
to each response, resulting in regression models statistically suited to represent the experimental data, as confirmed by the
diagnostic plots. As a consequence of the optimization, a combination of 7.2% RHA, 6.2 GP, and 695 °C with a desirability
of 0.91 was deemed optimal. A comparison between the predicted values for the responses and the values from the validation
experiment revealed that each response had an error < 5%. Consequently, the models are certified adequate for response
prediction with a confidence level of 95%, and the optimal combination is adequate for the composite’s design.
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1 Introduction

The increasing production and disposal of waste has been a
major source of concern globally. Wastes are produced on
a daily basis and their sources include municipal, indus-
trial, agricultural, and many others. As long as there is
human existence, unwanted waste materials will continually
be produced, and with the increasing world population, the
production of these wastes is on the uptrend, birthing more
challenges inmanaging thewaste. The challenge has brought
concerned individuals and organizations to devise means and
ways of managing disposed wastes with the view of reduc-
ing their environmental impact. As a way of maintaining
a healthy environment, several activities have been geared
toward reducing unwanted materials by recycling them into
other useful components (Tripathi et al. 2020; Akinwande
et al. 2022a, 2021). By these means, eco-friendly materi-
als and components are designed to meet one or two human
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needs. Furthermore, recycling is a way in which unwanted
or waste materials are given economic importance, bring-
ing about the concept of "waste to wealth". Several studies
have alluded to the fact that incorporation of waste as part
of developed engineered components has resulted in cheaper
and ecofriendly "green" products (Akinwande et al. 2022b,
2022c; Adediran et al. 2022, 2021a).

Nowadays, metal matrix composites are being incorpo-
rated with waste-derived reinforcements for the purpose of
producing lightweight engineering parts (Nandy et al. 2022;
Bulei et al. 2019). Automobiles, for instance, are now being
designed to be light to optimize fuel consumption. In that
case, the design of automobile parts and components is con-
ceived to involve lightweight materials. Aluminum (Al) and
its composites are kinds ofmetalmatrix desired for the design
of vehicles on account of their lighter weight as compared
with steel, which has been used in the past (Kumar et al.
2023; Dwivedi et al. 2016). Parts of vehicles like the outer
and inner panels, passenger compartment, hoods, front and
rear doors, structural panels, andmanymore are inmost cases
made with aluminum alloys (Hirsch 2011, 2014). To further
improve the strength of aluminum parts, even in automo-
biles, researchers have utilized ceramic reinforcement like
SiO2, TiO2, WC, B4C, SiC, AlN, TiS2, NbC, MoN, Al2O3,
ZrO2, and many others in aluminum alloy matrix (AAM)
(Ogunsanya et al. 2023; Bian et al. 2020; El-Mahallawi et al.
2015; Kumar et al. 2022a, 2022b). Even particles like that
of cobalt, chromium, manganese, nickel, vanadium, tanta-
lum and others have been engaged in the strengthening and
modification of aluminium alloys (Kumar et al. 2022c, 2010;
Abraham et al. 2019).

Achievement has beenmade in terms of strength improve-
ment. However, going by their densities, their incorporation
in AAM has resulted in a heavy weight aluminum compos-
ite. The densities of the listed reinforcements are greater
than 2.7 g/cm3, hence, are heavier than aluminum. Fur-
thermore, accessing these resources is quite expensive for
researchers in developing countries (Selvam et al. 2021;
Myalska-Glowacka et al. 2022).

Alternatively, waste-derived reinforcements, whether
municipal, industrial, or agro-wastes, are lighter in weight
than synthetic ceramic reinforcement. They are also cheaper
and greener (owing to recycling). For instance, calcined pow-
ders in the form of rice husk, palm kernel shell, bamboo
leaf, coconut shell, egg shell, snail shell, to mention but
a few, possess densities of 0.31, 0.745, 0.36, 0.45, 0.81,
and 0.54 g/cm3 respectively. The materials are lighter than
both the ceramic reinforcement and the aluminum alloy
itself (Sydow et al. 2021; Hayajneh et al. 2019). Discov-
eries have shown that these waste-derived powders, tagged
"green fillers" (based on their sources), contain some con-
stituents of the initially mentioned ceramic particles like
silica and alumina (Ikubanni et al. 2020; Adesina et al. 2023).

It therefore means the addition of the "green fillers" not
only possesses the potency of improving the properties of
the aluminum alloy matrix but also produces a lightweight
composite suitable for lightweight engineering applications.
The green fillers are also sustainable and cheaper. Hence,
their engagement in reinforcing aluminum alloy in produc-
ing stronger and lighter alloys is well justified.

Past literature on the development and utilization of "green
fillers" in aluminummatrix reported interesting outcomes. In
the findings showcased by Mishra et al. (Mishra et al. 2017),
the hardness of aluminum LM-6 alloy was improved. Udoye
et al. (Udoye et al. 2020) found that infusing 2–8% rice husk
ash into aluminum 6061 melt increased tensile strength by
16.5% and hardness by 33.3%. In the samemanner, Gladston
and his team improved the tensile and hardness performance
of aluminum 6061 with rice husk ash at 8% maximum con-
tent (Gladston et al. 2015a). An investigation conducted by
Saravanan and his team affirmed the contribution of rice
husk ash as a good reinforcing green filler (Saravanan et al.
2013). In their report, 3–12% of the filler was introduced
into AlSi10Mg matrix, with the consequence of enhancing
the hardness, with maximum value attained at a 12% dose.

Other green fillers reported in the literature are palm ker-
nel shell and coconut shell ashes. Edoziuno et al. (Edoziuno
et al. 2021) blended palm kernel shell ash in an aluminum
6063 matrix in proportions of 2.5, 5.0, 7.5, 10.0, 12.5, and
15%wt. From the outcome, dosage of 2.5–7.5 wt.% addition
resulted in a boost in tensile strength parameters, while 10,
12.5 and 15 wt.% kindled consecutive decreases. It was fur-
ther disclosed that peak hardness and impact strength were
attained at 2.5 and 10 wt.%, respectively. Panda et al. (Panda
et al. 2020) infused coconut shell ash in aluminum-1200 alloy
and found a 19.9% increase in hardness at 4% ash content.
Al-12%Si matrix was imbued with melon ash content in pro-
portions of 5, 10, 15, and 20%. The ash was revealed to boost
hardness and tensile strengthwithmaximum attainment at 15
wt.%.Ceramic green fillers derived from agrowaste have also
been injected in hybrid aluminum composites as a supple-
ment to synthetic fillers (Kolappan et al. 2022; Kulkarni and
Siddeswarappa 2022; Subramaniam et al. 2018; Imran et al.
2016). Some review studies have revealed the role of green
particulates derived from agrowaste as fillers in Al alloy. The
reports portrayed the immense beneficial potential inherent
in these fillers in improving aluminum composites (Kulkami
et al. 2019; Pareez et al. 2021; Adeleke et al. 2021).

Reinforcing fillers derived from industrial wastes or by-
products like fly-ash, waste glass, marble dust, red mud, and
granite dust waste have been reused in aluminum alloys. Lei
(Lei 2012) researched on waste glass powder in aluminum
composites. The findings showed improvement in the hard-
ness of the aluminum composite synthesized with highest
hardness value attained at 10 wt. % for sizes 75–150 micron
and 15 wt. % for sizes 150–240 micron. Hendronursito et al.
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(Hendronursito et al. 2020) carried out an optimization pro-
cedure on an aluminum composite reinforced with glass
powder. Particulate proportion, particulate size, and stirring
time were investigated. Optimum tensile strength was real-
ized when 13% glass particulate of a particle size range of
20–80 micron was employed as filler at 30 s stirring times.
Equally, Balogun et al. (Balogun et al. 2022a) examined glass
particle proportion and particle size effects on the hardness
and tensile properties of aluminum 6061 alloy. The propor-
tions were varied at 2, 4, 6, 8, and 10wt.%, and the sizes were
varied at − 6, − 13, and − 23 micron. The account exhib-
ited a boost in hardness with a rising proportion of the glass
powder. Furthermore, the finest particle proportion outper-
formed the other particle sizes. In the case of tensile strength,
peak strength was attained for the 13 and –23-micron sizes
at 6 wt. %, while the finest size, 6 µm, yielded optimum
tensile strength at 8 wt. %. Other green fillers derived from
industrial wastes and by-products are fly ash (Bharathi et al.
2017; Sharma et al. 2017; Gikunoo et al. 2013; Boopathi
et al. 2013), red mud (derived from industrial production
of aluminum) (Chinta et al. 2018; Krupakara and Raviku-
mar 2015), granite dust (Pai et al. 2015; Satyanarayana et al.
2019; Saini and Singh 2022), and marble dust (Kumar et al.
2021; Gangwar et al. 2019). According to the findings of
the researches, industrial waste plays an important role in
the reinforcement and development of lightweight and green
aluminum alloys.

Processes involved in the production of aluminum com-
posites are stir casting, vacuum stir casting, squeeze casting,
friction stir process, powdermetallurgy, and others (Anyalem
2020a; Arunachalam et al. 2019; Kumar et al. 2022d; Kumar
and Kumar 2022). Stir casting is adopted in this study on
account of its lower cost of operation and ability for mass
production. In our previous studies (Akinwande et al. 2022d),
waste glass and rice husk were reprocessed into glass pow-
der and rice husk ash and introduced into aluminum melt
via the stir casting process. Casting was done at a constant
temperature of 750 °C and a stirring speed of 500 rpm was
employed while stirring time was 10 min. Sample prepara-
tion was carried out in group mixes A, B, C, and D. Each
group mix was made with a different dosage of glass powder
ranging from 2 to 10 wt.% in 2 wt.% increments. Further-
more, group mixes A, B, C, and D were blended with 3, 6, 9,
and 12wt.% rice husk ash. The findings revealed themechan-
ical properties were enhanced by the blend between the two
additives, indicating that the two contributed significantly to
the mechanical properties of the developed composites. This
shows that a hybrid aluminum composite could be devel-
oped with the duo of glass powder and rice husk ash. Also,
in previous studies (Adediran et al. 2021b; Balogun et al.
2022b; Ogunsanya et al. 2022), TiO2 was adopted as a rein-
forcing additive in the matrixes of aluminum alloy. For the
sake of sustainability and owing to the high cost of procuring

TiO2 in developing countries, the present research was con-
ceived to employ locally sourced materials as green fillers
in Al-7075. In (Akinwande et al. 2022d), the stirring tem-
perature was maintained at 750 °C. Based on the nature of
the investigation, there was no way the stirring temperature
was ascertained to be an optimum temperature. A tempera-
ture range of 600–800 °C is therefore adopted in the present
study for the purpose of investigating a relatively moder-
ate temperature for the casting process. This study involves
investigationwith waste glass and rice husk ash as alternative
fillers in Al 7075 composite toward developing a green-
hybrid-aluminium-7075 composite. These green fillers are
cheaper, and sustainable, hence, report accessed sustainable
green fillers as cheaper alternative to imported synthetic
fillers. Via this means, aluminum composite can be improved
using locally sourced additives, thereby conserving money
and reducing importation. Furthermore, there are few studies
that considered the combination of agro-based and industrial
by-products in the development of hybrid aluminum alloy.
Therefore, this study broadens knowledge as to the develop-
ment of hybrid aluminum composites employing agro-based
and industrial by-products as reinforcing agents.

2 Experimental program

The experimental program entails the design of experiment,
material preparation and composite development, property
and microstructural evaluation, and result analysis.

2.1 Design of experiment

The design of the experiment was done by applying the
Box Behnken design of the response surface method. Vari-
able factors are rice husk ash dosage (A), glass powder (B),
and stirring temperature (C). The response surface method
examines the interactions that exist between variable fac-
tors and each response using mathematical and statistical
approaches (Ogunbiyi et al. 2023; Akinwande et al. 2023a,
2023b). Design expert 13 was utilized in the design of the
experiment and analysis of the results. Fourteen (14) exper-
imental runs were obtained for each response parameter and
evaluated. Table 1 indicates the levels of the factors for the

Table 1 levels of factors in the design of experiment

Factors Low level Medium level High
level

Rice husk ash (A) 3 7.5 12

Glass powder (B) 2 6 10

Casting temperature (°C) 600 700 800
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Table 2 Variable distribution in
the design of experiment Experimental runs Coded levels Variable combination

A B C A (wt. %) B (wt. %) C (degree C)

1 1 0 − 1 3 2 700

2 − 1 1 0 7.5 2 800

3 − 1 0 1 3 10 700

4 − 1 0 − 1 7.5 10 600

5 1 0 1 12 6 800

6 0 − 1 1 7.5 6 700

7 0 0 0 7.5 2 600

8 0 0 0 12 10 700

9 0 − 1 − 1 3 6 800

10 0 1 − 1 12 6 600

11 − 1 − 1 0 12 2 700

12 1 1 0 7.5 6 700

13 0 0 0 7.5 10 800

14 1 − 1 0 3 6 600

A is rice husk ash proportion, B is glass powder dosage, C is casting temperature

design of the experiment, and Table 2 presents the combina-
tion of the experimental variables.

2.2 Material preparation

An aluminum 7075-T6 ingot (chemical composition indi-
cated in Table 1) was procured for the experiment. Glass
powder was prepared by breaking collected waste glass into
smaller pieces, followed by grinding and milling into pow-
der. Glass powder screened to a 23 µm pass was collected
in a container for the experimental procedure. The obtained
rice husk was washed under running water and dried in the
open air for 48 h before being heated in a muffle furnace
at 700 ˚C for 6 h. The ash realized was broken into pieces
and further milled. Rice husk ash screened to -23 µm was
employed in the process. Casting was done in a graphite cru-
cible of dimensions (100 mm in diameter and 175 mm in
height).

2.3 Development of green Al-7075 composites

The experimental design for the composites as regards partic-
ulatemixture and casting temperaturewas effected according
to the dictates of Table 2. The crucible and the green fillers
were preheated to 500 °C before charging in the Al-7075
ingot. The temperature was raised to stipulated temperatures
(Table 2). The melt was stirred at 300 rpm and preheated
fillers were charged into the vortex created. The discharge
rate for the fillers was maintained at a rate of 2.5 g/min.
Stirring was done at 300 rpm for 10 min for each mix. After-
wards, the liquid melt of the composites was discharged into

metal molds at a 2.4 cm3/s pouring rate. The solidification
rate was maintained at 100 K/s.

2.4 Property evaluation

Samples sectioned to 10 × 10 × 10 (mm3) were mounted
into epoxy resin for easier handling during grinding and
polishing. Abrasive papers (120–240 grit) were used in the
surface grinding process and polishing of the samples’ sur-
face via abrasive paper of 800 and 1200 grit. At the end,
mirror-like surfaces were obtained. The polished surface was
then swabbed for 30 s with Kroll’s solution as etchant after
which the surfaces were rinsed with distilled water and dried
via a laboratory dryer for one minute. The samples were
subjected tomicrostructural examinationwith the aid of scan-
ning electron microscope (JSM-7610F) equipped with an
energy dispersive spectrometer attachment (EDSAZ-tec) for
elemental composition analysis. Inherent phases of the sam-
ples were accessed by employing ADX8000 (ANGSTROM)
X-ray diffractometer. At two theta angles varying from 0 to
100˚, the phases were analyzed.

For the tensile test, samples were initially machined to a
dog-boned shape of length 120 mm, a gage length of 60 mm,
and a gage diameter of 10 mm according to the ASTM E
8/E8M-21 (ASTM E 8, E8M-21 2021) procedure. A tensile
test was carried out on the machined samples via a uni-
versal testing machine (Instron 3369 Series) and, from the
results obtained, yield and ultimate tensile strengthwere esti-
mated. Samples were tested in triplicates. Flexural strength
was examined in line with ASTM A 370 (ASTM A 370–20
2020). on samples of dimensions of 100 mm × 10 mm ×
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10 mm via a three-point bending approach and estimated
employing Eq. 1. A sample of diameter 40 mm and length
20 mm was employed for the Vickers microhardness test.
The surfaces of the samples were polished and a load of 10N
was applied for 10 s, and six different indentation points were
chosen and average values were reported (ASTM E 384–11)
(ASTME 384–17 2017). Izod impact strength was measured
on samples (100 mm × 10 mm) notched at 60˚ with a 30 kg
pendulum. Impact energy absorbed up to fracture was noted.
Afield emission scanning electronmicroscope (JSM-7610E)
was used in examining the microstructure of developed com-
posites according to ASTM E 3–11 (ASTM E 3–11 2017).
Developed composites (machined to 8 mm in diameter and
16 mm in length) were subjected to quasi-static compressive
loading as per ASTM E09-9 (ASTM E 9–09 2018) using
the universal testing machine. A compressive load of 100KN
was applied at a strain rate of 10–3/s. Compressive strength
was obtained as the ratio of failure load to cross-sectional
area.

FS � 3Ly/2xh2 (1)

where FS is flexural strength (MPa), L is applied load (N),
y is the length of the sample (mm), x is the width (mm),
and h is the thickness (mm). A Scanning electron micro-
scope (TM 3030) accompanied by energy dispersive X-ray
spectroscopic accessories was used for the microstructural
characterization.

3 Results and discussion

Obtained results are presented and discussed.

3.1 Properties of input materials

The elemental composition by energy dispersive spectrome-
ter (EDS) for the ingot is portrayed in Fig. 1. Aluminium is
themajor elementwith the highest peak. The presence of zinc
and magnesium in the stipulated proportion indicates it’s an
Al–Mg-Zn alloy (Mukherjee et al. 2015). Meanwhile, minor
elements are Fe, Si, and Mn. The properties of the alloy are
listed in Table 3. They are 2.79 g/cc density, 119 HV micro-
hardness, 421 MPa yield strength, 505 MPa ultimate tensile
strength, 415 MPa flexural, 4.82 kJ/m2 impact strength, and
394 MPa compressive strength.

The chemical composition of glass powder (GP) and rice
husk ash (RHA) fillers is showcased in Table 4. SiO2 is the
major compound in GP, a very useful additive for reinforce-
ment of Al alloy (Joseph and Babaremu 2019). The chemical
compositions of theRHAare presented in Table 4. SiO2 takes
the largest share of the chemical composition with a value

of 90.21% by which it can be deduced the RHA is basically
silica base (Table 5).

3.2 Property responses of composites

3.3 Interaction between filler count and stirring
temperature on diffraction patterns, elemental
distributions andmicrostructure of prepared
composite specimen.

3.3.1 Composites prepared at 600 ˚C

Four specimens (by composition) were prepared at 600 °C as
dictated by the experimental runs indicated in Table 2. For
experimental runs 4, 7, 10, and 14, the compositions are
7.5% RHA/10% GP; 7.5% RHA/2% GP; 12% RHA/6%
GP; and 3% RHA/6% GP in that order. For the purpose of
proper reference to the mix proportions, the specimens are
labeled after the composition. For example, for experimen-
tal run 4, a mix proportion of 7.5% RHA and 10% GP was
prepared at 600 ˚C. As a result, the composition was desig-
nated as specimen 7.5/10/600, indicating that it contained
the blend of 7.5% RHA and 10% GP and was prepared
at 600 ˚C. In the same manner, specimens 7.5% RHA/2%
GP; 12% RHA/6% GP; and 3% RHA/6% GP are designated
as 7.5/2/600, 12/6/600, and 3/6/600, respectively. The filler
count (FC %) was obtained on the addition of RHA and GP
content. Arranging the specimen in the order of increasing
filler counts (FC%) we have 3/6/600, 7.5/2.600, 7.5/10/600,
12/6/600 yielding respective FC % of 17.5, 9.5, 18, and 9%.

The X-ray diffraction pattern for composites prepared at
600 °C is indicated in Fig. 2. Figure 2a,b,c, and d indicate the
diffraction patterns in specimens labeled 3/6/600, 7.5/2/600,
7.5/10/600, and 12/6/600, respectively. Al (matrix) and SiO2

are the most prominently identified peaks. The Al phase was
identified with the highest peak being the matrix. The SiO2

phases identified are as a result of the silica-based reinforce-
ment introduced into the melt. It is observed that there are

Fig. 1 Elemental composition of Al 7075
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Table 3 Property of the
as-received Al-7075 Density Microhardness Yield

strength
Ultimate
tensile
strength

Flexural
strength

Impact
strength

Compressive
strength

2.79 g/cc 119 HV 421 MPa 505 MPa 415 MPa 4.82 kJ/m2 394 MPa

Table 4 Chemical composition of input materials

Materials SiO2 MgO Al2O3 Fe2O3 CaO K2O P2O5 MnO2 Na2O Other

GP 74.5 1.80 4.82 0.19 7.71 0.24 0.01 0.08 8.60 2.50

RHA 90.21 0.67 0.28 0.59 0.32 2.1 0.08 0.00 0.01 5.75

Table 5 Corresponding responses realized at variable combinations and temperature

Experimental runs Variable combinations Responses

A (wt. %) B (wt. %) C (˚ C) Designation YS UTS FS HD IS CS

1 3 2 700 3/2/700 400 450 134 458 5.52 352

2 7.5 2 800 7.5/2/800 397 440 136 360 4.49 308

3 3 10 700 3/10/700 405 456 184 318 4.48 550

4 7.5 10 600 7.5/10/600 402 450 162 365 5.54 596

5 12 6 800 12/6/800 260 314 181 348 4.06 312

6 7.5 6 700 7.5/6/700 610 697 177 550 7.54 606

7 7.5 2 600 7.5/2/600 502 552 127 410 6.49 396

8 12 10 700 12/10/700 255 306 205 320 3.00 600

9 3 6 800 3/6/800 404 449 162 351 4.51 252

10 12 6 600 12/6/600 350 398 156 406 4.83 392

11 12 2 700 12/2/700 350 401 162 360 4.03 400

13 7.5 10 800 7.5/10/800 307 354 195 314 3.52 497

13 7.5 6 700 7.5/6/700 608 712 178 547 7.53 610

14 3 6 600 3/6/600 497 446 135 406 6.48 346

A is rice husk ash proportion, B is glass powder dosage, C is casting temperature, YS is the yield strength (MPa), UTS is the ultimate tensile strength
(MPa), FS is flexural strength (MPa), HD is microhardness (Hv), IS is impact strength (MPa), CS is compressive strength (MPa)

Fig. 2 X-ray diffraction patterns
for composites cast at 600 ˚C and
prepared with (a) 3% RHA/6%
GP (b) 7.5% RHA/2% GP
(c) 7.5% RHA/10% GP (d) 12%
RHA/6% GP
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lower peaks of SiO2 phases in Fig. 2 a and b compared with
Fig. 2c, d owing to the increasing volume of the reinforc-
ing particles in tandem with observations of Shaikh et al.
(Shaikh et al. 2019). The X-ray diffraction plot shows little
or no presence of an intermetallic phase.

Figure 3a indicates the SEM image of specimen 3/6/600
(cast at 600 °C and reinforced with with 3% RHA and 6%
GP). The image represents the dispersion of RHA and GP in
the matrix. Even at that, there exist clusters of particulates
serving as stress risers in the matrix. This is attributed to dif-
ficulty in the dispersion of the particles by the dint of lower
viscosity.Akinwande et al. (Akinwande et al. 2022e) reported
the same observation in aluminum 6061 reinforced with
waste glass for specimens prepared at 500 °C, attributable
to lower stirring temperature. Clustering is effected by a
mechanism of increased interaction between particles. Also,
the higher settling velocity of particles due to dispersion
velocity is another reason for the observation (Canakci et al.
2014). Pores are also identified in the matrix associated with
absorbed gas due to solidification shrinkage (Moses et al.
2016).

Figure 3b represents themorphological imageof specimen
7.5/6/600 prepared with 7.5% RHA/6% GP at 600 °C (filler
count is 13.5%). Particle clusters are identified in the matrix,
imputable to the low viscosity of the melt. Clusters of RHA
and GP particles are also observed in Fig. 3c for specimens
7.5/10/600 and 12/10/600. The filler counts for specimens
3/6/600, 7.5/2/600, 7.5/10/600, and 12/6/600 are 9.0, 9.5,
17.5, and 18% in that order. It is observed in Fig. 3a–d that
particle clustering sites increased with rising filler counts.
The formation of clusters is majorly ascribed to the lower
viscosity of the melt, which prevented uniform dispersion of
particles. Equally, particle clustering can be traced to higher
particle density as compared with the melt. Comparing prop-
erty values (Table 4) at different particulate proportions for
specimens prepared at 600 °C, specimen 7.5/2/600 (filler
count of 9.5%) performed better than specimen 3/6/600
(filler count of 9%) as regards yield strength (YS), ultimate
tensile strength (UTS), flexural strength (FS), and impact
strength (IS). Though specimen 7.5/2/600 (filler count of
9.5%) showedmore clustering than specimen 3/6/600, it per-
formedbetter because of the higher proportion ofRHAwhich
is lighter than GP. Refs Akinwande et al. 2022d; Gladston
et al. 2015b; Saravanan and Senthilkumar 2014) had shown
that at lower viscosity, heavier fillers have higher tendency
to agglomerate in matrix than lighter fillers. This is because
lighter RHA particles have a higher tendency to disperse
within the melt than heavier GP because of the lower density
of RHA. The cause of particle clustering is on account of
the initial solidification of aluminum dendrites, after which
there is ejection of excess particulates from the solid–liquid
interface. The particles are then segregated into the inert-
dendritic region. At lower viscosity, lighter particles have

the tendency to be absorbed while heavier particles have a
greater likelihood of being segregated due to uneven disper-
sion. Moreover, owing to the light weight, RHA particles
possess a higher surface area and, hence, an easier tendency
to be assimilated into the matrix.

It is noted that of all the four-specimens prepared at
600 °C, specimen 7.5/2/600 depicted the highest property
value for yield strength, ultimate tensile strength, flexural
strength, and impact strength. Specimen 7.5/10/600 (filler
count 17.5%) exhibited the highest values for microhard-
ness and compressive strength. The feat is first associated
with an increase in particle volume in the melt, overshad-
owing the effect of clustering. It is also associated with a
high amount of strain energy initiated at the particle bound-
aries. That is, higher filler count or particle density entails
higher strain energy at the particle boundary, contributing to
hardness. Vijaya et al. (Vijaya et al. 2021) and Shreyas et al.
(Shreyas et al. 2021) present research on hybrid aluminum
composites that confirm increasing hardness with increasing
filler count. The higher compressive strength expressed by
specimen 7.5/10/600 at 600 °C over other samples can be
hinged on the higher density of GP in the matrix, contribut-
ing to densification with a resultant effect on the compressive
strength.

Table 6 presents the elemental distribution values for
the matrices of specimens labeled 3/6/600, 7.5/2/600,
7.5/10/600, and 12/6/600. The elemental composition anal-
ysis of the matrices revealed that the main elements were Al
(the matrix), Si, Zn, Mg, and Cu. Compared with the base
alloy (Fig. 1), Si had a higher proportion in the composites
than the base alloy (Fig. 1). That confirmed the presence of
the reinforcement, which was responsible for the increment
in Si content. As noted, there is no appreciable difference
in the elements for specimens 3/6/600 and 7.5/2/600 owing
to no significant difference in the filler count. However,
increasing filler count in specimens 7.5/10/600 and 12/6/600
revealed an appreciable difference in Si and Mg content,
buttressing the fact that the reinforcement additives have
a significant role in the elemental composition at various
dosages.

Elemental analysis of spots labeled 1, 2 in Fig. 4a–d identi-
fies the presence of Si and [O]majorly, as indicated in Fig. 6a,
b. This confirms the spot to be a distribution of silica derived
from RHA and GP. Spots 3 and 4 are spots of agglomeration
of particles. The spot EDS results identify major elements
as Si, Al, O and others as Mg, Ca, Al, and Na (Fig. 4c,
d). This indicates the presence of silica, majorly affirming
spots 3 and 4 in Fig. 4a–d as areas of particle agglomera-
tion. Accordingly, the XRD results (Fig. 4a–d) identified no
intermetallic phase in the composite, and also spots 3 and
4 are not intermetallic regions but rather regions of particle
agglomeration.
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Fig. 3 FESEM morphological
image of specimen cast at 600 ˚C
and prepared with (a) 3% RHA,
6% GP (b) 7.5% RHA, 2% GP
(c) 7.5% RHA, 10% GP and
(d) 12% RHA, 6% GP

Table 6 Elemental distribution in samples cast at 600 ˚C

Specimen FC % Si Zn Mg Cu Fe Mn Other Al

3/6/600 9.0 1.12 5.75 2.39 1.64 0.59 0.28 2.45 Balance

7.5/2/600 9.5 1.14 5.75 2.37 1.65 0.59 0.28 2.51 Balance

7.5/10/600 17.5 3.53 5.76 3.25 1.64 0.54 0.27 3.48 Balance

12/6/600 18.0 3.56 5.74 3.38 1.64 0.51 0.27 3.54 Balance

3.3.2 Composites prepared at 700 ˚C

Similar to specimens produced at 600 °C, specimens pre-
pared at 700 °C are labeled after their composition. For
experimental runs 1, 3, 6, 13, 11, and 8, specimens prepared
with 3%RHA/2%GP, 3%RHA/10%GP, 7.5%RHA/6%GP,
12% RHA/2% GP, 12% RHA/10% GP are labeled 3/2/700,
3/10/700, 7.5/6/700, 7/6/700, 12/2/700, and 12/10/700 with
filler counts of 9.0, 13.0, 13.5, and 22.0 respectively.

The X-ray diffraction of composites cast at 700 °C is
depicted in Fig. 5. Six specimens were prepared at that tem-
perature according to the experimental runs in Table 2. Peaks
identified are Al and SiO2. Based on the based matrix, SiO2

peaks occur as a result of the reinforcing agents, which are

silica based. As observed, the SiO2 phase increased with
increasing particulate count on account of the increasing rein-
forcing phase. No intermetallic content is identified in the
phases highlighted in Fig. 5. The morphology of the com-
posites prepared at 700 ˚C is portrayed in Fig. 6.

Figure 6a depicts the morphology of specimen 3/2/700
(filler count 5%), which contains 3% RHA and 2% GP. The
microstructure revealed sparsely dispersed particles within
thematrix.As a result, there exist some inherentmatrix voids.
Figure 6b depicts the microstructure of specimen 3/10/700
(filler count 13%). It is revealed that the particles are evenly
dispersed when compared with specimen 3/2/700. Relative
to specimen 3/2/700, specimen 3/10/700 performed better
in yield strength and ultimate tensile strength marginally.
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Fig. 4 Spot EDS elemental results on specimen cast at 600 ˚C prepared with (a) 3% RHA/6% GP (b) 7.5% RHA/2% GP (c) 7.5% RHA/10% GP
and (d) 12% RHA/6% GP

Fig. 5 X-ray diffraction patterns
for composites cast at 700 ˚C and
prepared with (a) 3% RHA/2%
GP (b) 3% RHA/10% GP
(c) 7.5% RHA/6% GP (d) 7.5%
RHA/6% GP (e) 12% RHA/2%
GP (d) 12% RHA/10% GP

For hardness and compressive strength values, specimen
3/10/700 performed better significantly. Two reasons can
be attached to this, the first of which is the higher parti-
cle density based on the higher filler count. Second, there is
wider dispersion of the particles within the matrix, the con-
sequence of which is increased particle–particle interaction.
Adediran et al. (ASTM E 9–09 2018) found that 10% GP

achieved maximum hardness in their study. A comparison of
impact strength between the two parameters revealed that the
impact strength of specimen 3/10/700 is lower than the value
obtained for specimen 3/2/700 owing to the brittle nature
of GP and its effect in lowering impact strength, as demon-
strated by Adediran et al. (ASTM E 9–09 2018), who found
that progressive addition of GP from 2 to 10% (in steps of
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Fig. 6 FESEM morphological
image of specimen cast at 700 ˚C
and prepared with (a) 3%
RHA/2% GP (b) 3% RHA/10%
GP (c) 7.5% RHA/6% GP and
(d) 7.5% RHA/6% GP (e) 12%
RHA/ 2% GP (f) 12% RHA/10%
GP

2) resulted in a progressive reduction in impact strength. The
same can be explained for flexural strength.

Figure 6c, d are identified as specimens 7.5/6/700c and
7.5/6/700d, respectively, because they contained the same
dosage of RHA and GP as well as the same filler count
of 13.5%. In the microstructure, the particles are dispersed
uniformly within the matrix. At moderate temperatures,
the viscosity is receptive to the dispersion of particulates
within the melt. This is evident in this study as regards
the microstructure of specimens 7.5/6/700c and 7.5/6/700d.
No defect is observed even as porosity is reduced. As a
result of this even dispersion, the inter-particle distance was
reduced and there was effective load transfer from the matrix
to the reinforcement. Hence, strengthening the interfacial
bonding between the matrix and the reinforcement particle.

Also, pores or voids were closed up, and this resulted in
improved mechanical properties of the material. Comparing
the property values of 7.5/6/700c and 7.5/6/700d, there is no
significant difference.

In Fig. 6e, the morphology of specimen 12/2/700 (filler
count � 14%) indicates dispersion of GP and clustering of
RHA. The clustering can be on the ground of a higher vol-
ume of RHA in the melt during solidification. Since RHA is
light, 12 wt.% will require a large volume result, which trig-
gers clustering as showcased in the morphology. The cluster
points serve as stress risers, inducing a reduction in strength.
The effect can be further explained by the reduced property
value for specimen 12/2/700 when compared with speci-
men 7.5/6/700. This portrays that even at relatively moderate
temperatures, higher particle density can trigger the birth of
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particle clusters, consequently yielding unfavorable strength
responses.

In the case of specimen 12/10/700, whose morphology
is featured in Fig. 6f, three distinct regions are noticed.
The regions are: the dispersed particle region, the segre-
gated particle region, and the clustered particle region. As
observed, the dispersed particle region indicates dispersion
of particles, whereas the segregated and clustered particles
are regions where particles are segregated and agglomera-
tion. The microstructural feature observed is not favorable to
strength enhancement as established in the property values.
The property values are lower on the basis of the existence
of stress concentration and the inducement of residual stress.

The elemental composition analysis of the composites cast
at 700 °C is indicated in Table 7, in which major elements
are Al (being the matrix), Si, Zn, Mg, Cu, and Mn. The Si
content of the base alloy as depicted in Fig. 3 is 0.38%. How-
ever, in specimen 3/2/700, the Si amount rose to 0.90%.
The Si content increased as the filler count increased. Si
content remained nearly constant for specimens 3/10/700,
7.5/6/700, 7.5/6/700, and 12/2/700. Also, there is no appre-
ciable difference in Zn, Mg, Cu, Fe, and Mn based on an
insignificant difference in filler count or reinforcement pro-
portion. There was a significant difference in Si content of
specimen 12/10/700% at a filler count of 22%, while other
elements remained constant. The reinforcement proportion
therefore plays a significant role in the elemental composi-
tion at various dosages. Figure 9 presents the EDS results of
labeled spots in the SEM micrograph displayed in Fig. 8.

Elemental analysis of the spots labeled 1, 2 in Fig. 7a–f
reveals the presence of Si and [O] as elements, confirming
the presence of silica derived from RHA and GP (Fig. 6a, b).
Spots 3 and 4 are spots of agglomeration of particles. Spot
EDS results identify major elements as Si, Al, O and oth-
ers as Mg, Ca, Al, and Na (Table 6). Spots 3, showcased in
Fig. 7a–d, are identified as spots of particle agglomerations.
Accordingly, the XRD results (Fig. 5a–f) identified no inter-
metallic phase in the composite, and also spots 3 and 4 are
not intermetallic regions rather regions of particle agglomer-
ation.

3.3.3 Composites prepared at 800 ˚C

Specimens prepared at 800 °C are labeled after their com-
position. Specimens prepared with 3% RHA/6% GP, 12%
RHA/6% GP, 7.5% RHA/10% GP, 7.5% RHA/2% GP for
experimental runs 9, 5, and 2 are labeled 3/6/800, 12/6/800,
7.5/10/800, 7.5/2/800 in that order, and their respective filler
counts are 9.0, 18.0, 17.5 and 9.5%.

The X-ray diffraction pattern for the specimen cast at
800 °C is plotted in Fig. 8. As observed in the plot, iden-
tified phases are Al, SiO2, and phases M1, M2, M3, and M4.

The SiO2 confirms the existence of the reinforcing additives

similar to the pattern displayed by composites prepared at
600 and 700 °C. M1, M2, M3, and M4 phases detected in the
matrices are Mg2Si, AlMg(Mnx), and Al(CuMg) (Kim et al.
2019; Sun et al. 2017; Tash and Mahmond 2016) and indi-
cate the presence of intermetallic phases identified as M1,
M2, M3, and M4 in the microstructure shown in Fig. 12.

Themorphology of specimen 3/6/800 expressed in Fig. 9a
pinpoints the presence of dispersed particles based on par-
ticulate dispersion within the melt. Another feature revealed
by the microstructure is the presence of micro voids. The
findings of Mozammil et al. (Mozammil et al. 2020) and
Dhaneswara et al. (Dhaneswara et al. 2019) proved a direct
relationship between porosity and temperature. Higher tem-
perature enhances particle dispersion because of high vis-
cosity of the melt, however, the shortcomings include the
tendency to entrap air, which is evolved during solidification,
resulting in pores. This is a factor responsible for the pores
created in the morphology depicted by specimen 3/6/800
(Cao et al. 2019). The morphology of specimen 12/6/800
is highlighted in Fig. 9b. Blow holes are defects associated
with high-temperature casting. As a result, absorbed air in
liquid metal escapes during solidification from a liquid state.
Very high viscosity has the tendency to entrap large vol-
umes of air and, on solidification, the gas is forced to evolve,
giving rise to blow holes. Defects generally lead to poor per-
formance of metal. The same is true for the performance
of specimen 12/6/800. Figure 9c also featured micro voids
for specimen 7.5/10/800, similar to the previously discussed
specimen 3/6/800. Another defect in the microstructure rep-
resented in Fig. 9d for 7.5/2/800 is the microcrack. A crack
may occur as a result of hot tearing.

Elemental analysis of points labeled 1, 2 in themorpholog-
ical image portrayed in Fig. 9a–d identifies the presence of Si
and [O], majorly pinpointing the existence of silica derived
from RHA and GP addition. Figure 10a–d depicts elements
found in spots M1, M2, M3, and M4. The major elements
existing at these spots are Al, Mg, and Si. The phases iden-
tified are Mg2Si, AlMg(Mnx), AlSi8ZnMg, and Al(CuMg),
which confirm the XRD results.

Intermetallic phases in cast metal occur by dint of high-
temperature reaction. Diffusion and reaction take place at a
faster rate. This sometimes results in the formation of inter-
metallic compounds, some of which are brittle and do not
necessarily improve strength of the composite. These iden-
tified spots are stress raisers within the alloy system and are
partly responsible for the relatively poor mechanical perfor-
mance of specimen cast at 800 ˚C as compared with those
produced at a relatively moderate 700 °C temperature. In
present findings, porosity and intermetallic phases are held
responsible for the poorer performance of specimens pro-
duced at 800 °C as compared with specimens prepared at
700 °C.
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Table 7 Elemental distribution in samples cast at 700 ˚C

Specimen FC % Si Zn Mg Cu Fe Mn Other Al

3/2/700 5 0.90 5.75 1.98 1.54 0.59 0.37 2.11 Balance

3/10/700 13 1.20 5.75 2.38 1.66 0.60 0.22 2.62 Balance

7.5/6/700 13.5 1.24 5.75 3.25 1.67 0.58 0.21 3.21 Balance

7.5/6/700 13.5 1.26 5.73 3.36 1.68 0.61 0.27 3.08 Balance

12/2/700 14 1.25 5.70 3.10 1.68 0.59 0.23 3.33 Balance

12/10/700 22 3.12 5.61 3.41 1.80 0.58 0.27 3.42 Balance

Fig. 7 Spot EDS elemental results on specimen cast at 600 ˚C prepared with (a) 3% RHA/6% GP (b) 7.5% RHA/2% GP (c) 7.5% RHA/10% GP
and (d) 12% RHA/6% GP

The elemental composition analysis of the composites
stirred at 800 ˚C is indicated in Table 7, in which major ele-
ments are Al (being the matrix), Si, Zn, Mg, Cu, and Mn.
The Si content of the base alloy as depicted in Fig. 1 is
0.38%. However, in specimen 3/6/800, the Si amount rose
to 1.14% at a filler count of 9%. with an increasing partic-
ulate count of 18 and 17.5% for specimens 12/6/800 and
7.5/10/800, respectively. The Si content showed no signif-
icant difference between specimens 12/6/800 (prepared at
800 ˚C) and 12/6/600 (prepared at 600 ˚C). Equally, the
particulate count is 18%. The morphology revealed various

features, including agglomerations in specimen 12/6/600 and
blow holes and intermetallic phases of Mg2Si; AlMg(Mnx)
in specimen 12/6/800. Disparity in the features observed in
the microstructures is based on temperature effects. Simi-
larly, the microstructure of specimen 7.5/10/800 (prepared
at 800 °C) contained phases of Mg2Si, AlMg(Mnx), and
AlSi8ZnMg, in contrast to the microstructure of specimen
7.5/10/600 (prepared at 600 °C), which contained particle
clusters.

The difference in elemental proportion between speci-
men 3/6/800 and specimen 7.5/2/800 is insignificant, and
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Fig. 8 X-ray diffraction patterns
for composites cast at 800 ˚C
prepared with (a) 3% RHA/6%
GP (b) 7.5% RHA/2% GP
(c) 7.5% RHA/10% GP (d) 12%
RHA/6% GP

Fig. 9 FESEM morphological
image of specimen cast at 800 ˚C
and prepared with (a) 3% RHA,
6% GP (b) 12% RHA, 6% GP
(c) 7.5% RHA, 10% GP and
(d) 7.5% RHA, 2% GP

intermetallic phases are Mg2Si; AlMg(Mnx) dominant, as
observed in the microstructure and confirmed by XRD
results, owing to the high diffusibility of atoms at high tem-
peratures. In the case of specimen 12/6/800 and specimen
7.5/10/800 with filler counts of 18 and 17.5%, respectively,
there is a consequential difference in Mg and Cu elements,
an observation held responsible for the formation of the

Al(CuMg) phase in specimen 7.5/10/800. This report showed
the role of stirring temperature and filler counts on the
morphological features, phase changes, and intermetallic for-
mation.

Peak values for all properties are attained at the blend of
7.5% RHA and 6% GP, except for hardness. A maximum
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Fig. 10 Spot EDS elemental results on specimen cast at 800 ˚C prepared with (a) 3% RHA/6% GP (b) 7.5% RHA/2% GP (c) 7.5% RHA/10% GP
(d) 12% RHA/6% GP

hardness value of 3/10/700 was realized; a marginal differ-
ence of 3.95% over that of specimen 7.5/6/700. Discrepancy
can occur by reason of higher GP content. However, the
difference can be ignored since it is marginal. This result
therefore establishes 700 °C as an adequate casting temper-
ature for the composite developed.

3.4 Statistical analysis of experimental outcome

Obtained experimental results were subjected to analysis of
variance (ANOVA), mathematical modeling, model valida-
tion, response surface analysis and optimization.

3.4.1 Analysis of variance (ANOVA)

Analyses of variancewere conducted to estimate if the differ-
ences obtained for the data are statistically significant. The
evaluation was done at a 95% confidence level and a 5%
significance level. A probability (p) value was chosen as the
basis for determining the significance of a given parameter
or interaction. A p-value less than 0.05 indicates a significant
contribution. By contrast, when the value is greater than 0.05,
the contribution is insignificant (Table 8).

Table 9 highlights the ANOVA results on the responses.
The p-value for themodels of the responses is < 0.05, indicat-
ing that the models are fit to represent the data. The residual
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Table 8 Elemental distribution in samples cast at 800 ˚C

Specimen FC % Si Zn Mg Cu Fe Mn Other Al

3/6/800 9 1.14 5.74 2.40 1.63 0.54 0.27 2.22 Balance

12/6/800 18 2.11 5.75 2.44 1.68 0.58 0.31 2.84 Balance

7.5/10/800 17.5 2.39 5.73 3.28 1.76 0.51 0.28 3.52 Balance

7.5/2/800 9.5 1.19 5.68 2.41 1.65 0.53 0.29 2.67 Balance

FC is filler count %

Table 9 ANOVA on responses
Source TS UTS FS HD IS CS

Model < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001

A-RHA < 0.0001 0.0005 0.0841 < 0.0001 < 0.0001 < 0.0001

B-GP 0.0012 0.0033 0.0009 < 0.0001 0.0003 < 0.0001

C-Temperature 0.0002 0.0026 0.0034 < 0.0001 < 0.0001 < 0.0001

AB 0.0328 0.0588 0.0238 0.3348 0.9820 0.8325

AC 0.9388 0.0933 0.9337 0.7759 0.0229 0.1682

BC 0.7983 0.7315 0.9779 0.0093 0.9281 0.2665

A2 < 0.0001 < 0.0001 < 0.0001 0.9184 < 0.0001 < 0.0001

B2 < 0.0001 < 0.0001 < 0.0001 0.0833 < 0.0001 0.1722

C2 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001

Lack of Fit 0.7900 0.8500 0.4000 0.6853 0.1615 0.7058

R2 0.9905 0.9875 0.9846 0.9898 0.9920 0.9795

Adjusted R2 0.9783 0.9713 0.9648 0.9768 0.9818 0.9888

Predicted R2 0.9571 0.8042 0.8569 0.9424 0.9560 0.9771

Adeq. Prec 26.33 22.00 18.60 30.14 26.77 24.56

coefficient of correlation (R2 � 0.9905) for the models is
respectively > 0.95, confirming a high correlation between
the models and the respective data. The models are therefore
> 95% dependable to represent the data with < 5% variabil-
ity. Furthermore, the p-values for the lack of fit are > 0.05.
Therefore, themodels present a highdegree of fitnesswith the
residuals. The difference between adjusted R2 and predicted
R2 is less than 0.2 (20%), further pointing to a statistically
fit model. The value of Adeq. precision for the responses is
> 4, affirming the models can be used to traverse the design
space.

Table 9 shows that factor A (RHA) has a significant influ-
ence on the responses TS, UTS, HD, IS, and CS (p < 0.05),
but only a marginal influence on FS (p > 0.05). Regarding
all properties, the p-value of factors B (RHA) and C (tem-
perature) is < 0.05. By inference, the contributions of RHA
and temperature to all responses are consequential. P-values
for cross interactions between the factors (AB, AC, BC) are
> 0.05 for all properties, implicating that the contributions
of the cross interactions on the responses are inconsequen-
tial. Relating to the properties, square interaction A2 had
a significant effect on all responses except microhardness.

Meanwhile, B2 demonstrated significant influence on all the
responses,with the exception ofmicrohardness and compres-
sive strength. The contribution of interaction C2 is shown to
be substantial on all responses (p-value < 0.05).

3.4.2 Mathematical models

Equations 2–7 are the mathematical models for yield
strength, ultimate tensile strength, microhardness, flexural
strength, impact strength and compressive strength respec-
tively. From themodels, the coefficients of factorsAandCare
positive. This means that the terms have a resultant positive
(synergetic) effect on the responses. FactorBpossesses a pos-
itive coefficient except in the case of microhardness, which
means factor B is antagonistic to microhardness. Square
interaction A2 showed a resultant negative influence on YS,
UTS, FS, IS, and CS but a resultant positive contribution on
HD. From the models, it is deduced that the contributions
of B2 and C2 are antagonistic to all responses. In the case
of the cross interactions, AB is synergetic to FS, IS, and CS
but antagonistic to YS, UTS, and HD. Relating to interaction
AC, the contribution is synergetic pertaining to YS and CS,
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but antagonistic to UTS, HD, FS, and IS. Factor BC mani-
fested a resultant positive influence on YS, UTS, and HD but
a resultant negative contribution on FS, IS, and CS.

YS � −4100.3063 + 98.4722 A + 85.3604 B

+ 12.3758 C − 1.3889 AB + 0.0017 AC

+ 0.0063 BC − 6.9963 A2 − 7.3391 B2 − 0.0092 C2

(2)

UTS � −6114.3833 + 158.7500 A + 88.1271 B

+ 17.5603 C−1.4028 AB−0.0483 AC

+ 0.0100 BC−8.4741 A2−7.7719 B2−0.0126 C2

(3)

HD � −703.3326 + 3.7037 A−1.4333 B

+ 2.2863 C−0.0972 AB−0.0011 AC

+ 0.0150 BC + 0.0086 A2−0.2078 B2−0.0016 C2

(4)

FS � −3856.2750 + 58.0833 A + 56.9646 B

+ 11.9008 C + 1.3889 AB − 0.0017 AC

− 0.0006 BC − 4.2000 A2 − 6.2844 B2 − 0.0087 C2

(5)

IS � −33.5943 + 0.5969 A + 1.0940 B + 0.1127 C

+ 0.0001 AB + 0.0007 AC−0.0000 BC−0.0814 A2

−0.1002 B2−0.0001 C2 (6)

CS � −7131.0729 + 94.2222 A + 31.7292 B + 21.0042 C

+ 0.0278 AB + 0.0078 AC−0.0069 BC−6.2778 A2

−0.2109 B2−0.0153 C2 (7)

3.5 Response surface analysis and contour plots

3.5.1 Yield tensile strength

Figure 11a showcases the response plot of the interaction
between RHA and GP and the effect of such interaction on
yield strength response when temperature is held at 700 ˚C.
Proportion of 3–7.5 wt. % RHA and 2–6 wt. % GP led to
strength enhancement. The outcome revealed in this study
between 3 and 7.5 wt. % RHA is similar to the findings of
Ahamed et al. (Ahamed et al. 2016) in which progressive
enhancement of tensile strength was observed with 3–9%
of RHA. Likewise, Adediran et al. (ASTM E 9–09 2018)
reported increment in tensile strength when glass particulate
was introduced into Al 6061 melt in similitude with findings

showcased between 2 and 6% GP in this study. The boost in
strengths is attributed to coexistence between the two forms
of particulate and good adhesion with the matrix based on
particle strengthening mechanism. In the investigation car-
ried out byAdekomaya andAdamu (Ademokoya andAdama
2017), inclusion of reinforcement particles resulted in pro-
gressive enhancement of strength. It was however noted that
7.5–12 wt. % dosage of RHA combining with 6–10 wt. %
GP ensured reduction in response. Reason for the reduction
in strength is associated with high density of the particles
ensuing clustering of particles within the matrix as reported
by Roether and Boccaccini (Roether and Boccaccini 2005).
Virkunwar et al. (Virkunwar et al. 2018) associated the find-
ings to poor wettability existing between particulates; and
they observe decrease in tensile strength when RHA was
beyond 8% in their study. As observed in Fig. 13a, the point
of intersection for the inflexions 7.5%RHAand6%GPcorre-
sponds to strength value of 603 MPa (a 38.9% over the value
of the reference mix). The two factors A and B demonstrated
inverted parabolic interaction profile. The general profile for
the combined interaction is a domed-shaped profile. Contour
plots show different regionswhere varying property response
can be obtained at different intervals of the experimental
inputs. Important region is the optimal region which give
range of values for optimal response. Figure 11b shows the
contour plot of the interaction. Optimum zone is indicated as
point A for values > 600MPa obtainable when 4.8–8.3 wt. %
RHA is combined with 4.1–6.8 wt. % GP when maintaining
temperature at 700 ˚C. Hence, at constant 700 ˚C, optimum
yield strength can be obtained by blending 4.8–8.3 wt. %
RHA with 4.1–6.8 wt. % GP.

Similarly, as in the case of interaction RHA versus tem-
perature, as it affects the response, holding GP constant at
6 wt. % (Fig. 11c), 3–7.5 wt.% RHA at temperatures of
600–700 ˚C engendered strength improvement. Moderate
temperature ensues moderate viscosity permitting even dis-
persion of the particles effecting better performance in the
material (Shin et al. 2021). Proportions of 7.5–12% RHA
at temperature range of 700–800 ˚C amounted to decrease
in strength. Higher casting temperature has tendency to ini-
tiate higher chemical reaction amounting to formation of
some intermetallic compounds capable of deteriorating the
strength of the alloy (Barbosa et al. 2014). The two param-
eters displayed inverted parabolic interaction profile and
intersection point of inflexion was reached at coded level 0
(6 wt. % graphite and 700 ˚C) corresponding to 605.9 MPa.
General profile for the interaction is taken to be domed shape.
From the contour plot of the interaction displayed in Fig. 11d,
input of 4.6–8.5wt.%RHA infused intoAl 7075melt at tem-
perature range of 625–725 ˚C will achieve optimum result of
yield strength > 600MPa, when holding GP constant at 6 wt.
% (Fig. 12).

123



Multiscale and Multidisciplinary Modeling, Experiments and Design

Fig. 11 Response surface and contour plots revealing effects of interactions on yield strength as represented by interactions (a, b) rice husk ash vs
glass powder (c, d) rice husk ash vs temperature (e, f) glass powder vs temperature
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Fig. 12 Response surface and contour plots revealing effects of interactions on ultimate tensile strength as represented by interactions (a, b) RHA
vs GP (c, d) RHA vs temperature (e, f) GP vs temperature

123



Multiscale and Multidisciplinary Modeling, Experiments and Design

Interaction GP versus temperature is demonstrated in
Fig. 11e at constant RHA of 7.5 wt. %. GP proportion of
2–6wt.% infused into the composite at temperatures between
600 and 700 ˚C led to enhancement of strength. Madhanku-
mar et al. (Madhankumar et al. 2018) revealed that glass
powder possesses good cohesion with other particulates like
SiC toward enhancement of the tensile strength of aluminum
composite.Meanwhile, 6–10wt.%GP at 700–800 ˚C ensued
strength reduction. The depreciation in strength is hinged on
high particle density within the matrix engendering particle
clustering (Swamyet al. 2011;Anyalem2020b). The two fac-
tors exhibited inverted parabolic profile yielding combined
domed-shaped profile. The intersecting inflexion point was
detected at coordinates 6wt.%GP and 700 ˚C corresponding
to 597.6 MPa. As observed in the contour plot of Fig. 11f,
optimal zone is indicated as C. Yield strength > 600MPa can
be obtained when 3.8–7.1% of GP is blended with 7.5 wt. %
constant dosage of RHA at temperature range of 625–720 ˚C.

3.5.2 Ultimate tensile strength

The response plot of the interaction RHA versus GP and
the outcome of the interaction on ultimate strength response
holding temperature at 700 °C is illustrated in Fig. 12a.
Particulate loading of 3–7.5 wt. % RHA and 2–6 wt.
% GP prompted strength enhancement. This accretion in
strength occurs on account of the uniform distribution of
both particles within the composite, ensuing strong bonds,
consequently effecting a boost in UTS. Moreso, reduction in
particle distance by virtue of particulate presence encourages
impediment to dislocation movement in the matrix. Further
additions of 8 and 10wt.%GP amounted to a reduction occa-
sioned by increased particle density. Combined particulate
addition in aluminum alloy has been studied and reported
to improve the tensile properties of hybrid aluminum com-
posites (Myalska-Glowacka et al. 2022; Khan et al. 2015;
Venkatesh et al. 2019). These studies achieved enhancement
of ultimate tensile strength of Al 6061 when rice husk ash
was introduced into the melt from 2 to 8 wt.% agreeing with
the findings depicted in this study. From the surface plot
(Fig. 14a), 7.5–12 wt. % dosage of RHA interplaying with
6–10 wt. % GP particles provoked a decrease in response
owing to particulate coarsening. An investigation carried out
by Usman et al. 2014a revealed the effect of rice husk ash
(RHA) addition on the ultimate tensile strength of the alu-
minum composite. 5%–10% RHA in the matrix expedited
a boost in value, and beyond 10%, there was a depreciation
in strength. Equally, Adediran et al. (ASTM E 9–09 2018)
improved the ultimate tensile strength of aluminum matrix
with glass powder up to 6%, beyondwhich therewas strength
reduction. Akinwande et al. (Akinwande et al. 2022d) com-
bined RHA and GP in recycled melt and observed that the
blend of 9% RHA and 4% GP begat optimum improvement

(an improvement of 52.81%over the referencemix) in tensile
strength, showing that the combination of the two additives
contributes to strength enhancement in aluminum matrix.
The point of inflexion corresponding to a strength response of
704.4 MPa was achieved at corresponding values of 7.5 wt.
% RHA and 6 wt. % GP. The two factors, A and B, man-
ifested an inverted parabolic interaction profile, portraying
a combined domed-shaped profile. In Fig. 12b, region A is
the optimum zone as regards the interaction between RHA
and GP. At a constant temperature of 700 °C, a feasible RHA
dosage of 6.6–7.8 wt.% and GP loading of 4.8–6.2 wt.% at
a constant temperature of 700 °C.

In terms of the interaction RHA versus temperature, as it
affects the ultimate tensile strength response at a constant
GP of 6 wt.% (Fig. 12c), 3–7.5 wt.% RHA at tempera-
tures of 600–700 °C resulted in an improvement, whereas
particulate loading of 7.5–12% RHA used at 600–700 °C
ensued in a decrease in strength. A similar study revealed
how rice husk ash combined with fly ash yielded optimum
tensile performance at 6% (Subrahmanyam et al. 2016).
The viscosity of a metal melt is dependent on casting tem-
perature and it influences the properties of the developed
composite (Ferreira et al. 2019). At lower viscosity, the rein-
forcing particles have lowermobilitywithin themelt, causing
segregation, agglomeration, and clustering. If the viscosity
is high due to high temperature, particles possess a high
amount of kinetic energy with the possibility of even disper-
sion. At much higher temperatures, there is a tendency for
gas entrapment. However, determining the moderate casting
temperature for even casting is not easy. In this study, tem-
peratures between 600 and 700 ˚C seem moderate, beyond
which there is strength reduction. The two parameters RHA
and temperature displayed an inverted parabolic interaction
profile and the intersecting point of inflexion was reached at
a coordinate of 6 wt. % graphite and 700 °C, correspond-
ing to 704.7 MPa. The general profile for the interaction is
a domed shape profile. From the contour plot of the inter-
action displayed in Fig. 12d, an input of 6.20–7.6% RHA
at 675–715 °C will achieve an optimum result of strength >
700 MPa, holding GP constant at 6 wt.%.

Figure 12e depicts the GP versus temperature interac-
tion at a constant RHA of 7.5 wt.%. A GP proportion
of 2–6 wt.% included at temperatures of 600 and 700 °C
resulted in strength improvement,whereas aGPproportionof
6–10 wt.% added at temperatures of 700–800 °C engendered
strength reduction. A comparable outcome was showcased
by Mathur and Barnawal (Mathur and Barnawal 2013) in
which temperatures between 700 and 725 °C were favor-
able to the UTS performance of Al-4Cu, beyond which an
increase in temperature became detrimental to the strength
value. The two factors RHA and GP depicted an inverted
parabolic profile, yielding a combined domed-shaped profile.
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The intersecting inflexion point was pinpointed at coordi-
nates 6 wt. % GP and 700 °C, corresponding to 704.3 MPa.
As observed in the contour plot of Fig. 12f, the optimal zone
is indicated as C. When 4.4–6.3 wt.% GP is used at tem-
peratures ranging from 665 to 720 °C and RHA is kept at
7.5 wt.%, 700 MPa can be achieved.

3.5.3 Flexural strength

Figure 13a reflects the surface plot of the interaction between
RHA and GP and the effect on flexural strength response
at a constant temperature of 700 °C. Interplay between 3
and 7.5 wt. RHA and 2–6 wt. % GP led to enhancement
of strength. The feat is attributable to improved interparticle
cohesion between the particles owing to favorable interaction
between them. Nevertheless, the combination of 7.5–12 wt.
% RHA and 6–10 wt. % GP aroused strength reduction. The
depreciation in strength is traceable to micro voids and the
presence of secondary (intermetallic) phases is antagonistic
to strength improvement and ductility. There are scarce stud-
ies focused on the flexural strength of aluminummatrix using
glass powder and rice husk reinforcement. Even though there
are similar studies involving other ceramic particulates. The
outcome of the studies of Das et al. (Das et al. 2019) revealed
that SiC particulate plays a significant role in enhancing the
flexural strength of Al 7075. A hybrid aluminum composite
developed by Saravanakumar and Sasikuma (Saravanaku-
mar and Sasikumar 2018) involved the blend of alumina
and graphite into the melt. Optimum flexural strength was
attained by the blend of 6% alumina and 1% graphite was
infused. Akinwande et al. (Akinwande et al. 2022d) showed
that the combination of RHA and GP has a significant effect
on the flexural properties of aluminum matrix. The two fac-
tors RHA and GP displayed an inverted parabolic interaction
profile, effectuating a combined domed shape interaction
profile. When the temperature is held constant at 700 °C,
the intersection points for the two factors occur when RHA
proportion is 7.5 wt.% and GP proportion is 6 wt.%, totaling
554.5 MPa. As observed in the optimum zone A of the con-
tour plot for the interaction in Fig. 13b, input of 6.2–7.8 RHA
combined with 4.6–5.7 wt.% GP will achieve an optimum
result of flexural strength > 550 MPa, holding temperature
constant at 700 °C.

Figure 13c highlights the surface plot of the interac-
tion between factors A and C and the effect on flexural
strength, holding GP constant at 6 wt. %. Strength increases
when 3–7.5% RHA is infused in the melt at temperatures
ranging from 600 to 700 °C. The observation is linked to
enhanced closed packing in the matrix, amounting to a low-
ering of plastic deformation during loading. Even so, the
proportion of 7.5–12 wt. % RHA addition at a tempera-
ture range of 700–800 °C culminates in strength reduction.

Observed depreciation in strength occurs on account of par-
ticle agglomeration and intermetallic phases present due to
high-temperature reactions. The interaction profile for each
factor RHA and temperature is parabolic, resulting in a com-
bined profile of a dome shape. The curvature point exists at
coordinates of 7.5 wt. % RHA and 6 wt. % GP, yielding a
value of 552.5 MPa. In Fig. 13d, region B is the optimum
zone as regards the interaction between RHA and GP. At a
constant GP of 6 wt.% and an RHA dosage of 6.3–7.9 wt.%,
and a stirring temperature of 670–690 °C.

The surface plot for the effect of the interaction GP ver-
sus temperature when RHA is held constant at 7.5 wt.% is
shown in Fig. 13e. Employing 2–6 wt.% GP at temperatures
of 600 and 700 °C resulted in strength improvement, whereas
employing 6–10 wt.% GP at temperatures of 700–800 °C
resulted in strength reduction. The interaction profile for each
parameter is parabolic and domed-shaped for the combined.
The turning point exists at a coordinate of 6 wt. % GP and
700 °C, yielding a yield strength value of 554.5 MPa. As
identified in the contour plot of Fig. 13f, the optimal region
is indicated as C. Between temperatures of 640–710 °C,
4.6–6.4% of GP is incorporated, with RHA remaining at
7.5 wt.%.

3.5.4 Microhardness

A response surface plot for the interaction RHA versus GP
at a constant temperature of 600 °C is presented in Fig. 14a.
Admixture of 3–12 wt. with 2–10 wt. % GP contributes
significantly to the enhancement of hardness. Mishra et al.
(Selvam et al. 2021) revealed the significance of RHA in the
improvement of the hardness of aluminum alloy compos-
ites. Verma and Vettivel (Verma and Vettivel 2018) carried
out response surface optimization of Al 7075 reinforced with
RHAandB4C. Interaction between 1 and 5%RHAand1–5%
B4C enkindled progressive improvement in microhardness.
The surface plot of the interaction between RHA and B4C in
the study is in sync with the result of the surface plot depicted
for the interaction between GP and RHA in the present study.
The accretion in hardness associated with an increment in
particulate presence is associated with the hardness of the
particulates and the closed-packed structure exhibited at the
surface. The two input factors, RHA and GP, manifested a
positive linear interaction plot, giving rise to a gable-shaped
interaction profile. Maximum hardness for the interaction
occurred when 12wt. %RHA and 10wt. %GPwere blended
into the melt at 700 °C, correlating with a 204 Hv value for
hardness. In Fig. 14b, the optimum zone is indicated as point
A for values > 200 HV is realizable on a combination of
RHA within the range of 9.7–12 wt.% and GP in the range
of 8.5–10 wt.%.
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Fig. 13 Response surface and contour plots revealing effects of interactions on flexural strength as represented by interactions (a, b) RHA vs GP
(c, d) RHA vs temperature (e, f) GP vs temperature

Figure 14c epitomizes the surface plot of the interaction
between factors RHA and temperature with respect to hard-
ness at a constant GP proportion of 6 wt.%. Even though the
temperature range of 600 and 700 °C is favorable to hardness,
3–12 wt.% RHA resulted in an improvement in hardness.
Udoye et al. (Myalska-Glowacka et al. 2022) achieved opti-
mal microhardness by infusing Al 6061 with 8% RHA.

The trend in their study aligns with the trend presented by
RHA in this study with regards to microhardness. However,
700–800 °C begat a slight decrease in hardness. Accord-
ing to Mathur and Barnawal (Mathur and Barnawal 2013),
temperatures between 700 and725 °Cwere favorable to hard-
ness, while temperatures between 725 and 750 °C caused a
decrease in hardness value due to the presence of defects such
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Fig. 14 Response surface and contour plots revealing effects of interactions on microhardness as represented by interactions (a, b) RHA vs GP (c,
d) RHA vs temperature (e, f) GP vs temperature
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asmicro cracks, surfacemicro-porosity, andweakened bonds
at the surface.All this elicits aweakening of surface hardness.
While RHA exemplifies a positive linear profile, tempera-
ture reflects a half-parabolic interaction profile, yielding a
combined half-barrel shaped interaction profile. Maximum
hardness was attained when 12% RHA was blended with
6% GP at 700 °C, corresponding to 187 HV. From the con-
tour plot of the interaction presented in Fig. 14d, an input
of 9.2–12 wt.% RHA at a temperature of 620–800 °C will
achieve an optimum hardness value > 180 MPa HV, holding
GP constant at 6 wt.%.

Figure 14e illustrates the surface plot for the influence of
the interaction "GP versus temperature" on microhardness
when holding RHA at 7.5 wt.%. Usage of 2–10 wt. % GP
resulted in an increment in hardness. Adediran et al. (ASTM
E 9–09 2018) validate the use of GP in this study as sim-
ilar accretion in hardness with progressive assimilation of
GP was reported. The temperature range of 600 and 700 °C
favors enhancement of hardness, while the temperature range
of 700–800 °C is detrimental to hardness. Therefore, the
moderate peak temperature for optimum hardness for the
interaction is 700 °C. Klemens et al. (Klemens et al. 2019)
obtained a maximum casting temperature of 750 °C for alu-
minum 7075 alloy. The interaction profile for glass powder
parameterswas slimily positive linear,while temperature dis-
played a half-parabolic profile. Hence, the interplay between
GP and temperature as it affects micro hardness is said to be
inverse when temperature exceeds 700 °C, yielding a com-
bined half-barreled shape interaction profile with a steeper
slope as compared with the combined shape obtained for the
interaction RHA vs temperature. This implies that for the
interaction GP vs temperature at 7.5% RHA (constant dose),
temperature beyond 700 °C is more detrimental to hardness
as compared with the interaction between RHA vs tempera-
ture. Maximum hardness was attained at the coordinate point
of 10 wt. %GP and 700 °C, equaling 196 HV. As observed in
the contour plot of Fig. 14f, the optimal zone is indicated as
C. When 7.1–10% GP is applied at 605–800 °C while main-
taining RHA at 7.5 wt.%, a microhardness value of > 180
HV can be obtained.

3.5.5 Impact strength

Figure 15a reflects the response plot of the interaction
between factor A versus B and the effect on impact strength
response when temperature is held at 700 ˚C. Proportion of
3–7.5 wt. % RHA and 2–6 wt. % GP sired strength enhance-
ment. The feat occurred on the dint of uniform distribution
of the reinforcing particles. Howbeit, 7.5–12 wt. % dosage
of RHA combining with 6–10 wt. % GP particles ensued
deterioration in impact strength. The deterioration occurred
owing to the brittle nature of the particulate. Akinwande

et al. (Akinwande et al. 2022d) claimed that at higher parti-
cle density for glass powder, there is tendency for the brittle
nature of the particulate to take dominance. On the basis of
this, the strength starts depreciating. Studies on effect of ash
particulate on impact strength of aluminum alloy has been
investigated. Atuanya et al. (Atuanya et al. 2012) showcased
progressive depreciation in impact strength with increasing
dosage of breadfruit seed hull ash from 2 to 12 wt. % similar
to occurrence between 7.5 and 12%RHA.Razzaq et al. (Raz-
zaq et al. 2017) also reported progressive decline in impact
strength of fly ash/AA 6063 composite from 2 to 12% addi-
tion similar to observation recorded between 7.5 and 12%
RHA. Turning point for strength corresponding to strength
value of 7.61 kJ/m2 was attained for the interaction at 7.5 wt.
% RHA and 6 wt. % GP. The two factors A and B demon-
strated inverted parabolic interaction profile. The general
profile of the combination is a domed-shaped profile. The
contour plot in Fig. 15b highlighting the optimum zone in
which strength values > 7 kJ/m2 is realizable and depicted
as A. Input of variables for such strength range is possible at
the combination of 4.2–9 wt. % RHA and 3.2–7.4 wt. % GP,
when maintaining temperature at 700 ˚C.

Similarly, as in the case of interactionRHAversus temper-
ature, as it affects the impact strength response, holding GP
constant at 6 wt. % (Fig. 15c), 3–7.5 wt. % RHA at stirring
temperatures of 600–700 ˚C engendered strength improve-
ment even as proportion of 7.5—12% RHA at 700–800 ˚C
amounted to decrease in strength. Usman et al. (Usman et al.
2014b) compared the influence of ashes of bagasse and rice
husk on properties of aluminum composite. Impact strength
improved with 5–10% of the ashes corroborating the out-
come revealed in present study between 3 and 7.5% RHA.
The decline recorded between 7.5 and 12% RHA is in tan-
dem with the decline showcased between 10 and 30% of
the ashes. The authors discovered that RHA outperformed
bagasse ash. The influence of temperature on impact strength
elucidated in Mathur and Barnawal, (Mathur and Barnawal
2013) showed that temperature between 700 and 725 ˚C was
synergetic to impact strength while between 725 and 750 °C,
the strength value declined. The observation substantiates the
findings of this study as regards how temperature affected
impact strength. The decline in strength is associated with
particulate coagulation, storage of residual stress owing to
thermalmismatch, and occurrence of unfavorable intermetal-
lic phases at increasing temperature. Temperature exhibited
inverted parabolic interaction profile while RHA displayed
a parabolic interaction profile. The two factors depicted
inverted parabolic profile. Intersecting point of inflexion was
reached at coded level 0 (7.5 wt. % RHA and 700 ˚C tem-
perature) corresponding to 7.7 kJ/m2. General profile for the
interaction is assumed to be domed-shape. From the con-
tour plot of the interaction displayed in Fig. 15d, input of
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Fig. 15 Response surface and contour plots revealing effects of interactions on impact strength as represented by interactions (a, b) RHA vs GP (c,
d) RHA vs temperature (e, f) GP vs temperature

3.5–9.85 RHA at 600–735 ˚C will achieve optimum strength
> 7.0 kJ/m2 MPa when holding GP constant at 6 wt. %.

Interaction GP versus temperature is demonstrated in
Fig. 15e when holding RHA constant at 7.5 wt. %. GP
proportion of 2–6 wt. % infused into composite at temper-
ature between 600 and 700 ˚C led to progressive strength
minimization, meanwhile, 6–10 wt. % GP at 700–800 ˚C
ensued strength minimization. Ceramic reinforcement like

silica added to aluminium LM-13 melt at 3, 6, 9 and 12%
by authors Mallikarjuna et al. (Mallikarjuna and Basawaraj
2021) exhibited progressive enhancement in impact strength
with increment in silica dosage; a feat aggreging with the
trend realized between 2 and 6% GP in present investi-
gation. Contrarily, Adediran et al. (ASTM E 9–09 2018)
reported a progressive decline in impact strength as the GP
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content increased from2 to 10%associatedwith thermalmis-
match inducing residual stress in the matrix. The combined
point of inflexion occurred at 6% GP and 700 ˚C tem-
perature corresponding to 7.75 kJ/m2. The two parameters
reflected inverted parabolic interaction profilewith combined
domed-shaped profile. As observed in the contour plot of
Fig. 15f, optimal zone is indicated as C. Impact strength >
7.0 kJ/m2 can be obtained when 3.2–7.8% of GP is applied
at 600–635 ˚C, maintaining RHA at 7.5 wt. %.

3.5.6 Compressive strength

The response plot of the interaction RHA versus GP and the
outcome of the interaction on compressive strength response
holding temperature at 700 °C is illustrated in Fig. 16a. Par-
ticulate loading of 2–7.5 wt. % RHA and 2–10 wt. % GP
prompted strength enhancement ascribable to condensed and
reduced interparticle distance based on the even dispersion
of the particles within the matrix, resulting in increased dis-
location density, consequently improving strength. Authors
Saravanan andKumar (Saravanan andKumar 2013) demostr-
taed the potential of RHA in enhancing the compressive
strength of the AlSi10Mg matrix as assimilation of 2–12%
RHA in the matrix enhanced compressive strength. The out-
come of Ali and Motgi (Ali and Motgi 2021) disclosed that
the combination of RHA and ceramic particulate like SiC
has the potential to improve the performance of aluminum
matrix. The outcomes reported by Fenghong et al. (Fenghong
et al. 2019) delineate the impact of tungsten carbide and sil-
ica carbide in improving the strength of the Al 6061 matrix.
In contrast, 7.5–12 wt. % dosage of RHA interacted with
2–10 wt. % GP particles provoked a decrease in response on
account of agglomeration and clustering of particles encour-
aging stress concentration within the matrix. The maximum
compressive strength for the interaction is 701.4 MPa, corre-
sponding to 7.5% RHA and 10% GP. The two factors, A and
B, manifested an inverted parabolic interaction profile, por-
traying a combined domed-shaped profile. In Fig. 16b, region
A is the optimum zone as regards the interaction between
RHA and GP. At a constant temperature of 700 °C, a feasible
RHAdosage of 6.9–8.1wt.% andGP loading of 9.9–10wt.%
at a constant temperature of 700 °C.

Regarding the interaction RHA versus temperature, as it
affects the compressive strength response at constant GP
of 6 wt.% (Fig. 16c), 3–7.5 wt.% RHA at temperatures of
600–700 °C resulted in an improvement in the response,
whereas particulate loading of 7.5–12% RHA used at tem-
peratures of 700–800 °C resulted in a decrease in strength.
Such an improvement in strength is attainable and hap-
pened on account of enhanced closed packing within the
composite structure, consequently improving compaction.
Saravanan and Senthilkumar (Saravanan and Senthilkumar
2014) reported a progressive rise in the compressive strength

of aluminum composites prepared with 2–12 wt.% RHA.
The blend of fly ash and RHA as reported by Senapati et al.
(Senapati et al. 2017) has considerable input in improving
the compressive strength of the Al-Si LM6 alloy. The tem-
perature profile depicted in this study as regards compressive
strength is similar to the inverted parabolic profile delineated
in Akinwande et al. (Akinwande et al. 2022e), as temper-
atures between 500 and 600 °C enhanced the compressive
strength of Al 6061 while temperatures between 600 and
700 °C spawned a decrease in the strength. The decrease
in strength as a result of higher temperatures is traced to
the presence of defected and delirious intermetallic phases
imbibed as a result of high-temperature casting. The two
variable factors manifested an inverted parabolic interaction
profile and the point of intersecting for the inflexions was
reached at a coordinate of 7.5 wt.% RHA and 700 C tem-
perature, corresponding to 571.5 MPa. The general profile
for the interaction is a domed shape profile. From the con-
tour plot of the interaction displayed in Fig. 16d, an input of
4.8–8.3 RHA at 630–730 °C will achieve an optimum result
of strength > 600 MPa, holding GP constant at 6 wt.%.

Figure 16e depicts the GP versus temperature interaction
at a constant RHA of 7.5 wt.%. Compressive strength trig-
gering strength improvement requires a GP proportion of
2–10 wt.% incorporated at a temperature range of 600 and
700 °C. Findings showcased by Adediran et al. (ASTM E
9–09 2018) depicted the presence ofGP in theAl 6061matrix
ensued enhancement of compressive strength, giving an opti-
mumvalue at 8% infusion. Similarly,Meignanamoorthy et al.
(Meignanamoorthy et al. 2022) used a stir casting process to
reinforce an Al–Si–Mg alloy with nano aluminum nitride
particles at a dosage of 2–12%. Tungsten carbide (WC) is
another ceramic particulate that has been tested on the com-
pressive strength of aluminum alloy, as noted by Swamy et al.
(Swamy et al. 2011). Investigations undergone by Prajval
and Prasad (Prajval and Prasad 2016) revealed the combi-
nation of the improvement effect of the blend of RHA and
ceramic particulates such as titanium dioxide particles on the
compressive strength of aluminum A 356 alloy. Interactivity
between 2 and 10 wt.%GP at temperatures ranging from 700
to 800 °C, on the other hand, causes strength reduction as a
result of induced residual stress based on particle clusters.
While glass powder exhibited a positive linear interaction
profile, temperature portrayed an inverted parabolic profile.
Maximum compressive strength for the interaction occurred
at 10% GP and 700 °C, corresponding to 704.1 MPa. As
observed in the contour plot of Fig. 16f, the optimal zone is
indicated as C. Compressive strength > 700MPa can be real-
izedwhen 9.9–10wt.% ofGP is applied within a temperature
range of 665–680 °C, maintaining RHA at 7.5 wt.%.
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Fig. 16 Response surface and contour plots revealing effects of interactions on compressive strength as represented by interactions (a, b) RHA vs
GP (c, d) RHA vs temperature (e, f) GP vs temperature
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3.6 Optimization and validation

Response surfacemethodology is a good statistical andmath-
ematical tool for optimization of multi-response character-
istics predetermined via constraints Awolusi et al. (Awolusi
et al. 2020) and has found application in a series of opti-
mization studies (Shihab et al. 2021; Premnath et al. 2012;
Penjumras et al. 2015; Simsek et al. 2015; Bakhtiari et al.
2020; Akinwande et al. 2023c). In the present study, expert
design 13 was utilized in carrying out a multi-objective opti-
mization procedure with the stipulated criteria indicated in
Table 10. The input variables of A, B, and C were set in a
range (Table 10) while the main goal was to maximize the
strength parameters.

The optimum experimental conditions for the multi-
response optimization as prtedicted by the software are
7.24185 ∼ 7.2 wt. % RHA, 6.21163 ∼ 6. wt. % GP
and 695.126 ∼ 695 ˚C for temperature (Fig. 17). The
predicted response values are 614.66 MPa, 700.662 MPa,
548.977 MPa, 174.367 Hv, 7.55 kJ/m2, and 611.165 MPa
for yield tensile strength, ultimate tensile strength, flexural

strength, microhardness, impact strength, and compressive
strength, respectively (Table 10). In the validation of the
model, a confirmation experimentwas carried out at optimum
conditions of 7.2% RHA, 6.2% GP, 695 ˚C and triplicate
samples were tested for each property. Experimental val-
ues obtained are 603.4 MPa, 697.3 MPa, 556.1 MPa, 183
Hv, 7.7 kJ/m2, and 598.3 MPa for yield tensile strength,
ultimate tensile strength, flexural strength, microhardness,
impact strength, and compressive strength in that order. The
estimated errors for each of the five responses are less than
5%, confirming the models to be statistically fit for the pre-
diction of responses.

3.7 Desirability function for each response
and overall desirability function

The desire function involves transformation of the multi-
response functions into a definite function with the goal of
optimizing each response (Akinwande et al. 2023c). The
overall desirability function, which combines the desirability
of each function into values, usually varies between 0 and 1

Fig. 17 Optimization ramp

Table 10 Optimization criteria
Name Goal Lower Limit Upper Limit Lower Weight Upper Weight

A: RHA Is in range 3 wt. % 12 wt. % 1 1

B: GP Is in range 2 wt. % 10 wt. % 1 1

C: temperature Is in range 600 ˚C 800 ˚C 1 1
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Fig. 18 Desirability values for
each factor, responses and
combined

Table 11 Validation table

Properties Predicted
values

Confirmation
values

%
Error

Yield tensile
strength (MPa)

614.66 603.4 − 1.87

Ultimate tensile
strength (MPa)

700.662 697.3 − 1.91

Flexural strength
(MPa)

548.977 556.1 + 1.30

Microhardness
(Hv)

174.367 183 + 4.95

Impact strength
(KJ/m2)

7.55 7.7 + 2.12

Compressive
strength

611.165 598.3 − 2.10

(Akinwande et al. 2023c). The desirability of all responses is
above 0.9, except for hardness (Fig. 18). This indicates that
the strong properties have very good desirability.Moreso, the
models are highly dependable in the prediction of responses
within the design space. Hardness portrayed a desirability of
0.607, indicating 60.7% desirability. Though the desirabil-
ity (for hardness) is greater than 50% when compared to the
strength factors, it is low, as evidenced by the 4.95% error in
Table 11.Hence, themodel for hardness is not highly depend-
able for prediction. A combined value of 0.91 was obtained
for the desirability, a high value assuming a 91% desirabil-
ity, depicting the optimum conditions are highly dependable.
Additionally, it indicates that the models of multi-response
optimization are highly desirable, therefore the validation
values are results obtained via the model that have high
dependability.

4 Conclusions

The Box-Behnken approach of the response surface method
was employed in the design of experiments and optimization
ofmechanical performance ofAl-7075hybridizedwith green
fillers (RHA and GP). We conclude that.

1. 1.The green fillers and stirring temperature played impor-
tant roles in the features observed in the morphology.
Moreso, the performance of the specimen is attributed to
its microstructural features.

2. Major phases identified between 700 and 800 °C are the
base Al phases, and SiO2 secondary phases attained as
a result of the addition of the reinforcing particles. At
800 °C, intermetallics were identified owing to high-
temperature reactions.

3. ANOVAanalysis showed that the three parameters; RHA
proportion, GP dosage and stirring temperature, had sig-
nificant effects on yield, ultimate tensile, flexural and
impact strengths as well as micro hardness as the proba-
bility value was less than 0.05 for each response.

4. The model developed for each response parameter was
affirmed to be statistically significant and fit for predic-
tion of the responses. Meanwhile, the response surface
plot showed that each response is dependent on the inter-
active pattern between the factors.

5. The optimum experimental condition for the multi-
response optimization is 0.28 wt. % RHA, 8.47 wt. %
GP, and 598.06 C for temperature. The predicted values
are 614.66 MPa, 700.662 MPa, 548.977 MPa, 174.367
Hv, and 7.55 KJ/m2 for yield tensile strength, ulti-
mate tensile strength, flexural strength, microhardness,
impact strength, and compressive strength respectively.
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The validation experiment yielded values of 603.4 MPa,
697.3 MPa, 556.1 MPa, 183 Hv, and 7.7 KJ/m2, and
598.3 MPa respectively, validating the model.

Hence, the validation procedure engaged in affirmed the
models to be significant and the response surface methodol-
ogy method is capable of the optimization procedure.
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