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Abstract: The use of ashes derived from various waste sources as supplements to synthesized ceramic
reinforcement in metal matrices has been established. However, studies involving a combination
of particulates from three different sources are rare. In a bid to further knowledge in this aspect
of research and develop a green aluminium composite for automobile applications, the present
investigation studied the implication of adding palm kernel shell ash (PKA), rice husk ash (RHA),
and waste steel particles (STP) to the morphology and strength behaviour of Al-6061-T6 alloy. The
experimental design was undertaken via the Box-Behnken design (BBD) of the response surface
method. A 4% STP at a constant dose was mixed with PKA and RHA at varying proportions and
stirring temperatures according to the BBD. The experimental outcome revealed that the responses
were greatly influenced by microstructural evolution. From the surface plots, 2-4% RHA and PKA
enhanced tensile and flexural strengths, while 4-6% led to a decline in strength. Meanwhile, 2-6% of
the particles are favourable to the enhancement of tensile and compressive strengths and moduli.
Temperatures between 700 and 800 °C favored response improvement, whereas temperatures between
800 and 900 °C were detrimental to responses. Developed regression models for the responses were
validated to be good representations of the experimental outcomes. The optimum mix was obtained
at4.81% PKA, 5.41% RHA, and a stirring temperature of 803 °C. The validation experiment conducted
portrayed reliable responses with <5% deviation from the predicted values, thereby certifying the
models to be statistically fit for future predictions.

Keywords: automobile material; green metal composite; modelling; strength performance; response
surface method; waste materials; waste steel particles

1. Introduction

Aluminium and its alloys have found very good use in the design of engineering
components for some decades now. Nowadays, aluminium alloys are sought-after mate-
rials for automobile design and production based on their high strength-to-density ratio.
Aluminium alloys are in various grades owing to varying properties; hence, their use
for a specific application is hinged on their properties. Examples of grades employed in
automobile design include aluminium 6061, 7075, 7068, and AlSi10Mg. In some cases, the
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properties are improved by various post-manufacture processes such as heat treatment, hot
or cold rolling, plastic deformation, forging, and many others. On account of this, varying
microstructural evolution has been achieved in the matrix, with a consequent effect on
the mechanical properties. Additionally, additives and particulate fillers are introduced,
amounting to microstructural restructuring with a consequential effect on property param-
eters [1-4]. The majority of these particulate fillers are synthetic or environmental waste
sources. Examples of synthetic fillers are SiC, SiO», TiO;, Al,O3, TiN, B4C, and many more.
These ceramic particles have been employed extensively in many studies and have brought
about tremendous outcomes [5,6]. Environmental wastes may include agro-waste and
industrial wastes [7-10].

Agro-waste particulate fillers are often synthesized from agro-based materials. Ashes
from rice husk, palm kernel shell, coconut shell, bamboo leaf ash, eggshell, and other materials
are among them. In a way, synthesizing these particles from the original waste source has
been applauded as a strategy for recycling, thereby preventing them from degrading the
environment [11-13]. The derived fillers are low-cost, sustainable, and environmentally
friendly. Hence, their employment as additives in aluminium alloy results in a lightweight
and cost-effective composite with improved mechanical properties. As such, green aluminium
composites are produced for engineering applications. This trend of study has drawn the
attention of several scholars globally, and interesting findings have been reported.

Previous studies involved in the development of green aluminium products include
the investigation carried out by Gladston et al. [14]. Their study realized improvement in
ultimate tensile strength and microhardness by the addition of RHA in AA 6061 matrix.
The powder content was included at 2, 4, 6, and 8%. The highest improvement of the
properties was realized at 8%. Saravanan et al. [15] revealed the influence of RHA in
the range of 3 to 12% on the hardness value of AlSi10Mg alloy. The result showed that
hardness exhibited a linear interaction with RHA dose. The highest hardness value was
realized at 12 wt.% RHA. In their study, Mishra et al. [16] introduced rice husk ash at
varying dosages into aluminium-LM6 matrix. The consequence of the addition revealed a
significant improvement in hardness. Udoye et al. [17] have improved the ultimate tensile
strength and hardness of aluminium-6061 by the inclusion of RHA from 2 to 8 wt.% (in
steps of 2 wt.%). The findings revealed that RHA could achieve a 16.5% enhancement in
the ultimate tensile strength of aluminium-6061 and a 33.3% increase in hardness.

On the other hand, Edoziuno et al. [18] introduced PKA at 2.5, 5.0, 7.5, 10.0, 12.5, and
15 wt.% in AA 6063 matrix. The findings depicted that 2.5-7.5 wt.% was favourable for
strength improvement with respect to ultimate tensile strength and yield strength. Beyond
7.5 wt.%, there was strength depreciation. The elastic modulus was boosted to 12.5%,
while 15% led to a reduction in the modulus. Hardness and impact strength peaked at
2.5 and 10%, respectively. The conclusion indicated that PKA played an important role in
improving the strength parameters of the alloy. Coconut shell ash has been investigated by
its introduction into aluminium-1200 matrix. The study was successful as 4% of the ash
yielded a 19.9% improvement in hardness [19].

The development of hybrid composites using these additives as a supplement to syn-
thesized ceramic particulates or by a combination of two agro-based additives in aluminium
alloy has also been studied. Kolappan et al. [20] investigated the effect of SiC and coconut
shell ash on the properties of AA 7068. In addition, Kulkarni and Siddeswarappa [21]
combined rice husk ash and areca sativa ash to fabricate an Al composite. The findings
displayed the possibility of enhancing hardness, tensile strength, and compressive strength
by increasing the dosage of the ashes.

Kulkami et al. [22] reviewed the use of agro-waste materials in Al alloy and concluded
on the potential of employing agro wastes as reinforcement in metal matrix composites,
citing their benefits. Hybrid composites of the duo of agro-waste were recommended as an
alternative to synthetic ceramic reinforcement based on the cheaper cost.

Examples of industrial waste are fly ash, glass powder, and red mud (obtained during
the industrial production of aluminium). Research studies have also studied this aspect.
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Tiwari et al. [23] infused fly ash into an aluminium composite at 1, 2, and 4 wt.%. From the
findings, 1 and 2 wt.% increased hardness by 15.4 and 30.8%, respectively, while 4 wt.%
decreased hardness. The study further revealed the role of fly ash in minimizing the wear
rate of the composite. Kumar et al. [24] investigated the role of fly ash in aluminium
AA 6061. The outcome of the research illustrated the improvement in hardness from 1
to 7% weight fraction of the fly ash. Impact strength improved between 1 and 3 wt.%
before a further decline. Other studies involving fly ash are in Refs. [25,26]. Waste glass
powder is another industrial-based reinforcement that has been utilized in aluminium
matrix. Adediran et al. [27] investigated waste glass powder as filler at 0, 2, 4, 6, §,
and 10 wt.% in AA-6061 alloy. The presence of the powder in the matrix resulted in an
improvement of yield and ultimate tensile strengths, yield, and ultimate compressive
strengths, and hardness when compared with the control. Optimum performance was
obtained at 6 wt.% for yield and ultimate tensile strengths, 8 wt.% for yield and ultimate
compressive strengths, and 10 wt.% for hardness. Sinshaw et al. [28] infused waste glass
particles into aluminium alloy at 0 to 12 wt.% (in steps of 2 wt.%). The outcome revealed
that waste glass played an important role in enhancing the mechanical performance of
the aluminium alloy. An infusion of 8% yielded the highest tensile properties, while
12% yielded the highest hardness. Other literature involving the use of waste glass in an
aluminium alloy matrix has shown results in tandem with these investigations [29-31].
Investigations carried out on red mud are revealed in the literatures [32-34]. In each of the
studies, red mud was reported to boost the performance of the matrix.

An industrial waste that has gained little attention as a matrix filler in an aluminium
alloy matrix is steel shavings. Operations involving machining, milling, and filling of
steel are in most cases accompanied by metal chips or shavings. Steel wastes are non-
biodegradable, so disposal in landfills has exacerbated environmental degradation. A
better way of reducing them is by milling them into powder and employing them as fillers
in the aluminium composite as implemented by Adeosun et al. [35]. According to Liu
etal. [36], synthetic ceramics, industrial, and agro-wastes are inherently brittle. Therefore, at
a certain weight proportion of the particles in aluminium alloy, the brittle nature dominates,
which is partly held responsible for depreciation in strength at a certain weight fraction
of the additives [27,30]. Moreso, the inherent brittle nature of the fillers has been claimed
to have a negative effect during cold or hot-rolling of aluminium alloy composites [37,38].
Steel is regarded to be ductile and tough as compared with waste-based particle fillers such
as rice husk ash and palm kernel shell ash or synthetic ceramics [39]. Hence, their inclusion
as supplements with agro-based additives in the aluminium matrix has a way of impacting
the ductile performance of the composite.

On account of this, the present investigation was conceived to incorporate locally
sourced agro-waste (rice husk and palm kernel shell) and industrial waste (steel powder)
as fillers in the design and development of the hybrid Al6061 via the stir casting process.
The choice of rice husk, palm kernel, and steel powder is based on their abundance
and availability within the purview of this research. The response surface method was
employed for the design of the experiment to minimize experimental runs and for the
optimization of process parameters. Experimental variables are palm kernel shell ash (PKA),
rice husk ash (RHA), and stirring temperature (ST), while steel powder was introduced at
a constant proportion of 4 wt.%. The choice of such wt.% of Fe was based on observations
showcased by Yamasaki et al. [40] in which 3 to 5 wt.% Fe introduced into the aluminium
matrix ensured improvement in the tensile performance of the developed composite.

2. Experimental Procedure
2.1. Design of Experiment
Response Surface Method (RSM)
A response surface method (RSM) is an approach involved in the design of an experi-

ment to appraise the interactions between independent variables and their effects on the
responses. The method engages statistical and mathematical approaches in the modelling of
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the responses with respect to the obtained experimental outcomes. Box-Behnken approach
of the RSM was engaged in this analysis. As shown in Table 1, the variable components
have three levels: low, medium, and high (—1, 0, and +1). Fifteen experimental runs were
obtained with three replicates entailing 3 centre points and 12 middle points. The factors
for the designs are palm kernel shell ash (A), rice husk ash (B), and stirring temperature
(C). Via the RSM, a relationship existing between the independent variables and responses
was analyzed, and a regression model of the second order was arrived at as expressed in
Equation (1).

Y = ag +a1Xqy +aXy +a3Xs 4+ appXqXo + a13X1 Xz + a3Xo Xz + a1 X3 + apX3 + apX3 1)

where Xj, Xp, and X3 are the independent experimental variables in place of PKA dosage,
RHA proportion, and stirring temperature. Equally, ag, a1,4a,a3, 412, 413,423,411, 422
and az3 are coefficient of terms. The model expresses the responses as a function of the
independent variables. In this study, the responses are tensile, compressive, and flexural
strengths; and tensile and compressive moduli.

Table 1. Levels of the design.

Variables Low (—1) Middle (0) High (+1)
PKA dosage (wt.%) 2 4 6
RHA dosage (wt.%) 2 4 6
Stirring temperature 700 800 900

O

RSM employs a surface plot in the explanation of the pattern of the interactions between
the terms, while a contour plot depicts predictive responses for varying combinations of the
independent variables. The surface plot is such that two variables are plotted on the X and
Y axes while the response is plotted on the Z axis. A contour/process map, on the other
hand, is a 2D view connecting different design points via contour lines [41]. The two plots
were utilized in this study to further explain the interactive patterns between the previously
mentioned experimental variables. Table 2 presents the mix design for the experiment.

Table 2. Mix design according to the experimental run.

Coded Levels Factors
Experimental Runs A B C PKA (%) RHA (%) Temperature (°C)
1 -1 0 1 2 4 900
2 0 1 1 4 6 900
3 1 1 0 6 6 800
4 -1 -1 0 2 2 800
5 1 0 1 6 4 900
6 0 1 -1 4 6 700
7 0 1 0 2 6 800
8 1 0 0 6 2 800
9 1 0 0 6 4 700
10 0 -1 -1 4 2 700
11 -1 0 -1 2 4 700
12 0 -1 1 4 2 900
13 0 0 0 4 4 800
14 0 0 0 4 4 800
15 0 0 0 4 4 800

A, B, and C are PKA proportion (wt.%), RHA proportion (wt.%), and stirring temperature (°C).
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2.2. Material

The materials employed in the present investigation are ingot aluminium Al6061
(procured from Shanghai Worldyang Chemical Co. Ltd., Shanghai, China). The inherent
properties of the ingot are showcased in Table 3, while the EDS result is presented in
Figure 1 The waste steel particles used were from chips gotten from the machining of steel
components. Waste rice husk ash and palm kernel shells were collected and pre-washed
separately to remove attached impurities, after which they were open-dried for 24 h. The
shell was crushed manually into smaller pieces and ground via a grinding machine into
powder. To increase the surface area, the powder was further pulverized and collected.
This process was continued by introducing the powder into the muffle furnace and heating
it to a temperature of 700 °C for 6 h to obtain the ash. The palm kernel ash (PKA) was
allowed to cool to room temperature, after which it was collected and further ball milled
for 4 h. The ash was then sieved to —23 um passing and collected for specimen preparation.
After washing and 24 h of open drying of the rice husk, the rice husk was made to pass
through the same process as that of PKA and eventually arrived at rice husk ash (RHA)
sieved to —23 um. Steel chips were collected from a machining shop and were initially
sieved (—300 pum) via a sieve shaker and then milled for 12 h. The milled steel particles
were sieved to —23 um and collected for specimen preparation.

Table 3. Properties of matrix materials.

. . Tensile Strength Young Modulus Flexural Compressive
3
Properties Density (g/cm?) Hardness (HRB) (MPa) (GPa) Strength (MPa) Strength (MPa)
Value 2.76 +0.20 83.0+1.3 241.6 £4.5 60.3 £ 2.6 2555 £ 39 209.8 £2.7

0

2

Elements

Fe

o
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Figure 1. Elemental composition of Al6061 according to EDS measurement.

2.3. Composite Development

Specimens were produced based on the mix design indicated in Table 2. The process
entailed initial preheating of the graphite crucible used to a temperature of 500 °C, followed
by the charging of the Al6061 ingot into the crucible. The temperature was then increased
to the respective temperatures stipulated in Table 2. The steel particles as well as PKA and
RHA particles were initially preheated to 500 °C before their introduction into the melt.
Via a mechanical mixer, a 4 wt.% constant dosage of steel particles was blended with PKA
and RHA particles following the design mix in Table 2. The mixtures were then preheated
to 500 °C before being introduced into the melt at 2.5 g/min. Subsequently, the melt was



Ceramics 2023, 6

391

stirred at 300 rpm for 10 min, after which the obtained liquid composite was transferred
into moulds at a poring rate of 2.4 cm?/s and allowed to cool to room temperature.

2.4. Mechanical and Morphological Characterization

In achieving reliable results, three specimens were tested for each mix proportion and
the average result was recorded.

2.4.1. Tensile Properties

Tensile specimens (specimen length 120 mm) of a gauge length of 60 mm and a
diameter of 10 mm were subjected to tensile load employing a universal testing machine
(model H 001C) in accordance with the ASTM E8/E8M [42] protocol. A load of 10 kN was
applied at 1073/s and a cross speed of 3 mm/min.

2.4.2. Compressive Properties

In line with ASTM E 9-09 [43], cube specimens of 10 mm in length were subjected to
compressive load (20 kN) at a 10~2/s rate until fracture using the universal testing machine.
Compressive strength was obtained as the ratio of fracture load to cross-sectional area.

2.4.3. Flexural Properties

Specimens of dimensions of 65 mm in length, 10 mm in width, and 5 mm in height
were subjected to a three-point bending test as per Das et al. [44] with the aid of the
universal testing machine. Span lengths were maintained at 50 mm for all specimens.

2.4.4. Morphological, Elemental, and Phase Characterization

Specimens were initially sectioned, after which the surfaces were subjected to grinding
and polishing until the specimen surface was mirror-like. Next, 0.50% hydrogen fluoride
was swabbed over the surface of each specimen for 20 min. The surfaces were then
subjected to rinsing using distilled water, followed by surface drying under a laboratory
drier. The microstructural examination was done with a scanning electron microscope
(JSM 7900F), while elemental composition and distribution were examined with energy
dispersive spectroscopy (EDS). The phase identification was done in accordance with
ASTM D 3906-19 [45] engaging Bruker at a 2° spectral range of 0 to 90° with a scanning
rate of 2.5 degrees/min.

3. Results
3.1. Properties of Input Materials

The properties of the alloy are listed in Table 3. They are 2.76 & 0.20 g/cc, 83.0 £ 1.3 HRB,
241.6 &= 4.5 MPa, 60.3 £ 2.6 GPa, 255.5 £ 3.9 MPa, and 209.8 £ 2.7 MPa for density, Brinell
hardness, tensile strength, tensile modulus, flexural strength, and compressive strength,
respectively. From the result, EDS (elemental composition) is displayed in Figure 1, where Al,
being the matrix, is the major element present. Other elements present in the matrix are Fe, Si,
Zn, Cu, Mg, Cr, and Mn. The obtained elemental composition affirmed the elements present
in Al6061 [46].

Furthermore, the chemical and elemental compositions of palm kernel shell ash (PKA)
and rice husk ash (RHA) are showcased in Table 4. Going by the presented values, silica is
the highest compound present in the two ashes, though its percentage in RHA is almost
90.6%, a value higher than that of PKA. MgO, Al,O3, Fe;O3, MnO;,, and CaO are other
compounds present.

Table 4. Chemical composition of reinforcements (PKA and RHA).

Materials SiO, MgO Al,O3 Fe, O3 CaO K,O0 P,0s5 MnO, Other
PKA 47.3 4.2 6.9 3.0 20.2 6.8 4.1 3.5 4.0
RHA 90.2 0.7 0.3 0.6 0.3 2.1 0.1 0.0 5.7
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As indicated in Table 5, iron remains the major element in the waste steel powder,
indicating the particles are iron-based. Other minor elements are also indicated in the Table.

Table 5. Elemental composition of the reinforcing steel used.

Elements Cu C P Cr Si Mn Ni Mo S Fe
Amount (%) 0.1 0.3 0.00 0.1 0.2 0.6 0.1 0.1 0.1 balance

Figure 2 presents the morphological images of STP, PKA, and RHA (Figure 2a—)
and the X-ray dispersive pattern (Figure 2d). Figure 2a presents the SEM image of the
steel powder with irregular spherical-like shapes. Figure 2a,b shows they have clustered
particles with porous structures. Based on the energy dispersive result in Figure 2d,
the steel reflects Fe peaks depicting the powder as an alloy of iron (in blue line). Other
phases were not identified because of their low contents. This is confirmed in Table 5
as other elements are less than 0.5%. Figure 2d depicts high peaks of silica observed at
26.2, 38.0, 46.3, and 54.8 degrees. CaO was revealed at positions of 33.2, 51.8, 56.2, and
63.8 degrees corroborating the results displayed in Table 4 and also confirming the findings
of Imoisili et al. [47] and Imoisili et al. [48]. The silica and CaO content observed in their
findings for PKA is at almost the same positions noted in our findings.

4 s
— =
= % S | S
=
=
E—]
= 4 3
E=1
3 s
- S PO A ~ adad.
1
T T T T ™ l T T
10 20 30 40 50 G0 70 S80

20 (degrees)

Figure 2. Morphological image of input materials (a) steel particles (b) palm kernel ash (c) rice husk
ash and their (d) XRD.

As observed in Figure 2¢, SiO, is the most occurring phase, attaining positions of
19.5,24.7,32.8, 37.6,42.5,47.1, and 50.1 degrees, hence, agreeing with the observation of
Farooque et al. [49]. The results are consistent with Table 4, which shows a SiO, proportion
of 90.21% in RHA. Significantly, the strengthening of an aluminium base matrix with RHA
has been on account of the rich silica content, which serves as a substitute for synthetic silica.
By the chemical composition of variables, they are fit for the reinforcement of Al-6061.
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The corresponding values for the evaluated properties for each experimental run are
highlighted in Table 6 with their respective designations. Experimental run 1 is designated
2-4-900 indicating a sample prepared with 2% PKA and 4% RHA at 900 °C. Other samples
are also designated following the same pattern.

Table 6. Corresponding responses for the experimental runs.

Experimental Designations Tensile Strength ~ Tensile Modulus Compressive Compressive Flexural
Runs & (MPa) (GPa) Strength (MPa) Modulus (GPa) Strength (MPa)
1 2-4-900 322 +59 59+14 243 £ 4.1 61 £1.1 291 +£3.7
2 4-6-900 291 £5.1 76 £1.7 295 +£5.0 7714 289 +3.3
3 6-6-800 303 £5.3 113 £2.6 330 £5.6 105 +£2.3 297 £3.8
4 2-2-800 280 £5.0 76 £1.7 237 £3.9 56 £ 0.9 291 £3.7
5 6-4-900 289 £ 5.1 72 £17 281 +4.2 72+£11 277 £33
6 4-6-700 268 £+ 3.8 85+ 2.0 280 + 4.1 77 £1.6 281 +4.1
7 2-6-800 300 &34 103 £2.4 302 + 4.8 87 £ 1.6 322 +£39
8 6-2-800 294 +£5.2 91 +21 269 +4.3 72+£11 298 £+ 3.2
9 6-4-700 275 +5.2 84 +1.9 273 4.3 69 14 281 £ 1.8
10 4-2-700 250 £ 4.1 65+ 1.5 222 +£3.1 48 £ 0.7 258 1.6
11 2-4-700 271 £ 4.6 67 £1.5 235+ 3.0 50 £ 0.8 279 £33
12 4-2-900 273 4.8 56 £ 1.3 229 £ 3.6 46 £ 0.5 270 £ 3.2
13 4-4-800 342 +£53 96 +2.2 278 +4.2 83+ 14 338 +4.2
14 4-4-800 344 £ 6.0 93 £2.1 288 +4.5 78£12 340 4.5
15 4-4-800 345 +5.3 91 +21 279 £3.9 81+£15 335+£3.0

Table 6 presents the property value for specimens prepared at varying conditions
according to the experimental runs in Table 2.

3.2. Microstructural and Phase Characterization

The phases contained in the selected specimens are depicted in Figure 3. Figure 3a,b
shows XRD results for specimens cast at 700 °C and prepared with 2% PKA, 4% RHA, and
4% PKA, 4% RHA in that order. SiO,, Fe, and the Al phase were recognized in the specimens.
The highest peak in aluminium is typical of aluminium-based alloys. The presence of SiO,
is due to the reinforcement of PKA and RHA. Fe is also present owing to intrinsic Fe in
Al6061 as well as assimilated steel particles included in the melt. Figure 3c,d shows XRD
data for specimens cast at 800 °C and prepared with 2% PKA /6% RHA and 6% PKA /2%
RHA, respectively. From the XRD plot, there is a higher presence of silica, as depicted by
the higher peak of the silica phase. The phases present in specimens prepared at 900 °C
with 6% PKA /4% RHA and 4% PKA /6% RHA, respectively, are depicted in Figure 3ef.
As featured in the results, intermetallic phases of Mg,S5i, AlsFeSi, and Alj5Sip(FeMn) are
revealed. The implication of this is that 900 °C features the existence of intermetallic phases
attributed to high-temperature reactions.

Figure 4a—h highlights the microstructural and elemental characteristics of specimens
processed at 700 and 800 °C. While Figure 4a,c,e,g contains the morphological images,
Figure 4b,d,fh is the respective EDX result of the specimen. Figure 4a,c shows the mor-
phology of specimens processed at 700 °C with 2% PKA /4% RHA and 4% PKA /2% RHA.
The reinforcing particles were revealed to be dispersed within the matrix. The relevance of
the stir casting process in particle dispersion in aluminium melt has been demonstrated
by authors [50-52]. Microvoids have also been discovered in the microstructure repre-
sented by Figure 4a,c. Infilling of intrinsic pores in matrixes is one of the effects of particle
reinforcement of composites. The presence of pores in Figure 4a,c may be as a result of
lower viscosity in the melt, which did not permit even dispersion of the particles within the
matrix. The lower viscosity of the melt is associated with a relatively low stirring tempera-
ture [53,54]. Figure 4b,d identifies the elements present in the phases as Al (matrix), Mg,
Si, and Fe (as a result of steel particle addition). According to the XRD pattern (Figure 3),
there are no intermetallic phases identified in specimens (b) 2% PKA /4% RHA and (d)
4% PKA /2% RHA. The microstructure of the specimen also exhibits the absence of an
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intermetallic phase. The major defect, therefore, identified in the microstructure is the set
of micropores.

(a) 2% PKA/4 % RHA/700 °C —— () 4% PKA/2 % RHA/700 °C

(©) 2% PKA/6 % RHA/800 °C ——@) 6% PKA/2 % RHA/800 °C

(© 6% PKA/4 % RHA/900 :‘C ——(® 4% PKA/6 % RHA/900 °C

5
5 [ 5 ’ 4 1
I 1 % L.j_l ll 46 3 1 1 I ®
=
g
£l N L_J_u A u A ©
2]
=
E A l ll l I L__(d) 1. Fe
— 2 ALFeSi
L A lll l i L9 3 MgsSi
4 Al
(b)
L ; L L L L 5 sio,
l ( 1 N . (a) 6  Al;sSi(FeMn)
5 15 25 35 45 55 65 75 85
Position (20 degrees)

Figure 3. X-ray diffraction of selected composites.

The property values (Table 6) of the specimens prepared at 700 °C represent the effect
of the dispersion. In comparison to properties of pure aluminium 6061 (Table 3), specimens
fabricated with 2% PKA /4% RHA at 700 °C yielded 12.4, 11.1, 4.9, and 9.2% increases in
tensile strength, tensile modulus, compressive strength, and flexural strength, respectively.
Similarly, at the same 700 °C, specimens doped with 4% PKA /2.0% RHA showed a 3.7,
7.8, 1.0, and 6.20% increase in the respective properties over pure Al6061 values. This
demonstrates that particle distribution played a significant influence in improving the
properties of the developed composites as compared with the base material. Furthermore,
a 2% PKA/4% RHA specimen displayed improved tensile strength, tensile modulus,
compressive strength, and compressive modulus by 8.4, 3.1, 5.8, and 8.1% over a 4%
PKA /2% RHA specimen in that order. Despite the two having the same particle count
(6%), the specimen with the higher RHA content performed better. This is based on the
higher silica content of RHA as compared with PKA (Table 4).

Figure 4e,g demonstrates the morphology of specimens containing 2% PKA /6% RHA
and 6% PKA /2% RHA, respectively, synthesized at an 800 °C stirring temperature. The
presence of reinforcing agents PKA and RHA as well as steel particles can be featured in
the microstructure. The particles are dispersed within the matrix, as observed in the figures.
Micropores are significantly minimized when compared to specimens processed at 700 °C.
This contributed significantly to the performance of the specimen at 800 °C.

The specimen generated with 2% PKA /6% RHA at 800 °C displayed a 24.2,70.8, 39.2,
and 26.0% boost in tensile strength, tensile modulus, compressive strength, and flexural
strength when compared with the pure Al6061 used in the study. Specimens prepared
with 6% PKA /2% RHA at 800 °C ensued 17.5, 50.9, 29.6, and 10% improvement over pure
Al6061 as regards the same properties, respectively. The improvement is attributed to the
dispersion observed within the microstructure. As a result of this even dispersion, there is
even stress distribution within the matrix, thereby improving strength [27,55,56]. The findings
of this study as regards the improvement of properties on account of particle dispersion are
exemplified in the works of authors Chaubey et al. [57]. A similar investigation involving the
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use of palm kernel ash as reinforcing particles in Al6063 with improvement in the mechanical
performance of the developed composite was earlier reported [18]. The infilling of pores by
the reinforcing palm kernel ash consequently improves densification and by extension the
mechanical properties of the composite.

Full Scale 103 cts Cursor: 0.000

Figure 4. Morphology and EDS analysis of specimens prepared at 700 °C containing (a,b) 2% PKA
and 4% RHA (c,d) 4% PKA and 2% RHA; specimens prepared at 800 °C containing (e,f) 2% PKA and
6% RHA (g,h) 6% PKA and 2% RHA.

The even dispersion of the particles revealed in the microstructure at 800 °C (Figure 4e,g)
is based on the moderate viscosity of the melt, engendering even dispersion of the particles
and strong interfacial adhesion with the matrix [30,55]. Further observation has shown that
specimen 2% PKA /6% RHA performed better than specimen 6% PKA /2% RHA (despite the
same particle count of 8%) by 5.6, 13.2, 8.6, and 14.6% as par tensile strength, tensile modulus,
compressive strength, and flexural strength. The findings are associated with higher silica
content in RHA as compared with PKA (Table 4).
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In Figure 4e,g, the microstructure of specimens 6% PKA /2% RHA and 2% PKA /6%
RHA revealed the presence of no cluster, dispersed particles, and reduced pores. This
is responsible for superior performance noted at 800 °C than at 700 °C. The presence
of elements Si, Fe, and Mg in the matrix’s EDX results confirmed the existence of the
reinforcing phase (Figure 4f/h). The major phases identified in the XRD for specimens 6%
PKA /2% RHA and 2% PKA /6% RHA (Figure 4c,d) were SiO, and Al, with no intermetallic
phase present.

The microstructural characteristics and EDX results of specimens processed at 900 °C
are demonstrated in Figure 5. The appearance of micropores may be seen in the micrograph.
Akinwande et al. [29] and Adediran et al. [55] also confirmed that microvoids and blow
holes are common features at high-temperature casting. There is a tendency for greater air
entrapment at such temperatures, and during solidification, the entrapped air is expelled,
resulting in pores in the matrix [58].

matrix

10 pm

Figure 5. Morphology of specimens cast at 900 °C with a formulation of 4% PKA /6% RHA expressed
in (a) SEM image (b) EDS result for the matrix (c) polarized illumination (Amscope 40 x —1000 x
fluorescence microscope) and EDS results on (d) spot 1 (e) spot 2 (f) spot 3 (g—j) elemental maps.



Ceramics 2023, 6

397

The EDS result of the matrix is illustrated in Figure 5b, which detects the presence
of elements such as Al, Si, Fe, Mn, and Mg, similar to the EDX result for A16061 shown
in Figure 1. In Figure 5a, different points are labelled spots 1, 2, and 3. Under polarized
illumination, Figure 5¢ highlights the detected spots even more clearly. Figure 5d-f shows
the spot EDS results for points 1, 2, and 3. For spot 1, the elements detected are Mg and Si,
as indicated in Figure 4d. While Al, Fe, Mn, and Si are found in spot 2 (Figure 5e), spot 3
contains Al, Fe, Mn, and Si (Figure 5f). The phases Mg,Si, AlsFeSi, and Aly5Siy(FeMn) are
the phases identified, which correlate to the literature references [59-61]. The phases are
also visible in the XRD (Figure 3) for a specimen of formulation 4% PKA and 6% RHA cast
at 900 °C.

The intermetallic phases are formed at a high temperature of 900 °C. Fe is present
in spots 2 and 3, as evidenced by EDX and XRD results. Steel particles were added to
increase the composite’s ductility. At higher temperatures, however, interactions between
the active elements occur, resulting in the production of intermetallic phases. The elemental
map of the specimen generated at 900 °C (4% PKA /6% RHA) is pictured in Figure 5g—j.
Aluminium’s map is featured in Figure 5g. Based on it being the matrix, the aluminium
element is established in practically every section of the matrix. The majority of the
microstructure is noted to be dispersed with Si (Figure 5h) on account of the inclusion
of silica-based reinforcing particles. The silicon element is also found in the intermetallic
phases, confirming the existence of silica in the phases displayed in Figure 5d—f.

The distribution of Fe in the microstructure is shown in Figure 5i. The majority of the
Fe element is found in intermetallic phases, with minor amounts found elsewhere in the
matrix. Its predominant presence in the intermetallic is due to the reaction that took place
at that temperature (900 °C), resulting in the absorption of Fe into the phases. According to
Lin et al. [61] and according to the alloy phase diagram of Al-Fe, Fe has low solubility in
the aluminium matrix, hence at high proportions, Fe tends to precipitate, forming Fe-rich
intermetallic phases. The elemental distribution of manganese is depicted in Figure 5j. It is
sparsely dispersed within the matrix on account of its reduced amount in the mix.

The microstructural characteristics and EDS results of a specimen generated at 900 °C
and containing 6% PKA /4% RHA are shown in Figure 6. The presence of voids can be seen
in Figure 6a owing to the evolution of entrapped air and gases during solidification. This is
a common occurrence in high-temperature casting [29,55]. Figure 6b depicts the elemental
composition of the matrix, indicating the presence of Al, Si, Fe, Mn, and Mg; identical
to the EDS result of the specimen, 6% PKA /4% RHA generated at the same temperature.
Various spots numbered 1, 2, and 3 are also recognized and shown under polarized light
(Figure 6¢).

Figure 6d-f highlight the EDS-determined composition of the spots. The elements
discovered in spot 1 are Mg and Si, as in specimen 6% PKA and 4% RHA; spot 2 is Al,
Fe, and Si; and spot 3 is Al, Fe, Mn, and Si. The spots are recognized as Mg,Si, AlsFeSi,
and Al;S1;(FeMn) intermetallic phases, respectively. The elemental maps in the specimen
are featured in Figure 6g—j. Due to the fact that it is the basic element, Al dominated the
element distribution within the matrix (Figure 6g). It is also among the intermetallic elements,
according to the EDS elemental composition of the discovered spots. Figure 6h depicts the Si
distribution, while Figures 6i and 7j depict the Fe and Mn elemental distributions, respectively.

In terms of property values, the specimen performed better than pure Al6061. Further-
more, for tensile strength, tensile modulus, compressive strength, and flexural strength,
specimen 4% PKA /6% RHA outperformed its 6% PKA /6% RHA counterpart by 0.7, 5.6,
24.2, and 0.7%, respectively. The disparity is still associated with the difference in PKA
and RHA content, as revealed in Table 4. This is also linked to the microstructure of the
specimen at 4% PKA /6% RHA having more area of coverage for intermetallic phases
than its counterpart obtained with 6% PKA /4% RHA. The results for tensile strength and
flexural strength are fairly close, with no appreciable differences. In comparison with
specimens prepared at 800 °C with the ones at 900 °C, there is a clear disparity. In terms of
tensile strength, tensile modulus, compressive strength, and flexural strength, specimens
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2% PKA /6% RHA cast at 800 °C outperformed specimens 4% PKA /6% RHA cast at 900 °C
by 3.09, 35.5, 2.3, and 11.4%, respectively. Similarly, and regarding the same set of responses,
specimens of 6% PKA /2% RHA cast at 800 °C beat specimens of 6% PKA /4% RHA cast
at 900 °C by 1.7, 26.4, 13.5, and 2.4% serially. This is a clear indication that the specimens
cast at 800 °C performed better than the ones cast at 900 °C. The findings are linked to
the moderate viscosity of the melt, which engendered even dispersion of the particles as
noted in the microstructure. As a result of the dispersion, even the distribution of stress is
kindled, thereby improving performance under loading. More so, the intermetallics present
in the specimen cast at 900 °C are detrimental to the matrix, resulting in lower strength
performance under loading owing to their brittle nature.

matrix

Figure 6. Morphology of specimen cast at 900 °C with a formulation of 6% PKA /4% RHA expressed
in (a) SEM image (b) EDS result for the matrix (c) fluorescence morphology and EDS results on
(d) spot 1 (e) spot 2 (f) spot 3 (g—j) elemental maps.
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Figure 7. Normal probability plot for responses (a) tensile strength, (b) tensile modulus, (c) compres-
sive strength, (d) compressive modulus, and (e) flexural strength.

3.3. Response Surface Analysis
3.3.1. Analysis of Variance (ANOVA) and Mathematical Models

The significance of each of the independent inputs on each response was determined
by ANOVA and the results are presented in Tables 7-9. In the tables, terms A, B, and C stand
for palm kernel ash (PKA), rice husk ash (RHA), and Temperature (Temp.), respectively.

The outcome of the analysis of variance on tensile strength (TS) and tensile modulus
(TM) is revealed in Table 7. For both tensile strength and tensile modulus, the probability
value for terms PKA, RHA, and temperature is <0.05. Based on that, the inputs of PKA,
RHA, and stirring temperature on tensile strength and tensile modulus are consequential.
Interactions (PKA vs. PKA), A2, (RHA vs. RHA) B2, and (Temperature vs. Temperature)
C? are determined to have a consequential contribution to tensile strength, while other
interactions have an insignificant effect on the response (since the p-value is less than
0.05). Only changes in interaction C? have a significant effect on tensile modulus, whereas
other interactions have no discernible effect. The p-value for the model for each of tensile
strength (Table 7a) and elastic modulus (Table 7b) is less than 0.05, indicating that the
models (Equations (1) and (2)) are significant. This is further corroborated by the lack of fit,
where the p-value is greater than 0.05 in each case. Hence, the models have a high degree
of fitness. The coefficient of correlation R? for the model is 0.9788 and 0.9751 for TS and
TM, respectively, corroborating their high degree of fitness. In that case, 97.88% of the data
is explained by the model for tensile strength, whereas 99.51% for that of elastic modulus.
Accordingly, the models have a good correlation with the fitted data. Since the disparity
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between R? (adj) and R? (pred) for TS and TM is not above 0.2, there exists an agreement
between the two parameters and the models are fit for response prediction.

Table 7. Analysis of variance for (a) Tensile strength (b) Tensile modulus.

(a) Tensile Strength (TS)

(b) Tensile Modulus (TM)

Source SS df MS F-v p-v Source SS df MS F-v p-v
Model  9726.61 9 1080.73 20.56 0.0053 Model 3675.46 9 408.38 89.51 0.0003
APKA  4560.50 1 660.50 11.15 0.0438 A-PKA 378.12 1 378.12 82.88 0.0008
B-RHA 703.13 1 703.13 13.38 0.0216 B-RHA 990.13 1 990.13 217.01 0.0001
C-Temp.  1540.13 1 1540.13 29.30 0.0056 C-Temp. 180.50 1 180.50 39.56 0.0033
AB 0.2500 1 0.2500 0.0048 0.9483 AB 6.25 1 6.25 137 0.3068
AC 342.25 1 342.25 6.51 0.0632 AC 4.00 1 4.00 0.8767 0.4021
BC 0.0000 1 0.0000 0.0000 1.0000 BC 0.0000 1 0.0000 0.0000 1.0000
A2 845.00 1 845.00 16.08 0.0160 A2 1.25 1 1.25 0.2740 0.6283
B2 3920.00 1 3920.00 74.58 0.0010 B2 1.25 1 1.25 0.2740 0.6283
2 4500.00 1 4500.00 85.61 0.0008 ? 1940.45 1 194045  425.30 0.0001
Residual 210.25 4 52.56 Residual 18.25 4 4.56
L"‘;l;t of 50825 3 69.42 34.71 01240  Lack of Fit 13.75 3 458 1.02 0.6052
Pure 2.00 1 2.00 Pure Error 450 1 450
Error
Cor 9936.86 13 CorTotal  3693.71 13
Total
2 _
0R9758 R? (adj) = 0.9512 R? (pred) = 0.9339 R2=09751  R2 (adj) = 0.9639 R? (pred) = 0.9622
TS = 68.3740 A + 74.9375 B + 6.3238 C — 0.0625 AB — 0.0463 AC + 0.0000 BC — 4.0625 A2 — 8.7500 B — 0.0038 C2 — 2535.2500 )
TM = 7.4375 A +5.5625 B + 3.9125 C — 0.3125 AB — 0.00500 AC + 0.0000 BC + 0.1563 A2 + 0.1563 B> — 0.0025 C2 — 1495.5000 3)

The mathematical models of tensile strength and elastic modulus are depicted in Equa-
tions (2) and (3) accordingly where A, B, and C stand for PKA proportion, RHA proportion,
and stirring temperature, respectively. TS and TM stand for tensile strength and tensile
modulus accordingly. The model expressions for TS and TM in Equations (2) and (3) can be
streamlined at the expense of the insignificant terms as highlighted in Equations (4) and (5).

TS = 68.3740 A + 74.9375 B + 6.3238 C — 4.0625 A% — 8.7500 B> — 0.0038 C2 — 2535.2500

TM = 7.4375 A + 5.5625 B + 3.9125 C + 0.1563 A% + 0.1563 B> — 1495.5000

(4)
©)

Table 8 presents the analysis of variance on compressive strength (CS) and compres-
sive modulus (CM). The impact of the factors on the responses is significant because the
p-value for terms PKA and RHA is <0.05 for both responses (Table 8a,b). The p-value for
temperature is less than 0.05 for compressive strength and greater than 0.05 for compres-
sive modulus. It, therefore, means a temperature change has an appreciable impact on
compressive strength but a negligible consequence on compressive modulus. Interactions
represented by C? are observed to show a consequential effect on the two response pa-
rameters; whereas, the other interactions are portrayed to have a marginal impact on the
responses (since the p-value is less than 0.05).
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Table 8. Analysis of variance for (a) compressive strength (b) compressive modulus.
(a) Compressive Strength (b) Compressive Modulus
Source SS df MS F-v p-v Source SS df MS F-v p-v
Model 12,233.00 9 1359.22 81.15 0.0004 Model 3542.43 9 393.60 32.46 0.0022
A-PKA 2664.50 1 2664.50 159.07 0.0002 A-PKA 512.00 1 512.00 42.23 0.0029
B-RHA 7200.00 1 7200.00 429.85 0.0000 B-RHA 1922.00 1 1922.00 158.52 0.0002
< 180.50 1 180.50 10.78 0.0304 < 18.00 1 18.00 1.48 0.2900
Temperature Temperature
AB 9.00 1 9.00 0.5373 0.5042 AB 1.0000 1 1.0000 0.0825 0.7882
AC 0.0000 1 0.0000 0.0000 1.0000 AC 16.00 1 16.00 1.32 0.3147
BC 16.00 1 16.00 0.9552 0.3837 BC 1.0000 1 1.0000 0.0825 0.7882
A? 0.2000 1 0.2000 0.0119 0.9182 A? 0.2000 1 0.2000 0.0165 0.9040
B? 5.00 1 5.00 0.2985 0.6139 B? 1.80 1 1.80 0.1485 0.7196
c? 2040.20 1 2040.20 121.80 0.0004 c? 1008.20 1 1008.20 83.15 0.0008
Residual 67.00 4 16.75 Residual 48.50 4 12.13
Lalczl;[ of 17.00 3 5.67 0.1133 0.9410 Lack of Fit 36.00 3 12.00 0.9600 0.6174
Pure 50.00 1 50.00 Pure Error 12,50 1 12.50
Error
Cor  15300.00 13 CorTotal  3590.93 13
Total
2_
0R98£6 R? (adj) = 0.9723 R? (pred) = 0.95% R2=09865  RZ (adj) = 0.9561 R? (pred) = 0.9527

The p-value for the model (expressed in Equations (4) and (5)) for compressive strength
(Table 8a) and compressive modulus (Table 8b) is less than 0.05. For that reason, the models
are termed significant. On account of the p-value (greater than 0.05), the lack of fit for
the model is insignificant. Hence, the models are further confirmed to be statistically
fit in representing the data of the responses. The coefficient of correlation R? for the
model is 0.9826 and 0.9865 for CS and CM, respectively, corroborating their high degree of
fitness. Inference: 98.26% of the data is explained by the model for compressive strength,
while 98.65% for that of compressive modulus. Accordingly, the relationship has a good
correlation with the fitted data. Since the disparity between R? (adj) and R? (pred) for CS
and CM is not above 0.2, there exists a synergy between the two parameters and the models
are fit for response prediction.

CS =7.1250 A + 8.0000 B + 4.0475 C + 0.3750 AB + 0.0000 AC + 0.0100 BC + 0.0625 A2 — 0.3125 B? — 0.0025 C> — 1433.5000 6)

CM = 11.0000 A + 6.7500 B + 2.8850 C + 0.1250 AB - 0.0100 AC + 0.0025 BC + 0.0625 A% — 0.1875 B> — 0.0018 C2 — 1138.5000 (7)

The mathematical models of compressive strength and compressive modulus are
delineated in Equations (6) and (7), respectively where A, B, and C stand for PKA pro-
portion, RHA proportion, and stirring temperature, respectively. CS and CM stand for
tensile strength and tensile modulus accordingly. The model expressions for CS and CM
in Equations (6) and (7) can be streamlined at the expense of the insignificant terms as
highlighted in Equations (8) and (9).

CS =7.1250 A + 8.0000 B + 4.0475 C — 0.0025 C? — 1433.5000 (8)

CM = 11.0000 A + 6.7500 B + 2.8850 C — 0.0018 C2 — 1138.5000 )

Table 9 presents the analysis of variance for flexural strength. From the table, the
probability values as regards independent variables PKA, RHA, and temperature are
<0.05. On account of that, the parameters are said to have appreciable contributions to
flexural strength. Interactions A2, B?, and C? also contributed significantly to the response.
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Meanwhile, other cross-interactions between the factors had inconsequential contributions
to the response (since p-v is less than 0.05). The p-value for the model of flexural strength
is denoted to be less than 0.05, signifying a significant model (Equations (1) and (6)).
Furthermore, the significance of the model is evinced by the lack of a p-value greater than
0.05. By implication, the model has a high degree of fitness. The coefficient of correlation
R? for the model is 0.9866, showing there exists a good correlation between the response
data and the model. By deduction, 98.66% is explained by the model for flexural strength
response. Since the disparity between R? (adj) and R? (pred) is less than 0.2, there is
therefore a good agreement between the terms, affirming a statistically fit model.

FS =50.4375 A + 62.1875 B + 6.5150 C — 0.8125 AB — 0.0200 AC — 0.0050 BC — 4.2813 A2 — 6.1563 B2 — 0.0040 C2 — 2511.5000 (10)

The mathematical models of flexural strength are stipulated in Equation (6) where A,
B, and C stand for PKA proportion, RHA proportion, and stirring temperature individually.
The model expressions for FS in Equation (10) can be streamlined at the expense of the
insignificant terms as highlighted in Equation (11).

FS = 50.4375 A + 62.1875 B + 6.5150 C — 4.2813 A? — 6.1563 B> — 0.0040 C? — 2511.5000 (11)

Table 9. Analysis of variance for flexural strength.

(a) Flexural Strength

Source SS df MS F-v p-v
Model 7694.96 9 855.00 32.81 0.0021
A-PKA 300.13 1 300.13 11.52 0.0274
B-RHA 1035.13 1 1035.13 39.72 0.0032
Tempgr'a ture 98.00 1 98.00 3.76 0.1245
AB 42.25 1 42.25 1.62 0.2719
AC 64.00 1 64.00 2.46 0.1922
BC 4.00 1 4.00 0.1535 0.7152
A? 938.45 1 938.45 36.01 0.0039
B2 1940.45 1 1940.45 74.45 0.0010
2 5088.05 1 5088.05 195.22 0.0002
Residual 104.25 4 26.06
Lack of Fit 102.25 3 34.08 17.04 0.1758
Pure Error 2.00 1 2.00
Cor Total 7799.21 13
R2 = 0.9866 R? (adj) = 0.9666 R? (pred) = 0.9592

3.3.2. Diagnostic Plot

Figure 7 shows the normal probability plot for the residuals as regards the parameters.
It is revealed that the residuals are distributed along the mean line, picturing a good
relationship between the model and the data. This is further confirmed by the R? values,
which are greater than 0.95.

For a good model fit to predict responses, the plotted points should be distributed
close to the fitted line, which is at 45 to the horizontal. In all the plots (Figure 8), the points
are distributed close to the fitted line, hence, the models are fit for prediction. Equally,
the R?(prediction) for the plots is valued above 0.9, a case in which the prediction of the
model may have less than a 10% deviation. Tensile modulus, compressive strength, and
compressive modulus have an R?(pred.) greater than 0.95, depicting a very good model
statistically fit for response with less than 5% error.
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Figure 8. Predicted vs. actual plot for responses (a) tensile strength, (b) tensile modulus, (c) compres-
sive strength, (d) compressive modulus, and (e) flexural strength.

3.4. Surface and Contour Plots
3.4.1. Tensile Strength

Figure 9a displays the surface plot for the interaction between PKA and RHA as a par
tensile strength while holding the temperature constant at 800 °C. The interaction between
2-4% PKA and 2-4% RHA resulted in an increase in tensile strength, whereas 4-6% PKA
and 4-6% RHA resulted in a decrease in strength value. By implication, the two showcased
an inverted parabolic profile. The intersection of the points of inflexion exists at 4 wt.%
PKA and 4 wt.% RHA for both factors, yielding a maximum value of 388.885 MPa.
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Figure 9. Surface plots representing the relationship of the variables that affect tensile strength

as revealed by interactions (a) PKA vs. RHA (b) PKA vs. stirring temperature (c) RHA vs.
stirring temperature.
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Figure 9b reveals the contour plot for the interplay existing between PKA and temper-
ature at a constant dose of 4% RHA. The proportion of PKA between 2—4 wt.% blended
with 4% RHA at 700-800 °C was beneficial to tensile strength improvement. Conversely,
4-6.0% PKA and 800-900 °C kindled strength minimization. By deduction, the two inputs
demonstrated an inverted parabolic interaction profile. The intersection mark for the points
of inflexion of two independent variables is 4% PKA /800 °C temperature, corresponding
to 243.01 MPa.

Figure 9c shows the surface plot for the relationship between RHA vs. temperature,
holding PKA at 4%. Infusion of 2-4% RHA at temperatures ranging from 700-800 °C
has been shown to improve strength. In contrast, 4-6% RHA introduced into the melt at
800-900 °C triggered a progressive decrement in strength value. The interaction profile for
the variables as observed is an inverted paraboloid. The point in which the inflexions for
the two variables intersect exists at 4% RHA /800 °C temperature.

3.4.2. Tensile Modulus

In Figure 10a, the surface plot for the relation “PKA vs. RHA” as regards tensile modulus
is unveiled. The addition of 2-6 wt.% PKA and RHA resulted in a linear improvement in
tensile modulus. The interaction profile for the two independent variables is positively linear.
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Figure 10. Surface plots representing the relationship of the variables affect tensile modulus
as revealed by interactions (a) PKA vs. RHA (b) PKA vs. stirring temperature (c) RHA vs.
stirring temperature.

In the case of the relation “RHA and temperature”, while maintaining PKA at 4%
(Figure 10b), the pattern of interaction is highlighted in the surface plot. A linear increase
in PKA at temperatures of 700-800 °C engendered a progressive boost in tensile modulus,
for which the same dosage of PKA at temperatures of 800-900 °C enkindled strength
depreciation. It shows, therefore, that PKA manifested a positive linear interaction profile
even as temperature depicted an inverted parabolic interaction pattern with a point of
inflexion at 800 °C.

The surface plot for the relationship “RHA vs. Temperature” at a constant 4% dose of
PKA is demonstrated in Figure 10c. The same dose of the RHA blended in the melt between
2 and 6 wt.% at 700-800 °C purported a rise in tensile modulus, while the same dose of the
RHA utilized as reinforcement at a temperature range of 800-900 °C resulted in a decline
in modulus value. By inference, RHA exhibited a positive linear interaction pattern even as

temperature depicted an inverted parabolic pattern with the point of inflexion existing at
800 °C.
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3.4.3. Compressive Strength

The surface plot for the relationship “PKA vs. RHA” with regard to compressive
strength when maintaining the temperature at 800 °C is portrayed in Figure 11a. As
observed, the continuous addition of PKA and RHA at 2-6 wt.% amounted to a progressive
enhancement in compressive strength, displaying a positive linear interaction pattern.

(b) (c)

Figure 11. Surface plots representing the relationship of the variables that affect compressive
strength as revealed by interactions (a) PKA vs. RHA (b) PKA vs. stirring temperature (c¢) RHA vs.
stirring temperature.

For the relationship “RHA and temperature” at a constant PKA of 4 wt.%, the mode
of the relationship is presented by the surface plot in Figure 11b. The input of the RHA
particles between 2 and 6% at a temperature range of 700-800 °C ensued in a consecutive
improvement in strength, of which 2-6 wt.% of the same particles at a temperature range of
800-900 °C manifested a decrease in compressive strength. While RHA showcased a linear
pattern of interaction, the stirring temperature displayed an inverted parabolic pattern
even as the point of inflexion is depicted at 800 °C.

The surface interaction plot between RHA and temperature when maintaining PKA
at 4 wt.% is illustrated in Figure 11c. It is observed that compressive strength appreciated
progressively between 700 and 800 °C when 2-6 wt.% RHA was introduced into the melt.
However, at the temperature range of 800-900 °C, there was a recline in the compressive
strength. In that case, RHA depicted a linear relationship pattern, even as temperature
showcased an inverted paraboloid pattern with a turning point at 800 °C.

3.4.4. Compressive Modulus

Figure 12a portrays the surface plot for the relationship between PKA and RHA as par
compressive modulus when keeping the temperature constant at 800 °C. The interaction
between 2-4% PKA and 2-4% PKA resulted in a progressive improvement in compressive
modulus. By implication, the two showcased positive linear patterns for the relationship.

Figure 12b reveals the surface plot for the interplay existing between PKA and temper-
ature at a constant dose of 4% RHA. At 700-800 °C stirring temperature, the RHA content
of 2-6 wt.% blended with 4-6% RHA was beneficial to the improvement of compressive
modulus response. On the other hand, 2-6% PKA and 800-900 °C amounted to a reduction
in modulus. By deduction, while PKA demonstrated a linear profile, temperature portrayed
an inverted parabolic pattern. The point of inflexion for temperature is about 800 °C.
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Figure 12. Surface plots representing the relationship of the variables affect compressive modulus
as revealed by interactions (a) PKA vs. RHA, (b) PKA vs. stirring temperature, and (c) RHA vs.
stirring temperature.

Figure 12c shows the surface plot for the relationship between RHA vs. temperature,
holding PKA at 4%. Infusion of 2-6% RHA at temperatures ranging from 700 to 800 °C has
been shown to improve modulus response. Meanwhile, 2-6% RHA introduced into the
melt at 800-900 °C enkindled a progressive decrement in strength value. The interaction
profile for the RHA is linear with a positive gradient. The interaction plot for temperature
is an inverted paraboloid. The turning point for the temperature profile is 800 °C.

3.4.5. Flexural Strength

The surface plot for the influence of the relation “PKA vs. RHA” on flexural strength
when holding temperature at 800 °C is showcased in Figure 13a. The interaction between
2-4% PKA and 2-4% RHA resulted in an increase in flexural strength, whereas 4-6% PKA
and 4-6% RHA resulted in a decrease in strength value. Deductively, the two showcased
inverted parabolic patterns of interaction. The intersection of the points of inflexion exists
at 4 wt.% PKA and 4 wt.% RHA for both factors, yielding a maximum value of 336.53 MPa.
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Figure 13. Surface plots representing the relationship of the variables that affect flexural strength as
revealed by interactions (a) PKA vs. RHA, (b) PKA vs. stirring temperature, and (c¢) RHA vs. stirring
temperature.

Figure 13b reveals the contour plot for the interplay existing between PKA and temper-
ature at a constant dose of 4% RHA. The proportion of PKA between 2—4 wt.% blended with
4-6% RHA at 700-800 °C was favourable to the improvement of the response. Conversely,
4-6% PKA and 800-900 °C kindled strength minimization. By deduction, the two inputs
demonstrated an inverted parabolic interaction profile. The intersection mark for the points
of inflexion of two independent variables is 4% PKA /800 °C temperature, corresponding
to 334.84 MPa.

Figure 13c demonstrates the surface plot for the relationship between RHA vs. temper-
ature, holding PKA at 4%. Infusion of 2-4% RHA at temperatures ranging from 700 to 800°
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C has been shown to improve strength. In contrast, 4-6% RHA introduced into the melt
at 800-900 °C ensued a progressive decrement in strength value. The interaction profile
for the variables as observed is an inverted paraboloid. The point in which the inflexions
for the two variables intersect exists at 4% RHA /800 °C temperature, corresponding to the
value of 335.62 MPa.

3.5. Process Mapping

As explained by Akinwande et al. [62,63] process maps for a given response are 2D
views in which design points are connected by contour lines. The process of mapping the
responses investigated in this study is presented in Figures 14-17. The contour plots show
different sections where different ranges of responses are obtained at different combinations
of the independent variables. Important sections are the sections tagged “optimum region”
where optimum response ranges are realizable at a diverse combination of the parameters.

@

Figure 14. Contour plot for (a—c) tensile strength and (d—f) tensile modulus.

Figure 14 highlights the process map for the tensile strength and tensile modulus. In
Figure 14a, the portions, labelled A, are the optimum zones for the interaction of PKA and
RHA when maintaining a stirring temperature of 800 °C. The contour intervals in ascending
order are indicated as 280-300 MPa, 300-320 MPa, 320-340 MPa, and 340-360 MPa. The
interval of 340-360 MPa is the optimum zone for the optimization of flexural strength at a
constant 800 °C. The corresponding input variables for the optimization are 2.75-4.7% PKA
and 3.6-4.8% RHA. In the same way, in Figure 14b, as regards the interplay between PKA
and temperature, the region labelled B is the optimum zone for the optimization of tensile
strength when holding RHA constant at 4 wt.%. Hence, in optimizing tensile strength,
the blend of 2.55-3.85 PKA with 4% (constant) RHA at the temperature of 780-865 °C is
recommended. The contour plot for tensile strength at a constant value of 4 wt.% for the
relationship “RHA vs. temperature” is identified in Figure 14c. Point C is the portion of the
attainment of optimum tensile strength in the range of values of 340-360 MPa. That means
that, for the optimization of tensile strength for that interaction, 3.6-4.9% RHA combined
with 4% PKA can be employed at a temperature range of 785-860 °C.
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Figure 16. Contour plot for (a—c) flexural strength.

The contour plot for the interaction between PKA and RHA at an unchanging temper-
ature of 800 °C with regard to tensile modulus is exhibited in Figure 14d and outlines the
regions in which varying response values can be obtained. The optimal domain is marked
D, and it’s the region for optimization of tensile modulus in-range value of 110-120 GPa.
The input variable for the region is 5.5-6.0% PKA and 5.6-6.0% RHA. Figure 14e highlights
the contour map for the interaction of PKA vs. temperature when sustaining RHA at 4%.
The region marked E is the optimal area and values of 5.5-6.0% for PKA and 760-815 °C
for temperature will suffice in the optimization of tensile modulus. In Figure 14f, the region
labelled “F” is regarded as the optimal zone for the interaction between RHA and temperature.
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In optimizing flexural modulus within the identified region, input variables are stated to be in
the range of 5.65-6% for RHA and 770-820 °C for temperature.

2

A:PKA = 4.80784 B:RHA = 5.41163 |C:Temperature = 802.979
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Figure 17. Optimization ramp.

Figure 15 presents the contour plot for different interactions with respect to com-
pressive strength and modulus. Figure 15a refers to the contour plot of the interaction
between PKA vs. RHA pertaining to compressive strength. The optimum zone for the
optimization of compressive strength for such interaction is indicated as “A”, correspond-
ing to 4.6-6.0% PKA and 5.3-6.0% RHA. It, therefore, means that optimal compressive
strength between 320 and 340 MPa is visible within that range of values. Likewise, in
Figure 15b, as regards the interplay between PKA and temperature, the region labelled
B is the optimum zone for the optimization of compressive strength when holding RHA
constant at 4 wt.%. Therefore, in maximizing compressive strength response, the blend of
5.8-6.0% PKA with 4% (constant) RHA at a temperature of 725-825 °C is recommended.
The contour plot for compressive strength at a constant value of 4 wt.% for the relationship
“RHA vs. temperature” is showcased in Figure 15¢. Point C is the portion of the attainment
of optimum compressive strength in the range of values of 300-320 MPa. That means that,
for optimization of the strength response for that interaction, 5.4-6.4% RHA combined with
4% PKA can be employed at a temperature range of 740-870 °C.

With respect to compressive modulus, the contour map for the relationship between
PKA and RHA at an uninterrupted temperature of 800 °C is exhibited in Figure 15d,
outlining the regions in which varying response values can be obtained. The optimal
domain is marked D, and it’s the region for optimization of the modulus in-range value
of 100-110 GPa. The input variable for the region is 5.3-6.9% PKA and 5.3-6.9% RHA.
Figure 15e highlights the contour map for the interaction of PKA vs. temperature when
sustaining RHA at 4%. The region marked E is the optimal area and values of 4.1-6.1%
for PKA and 730-860 °C for temperature will suffice in the optimization of compressive
modulus. In Figure 151, the region labelled “F” is regarded as the optimal zone for the
interaction between RHA and temperature. In optimizing compressive modulus within the
identified region, input variables are stated to be in the range of 5.55-6.0% for RHA and
775-855 °C for temperature.
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In Figure 16, the contour plot of interactions between experimental variables with regard
to flexural strength is identified. With reference to Figure 16a, the portions, labelled A, are
the optimum zones for the interaction of PKA and RHA when maintaining the temperature
at 800 °C. The corresponding input variables for the optimization are 4.2—4.83% PKA and
3.4-4.3% RHA. Similarly, Figure 16b displays the contour plot for the interplay between PKA
and temperature. When RHA is held constant at 4 wt.%, the region labelled B is the optimum
zone for optimizing flexural strength. When RHA is held constant at 4 wt.%, the region
labelled B is the optimum zone for optimizing flexural strength. It is therefore estimated that
the blend of 4.4-4.8 PKA with 4% (constant) RHA at a temperature of 792-817 °C will beget
optimum flexural performance. The contour plot for the relationship “RHA vs. temperature”
is identified in Figure 16¢ (at a constant value of 4 wt.%). Point C is the division of the plot
maximizing flexural strength response within the range of values of 340-360 MPa. That means
that, for optimization of flexural strength as regards the interaction, 4.4-4.6% RHA combined
with 4% PKA can be employed at a temperature range of 790-823 °C.

3.6. Optimization and Result Validation

Optimization was effected with the response surface method via the engagement of
design expert 13 software similar to [63—67]. Table 10 highlights the goal, lower and upper
limits for optimizing the responses. Figure 17 depicts the outcome of the optimization
procedure. In Figure 17, the red dots for the inputs are the points corresponding to the
optimal value for each of the input variables between the range of input values, while the
blue points correspond to the optimal values for each of the responses between the ranges
of the response values obtained in this study. As obtained from the software, a combination
of 4.80784~4.81% RHA and 5.41163~5.41% RHA at a temperature of 802.979~803 °C is
predicted to yield optimum performance in the composite.

Table 10. Optimization constraints.

Name Goal Lower Limit Upper Limit Importance
A:PKA is in range 2 6 3
B: RHA is in range 2 6 3
C: Temp. is in range 700 900 3
CS maximize 222 330 3
CM maximize 46 105 3
TS maximize 250 344 3
™ maximize 56 113 3
FS maximize 258 340 3

Where A is PKA, B is RHA, and C is stirring temperature.

The software predicted 311.553 MPa, 94.4965 GPa, 328.616 MPa, 105.11 GPa, and
328.566 MPa for compressive strength, compressive modulus, tensile strength, tensile
modulus, and flexural strength, respectively, with the desirability of 0.841 (Figure 17).
To validate the predicted outcome, samples were prepared at optimum conditions and
tested for their responses. Three specimens were prepared for each of the respective tests,
and the mean results were recorded for each response. The validation procedure yielded
the following results: 317.8 MPa (2.0% error), 98.9 GPa (4.7% error), 324.1 MPa (1.37%
error), 102.3 GPa (2.6% error), and 334.1 MPa (1.7% error). Since the errors for each of
the responses are less than 5%, there is therefore no significant discrepancy between the
predicted outcome and the experimental outcome. Hence, the models are certified as
statistically competent in the prediction of the property responses.
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3.7. Morphology of the Optimized Specimen

The microstructural features of a sample prepared at optimum conditions are pre-
sented in Figure 18a. The elemental composition and XRD diffraction pattern are identified
in Figure 18b,c. Figure 18a demonstrates how the particles are dispersed in the matrix. The
PKA and RHA particles coexist with the steel particles. This, therefore, shows that a tem-
perature of 803 °C is competent to uniformly disperse the particles at the stipulated dosages
of the particles. The matrix reveals no significant presence of intermetallic phases as well
as micro-pores. There is no presence of the intermetallic phase indicated in Figure 18a. The
elemental compositions of the optimum specimen are indicated in Figure 18b. The EDS
shows the presence of Fe, Si, Mn, Mg, and Al and their amounts. As compared with the
pure Al6061 (Figure 1), the quantity is higher in the optimum specimen due to the presence
of the additives. As a consequence of that, Al wt.% will be reduced a bit. The elemental
distribution (Al Si, Fe, Mn) is portrayed in Figure 18c—f, which shows the even distribution
of the elements within the matrix. Al has the highest distribution on account of it being
the matrix. The XRD pattern dispersion is identified in Figure 18g. Being the matrix, it
displayed high peaks. There is the presence of silica phases owing to the reinforcement
particle addition rich in silica. Peaks of Fe are identified based on the introduction of waste
steel particles. From the pattern, there is no significant presence of the intermetallic phase.

10 pm i . 10 pm : , ‘ 10 um

4.81 % PKA/5.41 RHA/803 °C

Intensity (a. u.)

Al sio, Si0,
Fe Si0,
Sio, l l l l Fe
1 1 A A

5 15 25 35 45 55 65 75 85
20 (degrees)

Figure 18. Characteristics of a sample prepared at optimum condition (a) microstructural features,
(b) EDS elemental composition, (¢) XRD phase identification.

4. Conclusions

In the present investigation, palm kernel shell ash (PKA) and rice husk ash (RHA)
were blended in various compositions with 4 wt.% waste steel particulates in the A16061
matrix. The microstructural features and strength performance of the composites were
examined and the following conclusions were arrived at.
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i.  The microstructural images displayed features that reflected the relationship between
the properties of the composite and the microstructure. Reinforcing particles were
dispersed at 700 °C and 800 °C even as 900 °C showed some intermetallics due to
high-temperature reaction.

ii. =~ The ANOVA results demonstrated that the independent variables of the study (PKA,
RHA, and stirring temperature) have appreciable effects on the responses.

iii. PKA and RHA at 2-4% contributed to increased tensile and flexural strengths when
compared with the pure Al6061, while 4-6% of the additives decreased strength values.

iv.  Tensile and compressive modulus and compressive strength were greatly improved
between 2 and 6% of both particles.

v.  The surface and contour plots showed the responses were dependent on the mode of
the interplay between the variables.

vi. The optimum mix was obtained as 4.81% PKA, 5.41% RHA, and 803 °C and the
predicted values of responses at that condition were 328.616 MPa, 105.011 GPa, 311.553
MPa, 94.4965 GPa, and 328.566 MPa for tensile strength, tensile modulus, compressive
strength, compressive modulus, and flexural strength, respectively.

vii. Confirmation results for the responses are 318 MPa, 99 GPa, 324 MPa, 102 GPa, and
334 MPa for respective responses. The deviation for each response is less than 5%,
thereby validating the models.

viii. The morphology of the optimized specimen revealed dispersion of the particles within
the matrix, proving that the optimum mix is fit for the design of green-Al6061 as an
automobile material.
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