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Understanding the impact of aspect ratio on the deformation and load-bearing capacity of
aluminium matrix composites is crucial in tailoring their forming performance. In this study,
aluminium alloy (AA) 6082/Metakaolin (MK)/nano silicon nitride (SizN4) composites
containing 7.5 wt.% MK and 1.5 wt.%'Si;N, were fabricated using ultrasonic cavitation-
assisted stir casting and tested under quasi-static compression with cylindrical specimens of
aspectratios 0.5, 1, and 1.5in both as-cast and T6 heat-treated conditions. The results showed
that lower aspect ratios significantly enhanced workability. The as-cast composite at aspect
ratio 0.5 sustained compressive deformation up to a 50% reduction in height without visible
cracks, achieving a maximum axial stress of 573.25 MPa. The T6 heat-treated samples
exhibited a maximum compressive strength of 543.31 MPa and fractured at lower strain due
to embrittlement caused by eutectic Si and Mg,Si phases. Microstructural analysis indicated
pore closure as the governing deformation mechanism in as-cast specimens, while brittle
fracture dominated the T6 samples. Instantaneous strain hardening exponent (n;) and
strength coefficient (k;) trends confirmed contributions from both matrix and geometric work
hardening during deformation. In order to predict the workability parameters for different
aspectratios and loadings, response surface methodology (RSM) and artificial neural network
(ANN) were employed. ANN yielded superior prediction accuracy for the workability
parameters compared to RSM. These findings confirm that aspect ratio strongly controls the
deformation mechanisms, with shorter cylindrical specimens offering optimum workability
for practical forming operations.

© 2025 The Author(s). Mechanics of Advanced Composite Structures published by Semnan University Press.
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1. Introduction
The effect of

numerous = particulate

technique. The presence of fly ash improved the
strength and hardness of the composites as a
result of grain refinement. AA6061 composites

reinforcements on the mechanical and wear
properties of aluminium matrix composites has
been investigated by several researchers for the
past ‘two decades [1-9]. Selvam et al. [3]
developed AA6061 matrix - fly ash composites
with minimal porosity using the compocasting
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reinforced with nano SisN4+ and Alz03 particles
showed good compressive strength, toughness,
and hardness at the expense of ductility [4].
AA6082-MK composites developed through stir
casting showed improved strength and wear
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resistance, but reduced ductility [5]. Hillary et al.
[6] reported on the reduction in porosity and
improvement in mechanical properties of
AA6061 composites while reinforced with
coconut shell ash and silicon carbide particles.
Kumar et al. [7] synthesized AA6082 composites
reinforced with zirconium oxide and coconut
shell ash using the powder metallurgy route. The
composites  possessed good mechanical
properties as a result of the fine and uniform
distribution of reinforcements. Gupta et al. [8]
developed AA7075 composites reinforced with
varying proportions of rice husk ash and
carbonized eggshells using stir-casting. The
results indicated that the addition of the agro-
waste fillers decreased density and increased
porosity of the composites. Kamatchi et al.
[9] developed Al matrix composites using bone
ash as reinforcement via the powder metallurgy
route. The composites possessed high
compressive strength but low ductility.

Reinforcing a ductile aluminium matrix with
ceramic particulates generally reduces the
ductility and workability of the resulting
composite material. Processing methods such as
stir casting might result in the formation of
particle clusters and voids in composites. Hence,
it is necessary to assess the workability
behaviour of ceramic particulate-reinforced
aluminium matrix composites processed via stir
casting. Moreover, knowledge regarding the
workability of composites is essential for
predicting the final shape before failure of real-
time structural components developed using the
same composite material, designing an effective
forming process, and ' designing dies for the
forming process. In most forming processes, such
as rolling, forging, swaging, etc., the state of stress
is compressive. The cold upsetting of cylindrical
samples is one of the most significant tests used
to determine the formability and plastic
deformation behaviour of materials under
compressive loading [10-22].

The type and the particle size of the
reinforcements govern the tensile strength,
ductility, and workability of the composite
material. Bright et al. [10] investigated the effect
of reinforcing hybrid MK and SizN4 nanoparticles
in the AA6082 matrix through ultrasonic
cavitation-assisted stir-casting. The mechanical
properties and- workability of the composites
were studied by the authors for different weight
fractions of the reinforcements. The workability
of the composites was studied by maintaining a
constant aspect ratio of 1.5. The composite
sample with 7.5 weight fraction (wt.%) MK and
1.5 wt.% SisN4 was observed to possess good
tensile strength, ductility, and workability.
Narayanasamy et al [15] investigated the
workability of composites prepared using
aluminium powder with a particle size of 100 pm

as the matrix material, and SiC particles with
three different particle sizes of 50 pm, 65 pum, and
120 um as the reinforcement material. SiC
particles were added to the aluminium matrix in
the amounts of 5 wt.%, 10 wt.%, 15 wt.%, and 20
wt.%. The aspect ratio of the specimens utilized
was 1.5. The formability index (), strain
hardening exponent (n), and strength coefficient
(k) were evaluated to characterize the
workability behaviour. ~Taha et al [23]
investigated the workability of aluminium matrix
composites reinforced with SiC particles with
particle sizes of 102 pm, 128 pm, and 158 pm. The
composites were prepared by means of stir
casting, squeeze casting, and powder metallurgy
and were subjected to heat treatment. The cold
upsetting test was conducted on composite
samples with a diameter of 8 mm and height of 8
mm. Composites prepared using the stir casting
technique exhibited better workability behaviour
than those processed via powder metallurgy and
squeeze casting. Thangadurai et al [24]
investigated the workability behaviour of
AA6061-micro BsC (45 pm) particle-reinforced
metal matrix composites. The diameter of the
specimen was 20 mm, and the aspect ratio was
maintained as one. The axial stress, hoop stress,
and hydrostatic stress increased with increasing
reinforcement. ~ weight fraction. Sakthi
Sadhasivam et al [25] reported that the
formability index of AA6061/micro ZnO particle
composites improved with increasing weight
fraction of ZnO particles. Sivasankaran et al. [26]
explored the possibility of predicting the
workability parameters of Al/SiC composites
using ANN models. Factors such as the SiC
particle size, SiC weight fraction, relative density,
and load were used as the input parameters to
predict the workability parameters such as the
axial stress, hoop stress, axial strain, hoop strain,
strain hardening exponent; and  strength
coefficient. Hassani et al. [27] analyzed the effect
of porosity and  reinforcement on the cold
upsetting  of  Al-silicon carbide composites
produced via powder metallurgy and mechanical
alloying. Smaller SiC particles and higher
reinforcement volume reduced porosity,
increased work hardening, and improved
forming characteristics.

The aspect ratio of the cylindrical composite
samples is a significant factor in determining the
mode of deformation of the composites under
quasistatic compression. A higher aspect ratio
leads to buckling with nonuniform stress
distribution and localized strain hardening. The
aspectratio of the samples also affects the friction
between the samples and the die, which further
indicates the necessity of wusing suitable
lubricants [20, 28]. Narayanasamy et al. [19]
investigated the workability behaviour of Al-
Al203 composites developed using the powder
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metallurgy technique. Cylindrical specimens with
a diameter of 27.80 mm and aspect ratios of 0.35,
0.56, and 0.72 were selected for the study. The
forming limit diagrams were plotted between the
axial strain and different stresses, such as the
hoop stress, axial stress, and hydrostatic stress
(mean stress). The authors reported that the
formability index decreased with decreasing
aspect ratio. Sivaraj et al [29] determined the
effect of the TiC reinforcement particle size and
aspect ratio (0.75 and 1) of the cylindrical
samples on the workability behaviour of the Al-
TiC composites processed through the powder
metallurgy route. It has been inferred that the
composites with TiC of particle size less than 200
nm and aspect ratio 0.75 possessed better work-
hardening. Hariharasakthisudhan et al [12]
determined the workability behaviour of AA6061
matrix composites reinforced with exhausted
alkaline battery powder via stir casting. The
composite samples for the workability study
were prepared with aspect ratios of 0.5, 1, and
1.5, and the sample with an aspect ratio of 0.5 was
reported to withstand the maximum compressive
load before failure.

The workability and deformation behavior of
aluminium matrix composites are strongly
influenced by reinforcement type, processing
route, and specimen geometry, particularly
aspect ratio, which governs load distribution,
strain localization, and the onset of failure during
forming operations. From the extensive literature
review, it has been noted that most of the
researchers focused on  the study of the
workability behaviour of aluminium matrix
composites synthesized via powder metallurgy
[15-22]. Only a few researchers examined the
same developed via stir casting. Limited research
has focused on composites synthesized via
ultrasonic cavitation-assisted stir casting, which
offers improved particle distribution but may
introduce porosity and clustering [12, 13, 23].
The necessity to study the influence of different
aspect ratios of composite samples on the failure
mode and load-carrying capacity of the
composites has also been discussed by a few
researchers.

This study aims to evaluate the influence of
aspect ratio on the workability of AA6082
composites reinforced with metakaolin (MK) and
nano silicon nitride (SisN,) and to establish
reliable predictive models for their deformation
behavior., The mnovelty of this work lies in
correlating experimental quasi-static

compression results with microstructural
mechanisms and in applying both response
surface methodology (RSM) and artificial neural
networks (ANN) to model and predict
workability parameters across varying aspect
ratios and loading conditions. The specific
objectives are: (i) to fabricate AA6082/MK/Si3N,
composites using ultrasonic cavitation-assisted
stir casting and subject them to 'quasi-static
compression in both as-cast and T6 conditions;
(ii) to analyze the role of aspect ratio on stress-
strain response, strain hardening behavior, and
deformation 'mechanisms; (iii) to perform
microstructural characterization to identify
dominant failure modes using SEM; and (iv) to
develop and compare RSM and ANN predictive
models for estimating key workability
parameters. The  composition of the
reinforcement was judiciously selected based on
the previous study [13]. The cylindrical
composite samples for cold upsetting were
prepared with three different aspect ratios of 0.5,
1, and 1.5, with the diameter held constant at 20
mm. The stress components, namely axial stress
(02), hoop stress (os), mean or hydrostatic stress
(om), and effective stress (oeff), were evaluated
employing the mathematical relations explained
in Narayanasamy et al. [17]. The instantaneous
strain  hardening exponent (ni) and the
instantaneous strength coefficient (ki) were
evaluated for each composite sample under every
load step, and the values were plotted against the
axial strain values to identify the nature of work
hardening.

2. Materials and Methodology

The aluminium alloy AA6082, which
possesses excellent cold workability, was utilized
as the matrix material. MK particles (average
particle size 200 nm) premixed with Si3zNa
particles (average particle size 50 nm) were used
as the reinforcement phase. The weight fraction
of the reinforcements was fixed as 7.5 wt.% for
the MK particles and 1.5 wt.% for SizNa4 particles
based on the previous study conducted by the
authors [13]. The density of AA6082 is 2.69
g/cm3 and that of MK particles is 2.6 g/cm3. The
99% pure nano-SisNs+ powder with a density of
3.17 g/cm3 was premixed before being directly
supplied into the AA6082 melt during the stir
casting process to avoid agglomeration [5,13].
Figure 1 shows the SEM and EDAX images of the
premixed reinforcement particles.
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Fig. 1. SEM and EDAX images of the mixed reinforcement particles (7.5 wt.% MK + 1.5 wt.% SizNa4)
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Fig. 2. Schematic representation of the synthesis of composites

The composites were synthesized through the
ultrasonic cavitation-assisted stir-casting
process as described by Bright et al. [5]. Figure 2
shows a schematic representation of the
ultrasonication-assisted stir casting technique
used for processing the composites. The
ultrasonication setup consisted of a stepped
titanium horn and transducer assembly, an
ultrasonic generator with a power rating of 2 kW,
and a 20 kHz output frequency inert gas supply.
The AA6082 rods were melted in the furnace by
maintaining a temperature of 750 °C, and the
premixed MK and SisNs were preheated at 400 °C
for 2 hours and supplied to the melt. Then, the
melt was stirred for 10 minutes at 700 rpm
initially and subjected to ultrasonic vibration at

20 kHz frequency for 20 minutes, followed by
pouring into specially prepared dies. The
composites were then subjected to T6 heat
treatment. The T6 heat treatment process
involves solutionizing the composite sample at
530 °C for 1 hr, followed by water quenching and
artificial ageing for 8 hours at 175 °C [5]. The as-
cast and T6 composites were machined to
cylindrical forms with a diameter of 20 mm and
aspect ratios of 0.5, 1, and 1.5, as shown in Fig. 3,
and subjected to the quasistatic compression
tests. Figures 4 and 5 show the SEM, EDAX, and
elemental mapping images of the cross-sections
of the as-cast and T6 composite samples,
respectively.
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Fig. 3. Composite samples with different aspect ratios (1.5, 1, and 0.5) for the workability study
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Fig. 4. a) EDAX, b) SEM and elemental mapping images of the cross-section of the as-cast composite sample [13]

The cylindrical composite samples were cold
upset between two steel dies tempered and
hardened to RC 46-50 [20]. The contact surface of
the dies was mirror polished, and during the cold
upsetting test, the die set was well lubricated
with graphite particles with an average particle
size of 50 pm to reduce the barreling effect
caused by friction [17, 20]. The specimens were
loaded in steps of 20 kN until a visible crack was
generated or the height was reduced to 50%,
whichever was the first. The stress values
indicate the load-bearing capacity of the
composite samples, while the strain-hardening
behaviour could be explained by the strain-

hardening exponent and strength coefficient. The
strain hardening exponent values lie between 0
and 1 for most of the materials. A material is
considered to be a perfectly plastic solid when
the value of n is 1, and when the value of n is 0,
the material is 100 % elastic solid. The value of n
for most of the metals lies between 0.10 and 0.50.
The strength coefficient value constitutes the
extrapolated value of the true stress at a true
strain of 1. During quasistatic loading, the
instantaneous values of the strain hardening
exponent and strength coefficient could be used
to identify the work hardening behaviour of the
composites under various stages of loading.
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Fig. 5. a) EDAX, b) SEM, and elemental mapping images of the cross-section of the T6 heat-treated composite sample
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Fig. 6. Dimensions of the cylindrical samples before and after compression

The parameters involved in predicting the axial stress (0z), true hoop stress (oo), hydrostatic
workability behaviour of cylindrical samples stress (om), axial strain (&2), hoop strain (€e), and
subjected to quasistatic compression are the true instantaneous strain-hardening parameters such as
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the instantaneous strain hardening exponent (n;)
and instantaneous strength coefficient (k;). The
empirical relations to evaluate these workability
parameters are illustrated in Equations 1to 9 [15,
17].

True axial stress

Load (P)
0, = (1)
Contact Surface Area (A.)
True Axia Strain
= )
& =In (hf) (2)

where ho and hr represent the heights of the
composite samples before and after deformation,
respectively, as shown in Fig. 6.

Hoop stress
1+2a
96 = (2+a)az (3)

where ‘o’ represents Poisson’s ratio given by the
equation,

)

= (4)
Hoop strain

D
& = In (%) (5)

where Do is the initial diameter of the composite
sample, and Dc is the average value of contact
diameters-on the top (Dcryand bottom (Dcg) of the
composite sample after deformation, as shown in
Fig. 6. Derepresents the bulge diameter.

Hydrostatic stress
1
Om = § (0, % gg) (6)
Effective stress
Oerr = 0.5+ ) [3(1+a+a?)] 0, (7)

Instantaneous strain hardening exponent (n;)

n(52)
n; = m €]

Em-1

Instantaneous strength coefficient (k;)

(O-m - O-m—l)

(el —eny)

(9

3. RESULTS AND DISCUSSION

3.1 Variation in the workability parameters
with axial strain

The variation in the stress components (o, g,
om,and o) with axial strain for the as-castand T6
composite samples of aspect ratios 0.5, 1, and 1.5
is shown in Fig. 7 (a-c) and Fig. 8 (a-c),
respectively.

In order to plot the stress-strain curves, the
sense of g, was taken as negative, as the loading
is compressive. The os is positive since the
cylindrical samples bulge, as shown in Fig. 6. The
computed values of om and oey indicate that the
hydrostatic stress is compressive and the
effective stress is tensile. The o values were less
than the 0. values since the graphite lubricant
reduces friction between the contact surfaces of
the dies and sample, which in turn limits the
radial expansion of the samples by reducing the
buckling and barreling effects. The failure strain
values indicate that the as-cast composites are
subjected to extensive deformation® before
fracture compared to the T6 samples. From Fig. 7
and Fig. 8, it can be observed that compressive
stresses increased as the aspect ratio decreased.
The as-cast composites with aspect ratios of 0.5
and: ‘1 were' able to sustain compressive
deformation up to a 50% reduction in height
without visible cracking. Specifically, the as-cast
samples with aspect ratios of 0.5 and 1 reached
maximum axial stresses of 573.27 MPa (strain
0.733) and 567.24 MPa (strain 0.719),
respectively. In contrast, the sample with an
aspect ratio of 1.5 failed prematurely, fracturing
at a lower stress and strain of 476.32 MPa and
0.664. For the Té6-treated composites, all
specimens fractured before attaining 50% height
reduction, reflecting their higher ' brittleness.
Among them, the T6 sample with an aspect ratio
of 0.5 exhibited the highest axial stress and strain
of 543 MPa and 0.583, whereas the T6 sample
with an-aspect ratio of 1.5 recorded the lowest
values, with 'a maximum stress of397.28
MPa and strain of 0.577.

The microstructural study of the lateral
surface (Fig. 7 and Fig. 8) of the composite
samples revealed the possibility of pore closure
as the major phenomenon responsible for the
good workability of the composites. Similar
observations were reported in a few other works
[12, 13, 30]. The MK and nano Si3Na
reinforcement particles were bonded well to the
matrix, which increased the load-bearing
capacity of the composites by extending the
deformation and delaying the fracture [13]. The
well-bonded particles extended the failure by the
dispersion strengthening mechanism, while the
spots of the particle clusters might have acted as
the sites for crack nucleation.
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Fig. 7. components and microstructure of the as-cast samples (a) aspect ratio = 0.5, (b) aspect ratio = 1, and (c) aspect ratio =

1.5[13]
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The porosity of the composite samples before
and after cold-upsetting was estimated by means
of the water 1mmer510n dls‘p}acement method
accordlng _'co ASTM C135_ 2003 standards. The
welght of the composite samples was initially
measured in air and then in water using a
physical weighing balance to calculate the
experimental density. The theoretical density
was estimated using the rule of mixture principle.
The porosity (%) values evaluated using
Equation 10 are depicted in Fig. 9.

Ptheoretical — pexperimental

Poroty = (10)

Ptheoretical

The theoretical and experimental densities
were calculated using Equations 11 and 12.

(11)

where pm and pr represent the density of the
matrix and reinforcements; vm and vr represent
the weight fraction of the matrix and
reinforcements.

Ptheoretical = PmVm™ PrVr

mass in air

(12)

Pexperimental = | 1 air — mass in water
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From Fig.9, it could be noted that the
composites after cold-upsetting showed a
reduction in porosity, which quantifies the
presence of closed pores observed in the
microstructure. The T6 heat treatment process
imparts greater resistance to compressive
loading on the composite samples by means of
grain refinement and precipitation hardening.
The Si-rich eutectic formed during solidification
acts as nucleation sites for new aluminium grains
and contributes to grain refinement (Fig. 8 a-c).
However, a higher amount of Si-eutectic induces
brittleness. Moreover, during heat treatment; the
Mg in AA6082 may react with Si to-form brittle
intermetallic Mg2Si, which imparts strength to
the composites by precipitation hardening. The
reason for the fracture of T6 samples at lower
values of axial strain may be due to the higher

2.5

brittleness induced as a result of the formation of
eutectic Si along the grain boundaries, as well as
the possibility of fragmentation of eutectic Si
[28]. Figure 10 shows the schematic
representation of the modes of deformation in
the composites under compression. The trends of
ni and ki values were similar to those observed
for the as-cast samples:

The n; values under quasistatic compressive
loading for the as-cast and T6 composite samples
are shown in Fig. 11 (a and b), respectively. The
ni values quantify the inherent ability of a
material to resist deformation of the composites
under axial loading. The k; values of the as-cast
and T6 composite samples shown in Fig. 12 (a
and b), respectively, could be used to predict the
compressive strength of the composites at
different phases of deformation.
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Fig. 11. Instantaneous strain hardening exponent of composite samples (a)as-cast (b) T6

From the stress-strain curves of both the as-
cast and T6 composites (Fig. 7 and Fig.8), it can
be observed that all the stress components
increased rapidly with a slight increase in axial
strain values during the initial phase of loading,
followed by a gradual increase under further
loading. From Fig. 11 and Fig. 12, it could be noted
that the n; and the ki also reached their peak
values at. the initial phase of loading and
decreased upon further loading. The initial
increase in the stress components, as well as the
ni and the k; values, could be attributed to the
higher resistance to deformation offered by the
aluminium matrix, and this phenomenon is
referred to as matrix work hardening [16, 30].
After the initial barrier offered by the matrix, the
stress components attained a slower rate of
increase, and the n; and the ki values were
reduced with an increase in axial strain due to the
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phenomenon termed geometric work hardening
[18,° 27]. However, the intermediate spikes
observed in the ni and the ki values of the
composite samples may be due to the resistance
to the compressive loading offered by the
particulate reinforcements.

During fracture, the n; and the ki values
slightly increased, which is attributed to the
dominance of matrix work hardening before the
generation of cracks. The micrograph of the
lateral surface of the composite as-cast samples
(Fig. 7) with an aspect ratio of 1 and 0.5 shows
some sites of pore closure as well as well-bonded
particles that obstruct plastic deformation. This,
in turn, could be attributed to the intermediate
spikes observed in the strain hardening
exponent-axial strain plots. Spots of pore closure
and well-bonded particles can also be observed
on the composite sample with an aspect ratio of
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1.5, which is responsible for the spikes observed
in the strain hardening exponent-axial strain plot
[13]. The barrier to compressive loading induced
by the reinforcement particles along with the Si-

eutectic and Mg:Si intermetallic phases may be
attributed to the nature of the n;and ki plots of the
T6 composites.
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Fig. 12. Instantaneous strength coefficient of composite samples (a) as-cast (b) T6

3.2 Prediction of the Workability Parameters

The most influential parameters for
predicting the workability are €, ox, n;, and ki. The
design of experiments for determining the
relationship between the input factors, such as
aspect ratio, applied load, and heat treatment, on
the output responses (workability parameters)
was formulated using the central composite

12

design module of RSM. The three-level three-
factor experimental design with 28 runs
developed using RSM is shown in Table 1. From
the quasistatic compression study, the working
range of load for the composites was observed to
be between 40 N and 280 N. The aspect ratio (0.5,
1, and 1.5) and applied load (40, 160, and 280)
were considered as continuous factors, and the
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T6 and as-cast conditions were considered as the
categorical factors. The experimental design was
analysed in Design Expert 11, and regression
equations were generated for all the responses
for each categorical factor. Based on the analysis
of variance (ANOVA), the non-significant factors
were identified and eliminated from the
regression equations. Table 2, Table 3, Table 4,
and Table 5 show the ANOVA results for &, ox, ni,
and ki respectively. The significance of the
developed models was evaluated using an
ANOVA test for each response variable. The p-
value indicates whether the model and its

parameters are statistically meaningful. A model
is considered significant when the p-value is
below 0.05; otherwise, it is deemed non-
significant. The adequacy of model fitting can be
examined through lack-of-fit analysis, as well as
by assessing the predicted and adjusted
coefficients of determination (R*) and the
adequate precision (signal-to-noise ratio). For
the model to be acceptable, the gap between the
predicted R? and adjusted R? should not exceed
0.2. The regression equations developed are
shown in Table 6.

Table 1. Experimental design with output responses

Input Factors Output Responses
. . Instanta-neous Instantaneous
Run  Aspect . Load Heat Axw_\l Axial Stress Stra“.‘ Strength
Ratio (N) Treatment Uil () hardening Coefficient
(g2) MPa exponent (ki) MPa
(mi)

1 1.5 40 as-cast 0.010724 123.7826 0.479992 1091.622
2 1.5 160 T6 0.151598 341.479 0.434794 632.194
3 1 160 T6 0.160169 367.4874 0.448219 835.1532
4 1 160 as-cast 0.191161 371.8978 0.4888 834.9802
5 1.5 280 T6 0.251886  359.1464 0.256805 568.7296
6 1 280 as-cast 0.452557 517.566 0.221558 598.5679
7 0.5 280 T6 0.224056, ' 412.3858 0.283493 872.4595
8 1.5 160 as-cast 0.218156  357.0974 0.322596 583.576
9 1 40 T6 0.150048 301.7364 0.312808 838.5935
10 1 160 as-cast 0.187535 370.6296 0.481609 829.9081
11 1 160 as-cast 0.191161 371.8978 0.4888 834.9802
12 1 160 as-cast 0.189951 372.5343 0.48586 834.9222
13 1 160 as-cast 0.193585 371.2629 0.486016 833.7119
14 1 160 T6 0.160169 368.7395 0.445819 834.3224
15 1 160 T6 0.160169 366.8637 0.439303 820.2302
16 1 280 T6 0.009041 346.7826 0.313977 828.8347
17 0.5 160 as-cast 0.157824  402.9607 0.481136 881.6152
18 1 160 T6 0.158996 = 367.4874 0.445171 833.2248
19 0.5 40 as-cast 0.008032 126.2606 0.494608 1278.565
20 0.5 280 as-cast 0.34249 480.2631 0.234159 617.2275
21 0.5 160 T6 0.170322 396.4062 0.480787 1001.632
22 1.5 280 as-cast 0.616186  452.6036 0.200349 498.7112
23 1 160 T6 0.158996  365.6212 0.438409 818.7502
24 1 40 as-cast 0.012073 125.2605 0.488351 1082.853

25 1.5 40 T6 0.007044  239.5388 0.354088 822.9
26 1 160 as-cast 0.187535 370.6296 0.481609 829.9081
27 0.5 40 T6 0.171975 350.5698 0.288618 885.7612
28 1 160 T6 0.161343 370.6296 0.436376 821.5961
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Table 2. ANOVA for Axial Strain (&z)

Source DF Adj SS Adj MS F-Value P-Value
Model 6 0.398075 0.066346 26.58 0.000
Linear 3  0.226025 0.075342 30.19 0.000
Aspect Ratio 1 0.002727 0.002727 1.09 0.308
Load 1 0196690 0.196690 78.81 0.000
Heat Treatment 1 0.026609 0.026609 10.66 0.004
2-Way Interaction 3 0.172049 0.057350 22.98 0.000
Aspect Ratio*Load 1 0.026885 0.026885 10.77 0.004
Aspect Ratio*Heat 1 0.020217 0.020217 8.10 0.010
Treatment
Load*Heat Treatment 1 0.124948 0.124948 50.07 0.000
Error 21 0.052408 0.002496
Lack-of-Fit 13 0.052377 0.004029 1040.38 0.000
Pure Error 8 0.000031 0.000004
R2 88.37%
Rz(adjusted) 85.04%
RZ (predicted) 70.27%
Table 3. ANOVA for Axial Stress (o02)
Source DF Adj SS AdjMS F-Value P-Value
Model 6 228842 38140 119.09 0.000
Linear 3 149144 49715 155.22 0.000
Aspect Ratio 1 7262 7262 22.67 0.000
Load 1 141180 141180 440.81 0.000
Heat Treatment 1 702 702 2.19 0.154
Square 1 17971 17971 56.11 0.000
Load*Load 1 17971 17971 56.11 0.000
2-Way Interaction 2 61727 30864 96.37 0.000
Aspect Ratio*Heat 1 1709 1709 5.34 0.031
Treatment
Load*Heat Treatment 1 60019 60019 187.40 0.000
Error 21 6726 320
Lack-of-Fit 13 6716 517 423.29 0.000
Pure Error 8 10 1
Rz 97.14%
RZ(adjusted) 96.33%
R? (predicted) 92.22%
Table 4. ANOVA for Strain Hardening Exponent (n;)
Source DF Adj SS Adj MS F-Value P-Value
Model 5 0.233719 0.046744 37.79 0.000
Linear 3 0.079998 0.026666 21.56 0.000
Aspect Ratio 1 0.003823 0.003823 3.09 0.093
Load 1 0.068724 0.068724 55.56 0.000
Heat Treatment 1 0.007452 0.007452 6.02 0.022
Square 1 0.112226 0.112226 90.74 0.000
Load*Load 1 0.112226 0.112226 90.74 0.000
2-Way Interaction 1 0.041495 0.041495 33.55 0.000
Load*Heat Treatment 1 0.041495 0.041495 33.55 0.000
Error 22 0.027211 0.001237
Lack-of-Fit 14 0.027049 0.001932 95.72 0.000
Pure Error 8 0.000161 0.000020
Rz 89.57%

R2(adjusted) 87.20%
R? (predicted) 81.71%
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Table 5. ANOVA for Instantaneous Strength Coefficient (k)

Source DF Adj SS Adj MS F-Value P-Value
Model 4 667765 166941 48.74 0.000
Linear 3 489815 163272 47.67 0.000
Aspect Ratio 1 149528 149528 43.66 0.000
Load 1 338609 338609 98.87 0.000
Heat Treatment 1 1678 1678 0.49 0.491
2-Way Interaction 1 177950 177950 51.96 0.000
Load*Heat Treatment 1 177950 177950 51.96 0.000
Error 23 78770 3425
Lack-of-Fit 15 78475 5232 141.90 0.000
Pure Error 8 295 37
Rz 89.45%
R2(adjusted) 87.61%
RZ (predicted) 81.17%

Table 6. Regression Equations

Parameter

Heat-Treatment

Regression Equation

€ = -0.0171 - 0.0423*Aspect Ratio + 0.000951*Load +

; _ As-Cast 0.000966* Aspect Ratio*Load
Axial Strain (e.) e, = 0.3216 - 0.2065*Aspect Ratio - 0.000750*Load +
T6 0.000966 Aspect Ratio*Load
Axial Stress (0z) As-Cast o, = 61.2 - 25.3*Aspect Ratio + 2.631*Load -
0.0039027*Load*Load
T6 02=307.6 - 73.1*Aspect Ratio + 1.452*Load - 0.0039027*
Load*Load
Instantaneous Strain As-Cast ni = 0.4992 - 0.0357*Aspect Ratio + 0.001722*Load -
hardening exponent 0:000009 Load?
(ni) ni = 0.2698 - 0.0357*Aspect Ratio + 0.002702*Load -
Té6 0.000009 Load?
Instantaneous Strength As-Cast ki =1440.4 - 223.3*Aspect Ratio - 1.915*Load
Coefficient (ki) T6 ki =1100.2 - 223.3*Aspect Ratio - 0.385*Load
Aspect Ll 7
Ratio / 5
Load ‘< éi (
e
Heat K
Treatment 2
ﬁ‘ K,
Input '
Layer (3)
Hidden Layer 1 Hidden Layer 2 L(:;zfl(l‘:)

(7 Neurons)

(7 Neurons)

Fig. 13. ANN architecture used for predicting the workability parameters
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Fig. 14. Correlation plots of ANN

The artificial neural network (ANN) is one of
the most powerful machine learning algorithms,
which is capable of identifying the test data
pattern and generating near-accurate predictions
of the output parameters. The efficiency of ANN
in predicting the output depends upon the
number of datasets used for training, as well as
the number of hidden layers and the neurons in
each hidden layer. The Levenberg-Marquardt
algorithm and feed-forward back propagation
network type, which is capable of providing fast
convergence for multi-layer neural networks,
was adopted for the current work. According to
the experimental design shown in Table 1, 75%
of the data (21 data sets) were used for training
the ANN'model, and 25% of the data (7 data sets)
were used for testing. The ANN model with two
hidden layers having seven neurons in each layer
(3-7-7-4), as shown in Fig. 13, was observed to
make the most accurate prediction based on the

trial-and-error tuning of the networkin MATLAB.
During the training stage, the network converged
at 8 epochs, and the correlation plots shown in
Fig. 14 were obtained. The R-values (Pearson's
correlation coefficient values) for training,
validating, and testing indicated that the
proposed ANN model may predict accurate
values of workability parameters.

The comparison between the experimental
values of workability parameters and those
predicted through RSM and ANN models is
shown in Tables 7, 8, 9, and 10. The results show
that the ANN model is capable of predicting the
workability parameters in a remarkably accurate
manner compared to the RSM models. The ability
of ANN to capture nonlinear and intricate data
patterns and execute accurate predictions may be
attributed to this. The accuracy of the ANN model
could be further improved by training it with a
greater number of datasets.

Table 7. Predicted values of axial strain (&) for the test data
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SN Asp(.ect Load (N) Heat Axial Strain (&2)
Ratio Treatment  Experimental RSM ANN
1. 1.5 280 as-cast 0.61618 0.591450 0.61602
2. 1 160 T6 0.15899 0.149613 0.16007
3. 1 40 as-cast 0.01207 0.017280 0.01196
4. 1.5 40 T6 0.00704 0.039810 0.00700
5. 1 160 as-cast 0.18753 0.247320 0.19152
6. 0.5 40 T6 0.17197 0.207638 0.17173
7. 1 160 T6 0.16134 0.149613 0.16007
Table 8. Predicted values of axial stress (07) for the test data
SA. Aspf-,ct Load (N) Heat . Axial Stress (02)
Ratio Treatment = Experimental RSM ANN
1. 1.5 280 as-cast 452.6036 453.95596 452.5132
2. 160 Té6 365.6212 366.90960 367.6407
3. 40 as-cast 125.2605 134.86480 125.3903
4. 1.5 40 T6 239.5388 249.78560 236.1525
5. 1 160 as-cast 370.6296 356.50800 371.8911
6. 0.5 40 Té6 350.5698 322.88560 350.3714
7. 1 160 Té6 370.6296 366.90960 367.6407
Table 9. Predicted values of the instantaneous strain hardening exponent (n;) for the test data
SA. Aspe-ct Load (N) Heat Instantaneous Strain Hardening Exponent (ni)
Ratio Treatment  pyperimental RSM ANN
1. 1.5 280 as-cast 0.20035 0.22221 0.2003
2. 160 T6 0.43841 0.43602 0.4406
3. 40 as-cast 0.48835 0.51798 0.4885
4. 1.5 40 T6 0.35409 0.30993 0.3314
5. 1 160 as-cast 0.48161 0.50862 0.4869
6. 0.5 40 Té6 0.28862 0.34563 0.2887
7. 1 160 Té6 0.43638 0.43602 0.4405
Table 10. Predicted values of the instantaneous strength coefficient (ki) for the test data
Aspect Load Heat Instantaneous Strength Coefficient (ki)
SN Ratio (N) Treatment Experimental RSM ANN
1. 1.5 280 as-cast 498.7112 569.25 498.1160
2. 160 Té6 818.7502 815.30 826.6254
3. 1 40 as-cast 1082.853 11405 1082.3460
4, 1.5 40 T6 822.9000 749.85 819.3970
5. 1 160 as-cast 829.9081 910.70 834.4354
6. 0.5 40 T6 885.7612 973.15 886.0961
7. 1 160 T6 821.5961 815.30 826.6254

4. Conclusion

This study investigated the workability of heat-treated conditions under quasi-static
AA6082 composites reinforced with 7.5 wt.% MK compression. The key findings are:
and 1.5 wt.% nano-SizN,, fabricated through i. Compressive stresses increased as the aspect
ultrasonic cavitation-assisted stir casting. ratio decreased. As-cast composites with
Cylindrical specimens with aspect ratios of 0.5, 1, aspect ratios of 0.5 and 1 sustained
and 1.5 were examined in both as-cast and T6 compressive loading up to 50% height

reduction without visible cracks. The as-cast
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sample with aspect ratios 0.5 and 1 sustained
maximum axial stresses and strains of
573.275 MPa,0.733 and 567.24 MPa, 0.7109.
The samples with an aspect ratio of 1.5
fractured prematurely at a lower load and
lower axial strain (476.32 MPa and 0.664).
On the other hand, all the Té6-treated
specimens fractured before reaching 50%
reduction in height due to their increased
brittleness. The T6 sample with an aspect
ratio of 0.5 possessed maximum axial stress
and strain of 543 MPa and 0.583.
Post-compression analysis of as-cast samples
revealed pore-closure as the dominant
deformation mechanism, which enhanced plastic
deformation. The reinforcement particles
provided additional resistance to loading through
dispersion strengthening. In.contrast, T6-treated
samples exhibited Si-rich eutectic phases that
contributed to higher strength but also introduced
brittleness, leading to premature fracture.

iv. The variation of the instantaneous strain
hardening exponent (n;) and strength coefficient
(ki) with axial strain (g;) confirmed the
occurrence of both matrix work hardening in the
initial deformation stage and geometric work
hardening during later stages of compressive
loading.

v. An experimental design with 28 runs was
developed using face-centred central composite
design (RSM), considering aspect ratio (0.5, 1.0,
1.5), applied load (40-280 N), and  heat-
treatment (as-cast and T6). Comparison of
predictive models showed that ‘the artificial
neural network (ANN) consistently
outperformed . RSM,, offering more accurate
predictions —of  workability parameters by
effectively capturing nonlinear interactions.

Nomenclature

MK Metakaolin

RSM  Response Surface Methodology

ANN  Artificial Neural Network

SEM  Scanning Electron Microscopy

EDAX Energy Dispersive X-ray Analysis

0z True Axial Stress

09 True Hoop Stress

Om Hydrostatic Stress

Ocff Effective Stress

&2 Axial Strain

£ Hoop Strain

n; Instantaneous Strain Hardening

Exponent

ki Instantaneous Strength Coefficient

P Load

ho & hy Heights of the cylindrical composite

samples before and after deformation

a Poisson’s Ratio

Do Initial diameter of the cylindrical

composite sample

18

Dcr Top contact surface diameter of the
cylindrical composite sample after
deformation

Dcs Bottom contact surface diameter of the
cylindrical composite sample after
deformation

DC Average value of Dcr and Dcr

R Pearson's Correlation Coefficient
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