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Abstract
The objective of this study is to utilize numerical modeling techniques to forecast the performance of a novel metal matrix 
composite and speed up the experimental testing process by reproducing the unique features observed at the micro-scale 
of the composite material. The matrix material chosen for this study was aluminum P0507 alloy, with multi-walled carbon 
nanotube (MWCNT) and rice husk ash (RHA) selected as the reinforcements. The reinforcement loading was varied from 
1 to 9 vol.%. The representative volume element model in corroboration with the DIGIMAT-FE software was utilized to 
model, simulate and assess the performance of these composites across different volume fractions and orientations. Both the 
modulus, elastic and shear, increased monotonously with increase in the CNT and RHA content, whereas the Poisson’s ratio 
decreased with increase in the reinforcement loading; the changes being more evident in CNT-reinforced composites. On 
one hand, highest value of  E1 was found in case of aligned inclusions, on the other hand, the highest value of  E2 and  E3 was 
found for composites containing 2D random orientation type inclusions. As far as shear moduli are concerned, the highest 
value of  G12 was found for 2D random orientation type, and the highest value of  G23 and  G13 was found in case of 3D random 
type orientation. The elastic moduli and shear moduli followed the following trend:  E1 >  E2 >  E3 and  G12 >  G13 >  G23. The 
values of elastic as well as shear moduli for hybrid composite, Al-9 vol.% (CNT + RHA), were found to be higher than that 
of Al-9 vol.% RHA. For instance, the value of 2D-oriented  E1 increased from 77.15 to 78.40 GPa, and the value of aligned 
 G13 enhanced from 29.17 to 29.45 GPa. Therefore, it can be concluded that hybrid composites give luxury to fabricate com-
ponents with tailored properties at a lower cost.

Keywords Aluminum alloy P0507 · Multi-walled carbon nanotube · Rice husk ash · Representative volume element · 
Digimat · Elastic property

1 Introduction

In current automotive and aerospace industries, aluminum/
MWCNT composites are valuable for their exceptional 
mechanical properties. Before 2004, MWCNT got little 
scientific and practical attention [1]. This 3D material has 

sp2-hybridized carbon atoms with unique mechanical and 
physical properties. With a 100 GPa elastic modulus and 
150 GPa tensile strength, MWCNT is outstanding. Due to 
its mechanical qualities, MWCNT is often used to reinforce 
composites. Metal/MWCNT and RHA hybrid composites 
have been studied. High heat conductivity makes MWCNT 
and RHA suitable composite fillers. Composite materials 
have a higher thermal conductivity due to RHA, MWCNT, 
and metal matrix bonding [2–4]. The low densities of 
MWCNT and RHA provide them with excellent specific 
strengths and moduli, making them suitable for reinforc-
ing aluminum and subsequently prepare hybrid composites. 
With this knowledge, more research has been done on the 
fabrication and mechanical examination of composite mate-
rials such as (MWCNT/Al), (RHA/Al), and (MWCNT/RHA/
Al) composites.
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Automotive, marine, aerospace, and electrical industries 
use aluminum and hybrid composites [5–7]. Strength, cor-
rosion resistance, thermal efficiency, low thermal expansion 
coefficient, electrical resistivity, and damping capacity are 
exceptional in these composites [8–12]. Aluminum alloys 
are employed in airframes, wing airfoils, and other avia-
tion parts, making them vital [13, 14]. More robust, more 
complex, and wear-resistant aluminum and hybrid com-
posites have been made [15–17]. For aluminum and hybrid 
composites, solid- and liquid-state manufacturing processes 
are used. Recently, aluminum has been strengthened using 
carbon nanotubes (CNTs) [18]. Despite significant Al/CNT 
composite research, CNT uniform dispersion in the alu-
minum matrix remains difficult. Due to its two-dimensional 
nature, RHA distributes evenly in matrices. Producing Al/
RHA composites has prospective application benefits. The 
alloying and stirring stir-casting procedure evenly distributes 
reinforcements in the aluminum matrix [19]. Sahu et al. [20] 
explained stir-casting in detail. Melting the matrix material, 
stirring the molten metal with a mechanical stirrer, incor-
porating the reinforcement material, continuous stirring, 
pouring the mixture into a mold, and solidifying the mix-
ture produce composite and hybrid materials with excellent 
mechanical properties. Wear resistance, physical parameters, 
and microstructure of AlP0507 were assessed to evaluate the 
composites. Mechanical behavior simulation and modeling 
of these materials have also been studied. There are very few 
research publications on this topic, suggesting that it is still 
developing. To anticipate mechanical behavior, computa-
tional modeling of Al/MWCNT, Al/RHA, and Al/MWCNT/
RHA hybrid composite materials is growing. Numerical 
modeling of CNT/Al composites to predict mechanical 
behavior is another growing subject [21, 22]. This study 
complements MWCNT/RHA/Al hybrid composite compu-
tational and experimental studies. Al/MWCNT composites 
and Al/MWCNT/RHA hybrid composites' mechanical char-
acteristics are also studied utilizing experimental, analytical, 
and numerical simulation methods [23]. For instance, Zeng 
et al. [24] created a micromechanical finite element model to 
evaluate MWCNT's effect on the mechanical characteristics 
of Al/MWCNT composites.

There has been very limited numerical study discussing 
the elastic properties of MWCNT, Al, and RHA hybrid metal 
composites at different volume fractions. The fiber growth 
method may create RVEs with scattered and discontinuous 
fibers, according to Tian et al. [25]. Zhao et al. [26] analyzed 
carbon fiber-reinforced hydroxyapatite composites and found 
that the artificial bone mechanical characteristics improved 
as a result of carbon fiber addition. Complex 3D models 
were created using ABAQUS plug-in. This work generated 
periodic RVEs from composites with randomly dispersed 
short cylindrical fibers using numerical homogenization and 
modified RSA technique. The work showed strain and stress 

fields on RVE barriers as seamless using ABAQUS with 
periodic boundary conditions. In another study, numerical 
homogenization's effective elastic characteristics and actual 
observations were found very close, proving its suitability 
for assessing composites reinforced with randomly dispersed 
short fibers [27]. In Enrique García-Macías' approach, elas-
tic properties of CNT-reinforced polymer composites were 
determined. Atomic-based nanomodeling was used in the 
study [28]. The research showed that filler volume, chiral-
ity, and aspect ratio significantly altered the macroscopic 
reaction of the composites. Kavvadias et al. [29] also used 
the RVE model to carry out mechanical characterization 
under both tension and compression of MWCNT-reinforced 
cement paste.

This work investigates the elastic mechanical charac-
teristics of aluminum metal matrix composites reinforced 
with MWCNT and RHA at varied volume fractions, sepa-
rately and in hybrid combinations. At different volume frac-
tions, RVEs were used to model and simulate Al/RHA, Al/
MWCNT, and Al/RHA/MWCNT composites. For MWCNT/
RHA-reinforced aluminum composites, FEA and DIGIMAT-
FE software were used to simulate and model their behavior. 
DIGIMAT-FE constructed a 3D elemental RVE model of 
randomly oriented MWCNT/RHA-reinforced metal matrix 
composites. To aid future study and the design of compa-
rable metal matrix composites, the simulation predicted the 
elastic characteristics of the considered composites.

2  Materials and methods

2.1  Materials

Rice husk ash: Rice husks, commonly regarded as agricul-
tural waste and an environmental hazard, can be converted 
into rice husk ash fillers. When rice husks are burned out-
side the rice mill, two forms of ash are produced, which can 
be utilized as plastic fillers. Using RHA as a soil stabilizer 
presents an environmentally beneficial alternative to ulti-
mate disposal. RHA is a cost-effective substitute for ceramic 
reinforcing materials like  Al2O3, AIN, TiC, SiC, etc. Recent 
studies have revealed that RHA contains 85% to 90% amor-
phous silica, which can replace silica in various ceramic 
applications. Heating silica results in the development of a 
crystalline form. To prepare the rice husk, it is washed with 
water to remove any unwanted dust and then allowed to dry 
at room temperature for a day. Subsequently, the rice husk 
is heat-treated at 200 °C for 60 min to eliminate moisture 
and organic matter. The color of the rice husk changes from 
yellowish to black as the organic content is burned off during 
heating. The resulting burnt ash contains significant silica, 
making it a strengthening material for composite fabrica-
tion. It has been determined that various factors, such as the 
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incineration method, heating rate, type of crop, and fertilizer 
used in rice farming, influence the characteristics of the ash 
and the burning conditions.

Multi-walled carbon nanotube: MWCNTs are formed by 
the arrangement of several single-walled carbon nanotubes 
within one another. They have concentric graphene layers 
with diameters ranging from 10 to 20 nm and lengths rang-
ing from hundreds of microns to several millimetres. The 
layers in MWCNTs are spaced approximately 0.34 nm apart. 
Compared to mild steel with a tensile strength of 0.5 GPa, 
MWCNTs exhibit a much higher tensile strength of 10 to 50 
GPa, making them significantly stronger when subjected to 
tension. The exceptional mechanical properties of MWCNTs 
make them suitable for use as reinforcing materials. How-
ever, achieving a homogeneous dispersion of MWCNTs in 
a metal matrix composite is a primary challenge. The effec-
tive dispersion and distribution of MWCNTs throughout the 
matrix material are crucial for achieving high-performance 
composites. Carbon nanotubes, including MWCNTs, have 
many current and potential applications. They can be incor-
porated into various materials to enhance existing proper-
ties or provide new capabilities. In particular, multi-walled 
carbon nanotubes can be used to increase the strength of 
components or achieve the same strength with less material, 
resulting in reduced weight.

Aluminum P0507: Aluminum, specifically the P0507 
alloy, is a lightweight metal with a silvery-white appear-
ance. It is known for its flexibility and softness, allowing 
it to be easily bent and shaped. Aluminum finds appli-
cation in various products, including cans, foil, kitchen 
utensils, window frames, beer kegs, and components in 
the aerospace industry. Its versatility stems from its unique 
properties. In the aerospace industry, aluminum is exten-
sively used for various purposes, such as airplane frames, 
exteriors, wiring, and electrical systems. Its ability to form 
alloys by combining with other metals and its resistance to 
corrosion makes it highly suitable for these applications. 
The transportation and automotive industries also benefit 
from aluminum's desirable properties. One of the critical 
characteristics of aluminum is its non-corrosive nature, 
which contributes to its long-lasting durability. It can be 

easily cast and machined into different shapes and sizes, 
offering versatility in manufacturing processes. Aluminum 
is lightweight, making it an ideal choice for applications 
where weight reduction is essential. Additionally, it is non-
sparking and non-magnetic, further expanding its usability. 
Moreover, aluminum exhibits excellent thermal and elec-
trical conductivity, allowing for efficient heat dissipation 
and effective electrical conduction.

2.2  Multiscale modeling and simulation

Multiscale computer modeling plays a crucial role in 
understanding how microstructural variables impact the 
mechanical properties of materials and guide the produc-
tion of composite materials. Finite element analysis (FEA) 
is a computational method which has been used with the 
Digimat software. The Digimat-MF module is specifically 
designed for limited element-based homogenization, which 
estimates the elastic properties of composites based on their 
constitutive equations. Digimat-FE utilizes a RVE approach, 
placing integration points at the midpoint of the RVE. This 
study predicted the elastic properties of metal matrix com-
posites using micromechanical properties and numerical 
simulations of composites reinforced with aligned and 
randomly distributed RHA and MWCNT. Figure 1 depicts 
a multiscale analysis of the homogenization process for 
two- and three-phase metal matrix composites. The focus 
was on evaluating the orthotropic elastic properties. These 
properties include the uniaxial Young's modulus  (E11), the 
in-plane Young's moduli  (E22 and  E33), transverse Poisson's 
ratio (ν12), and the in-plane Poisson's ratios (ν23 and ν13), as 
well as the transverse shear modulus  (G12) and the in-plane 
shear moduli  (G23 and  G13). To determine these properties, 
the isotropic properties (Young's modulus E, Poisson's ratio 
ν, and shear modulus G) of the metal matrix composites 
were converted into their respective directional properties 
 (E1,  E2,  E3, ν12, ν21, ν31,  G12,  G23, and  G13). This analysis 
provides valuable insights into the elastic behavior of metal 
matrix composites at different scales and helps in design and 
optimization of these materials.

Fig. 1  Multiscale analysis of 
two- and three-phase metal 
matrix composite homogeniza-
tion
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2.3  Computational model and RVE modeling

The elastic mechanical properties of metal matrix aluminum 
composites reinforced with RHA and MWCNT were investi-
gated using RVEs created with Digimat-FE software. Three-
dimensional computational microstructural models were uti-
lized to assess various variables' effects on the composites' 
elastic properties, such as volume percentage, aspect ratio, 
randomly aligned inclusions, and the diameter-to-thickness 
ratio of MWCNT and RHA. In the simulation conducted, 
the components were precisely represented as three-dimen-
sional solid parts to effectively capture and analyze their 
structural characteristics. To incorporate periodic boundary 
conditions, a rigorous meshing approach was implemented. 
The mesh was intentionally constructed to exhibit periodic-
ity, ensuring the preservation of continuity and uniformity 
across the boundaries of the components. The usage of a 
periodic meshing approach facilitated the successful imple-
mentation of periodic boundary conditions, hence ensur-
ing the faithful representation of the actual behavior of the 
components being investigated in the simulation. In the RVE 
models with randomly oriented and aligned inclusions, the 
MWCNT and RHA volume percentage was estimated in 
range from 1 to 9%. The MWCNT inclusions were mod-
eled as cylinders with a thickness of 30 nm and an inter-
face thickness of 5 nm. The interfaces between the metal 
matrix and nano-fillers play a crucial role in determining 
the mechanical characteristics of the composites. The width 
and alignment of the inclusions were kept constant in all 
three directions. Representative volume element depicting 
2D random, 3D random, and 2D aligned inclusions in the 
aluminum matrix is shown in Fig. 2. The inclusions were 
assumed to be fully connected to the interface layers, ide-
ally linked to the matrix. The elastic properties of the RVEs 
were determined using this modeling approach. Periodic 
boundary conditions (PBCs) in three dimensions represent 
an infinite material domain. Tetrahedral elements were used 
to mesh the RVE models, and the meshes contained millions 

of elements depending on the number of inclusions. The 
finite element approach was implemented using the Digimat 
software. Table 1 provides the mechanical properties of the 
aluminum P0507 matrix, MWCNT, and RHA, which were 
used as input parameters to evaluate the orthotropic prop-
erties. For the 3D RVE models, a minimum mesh size of 
5 nm was set, resulting in 1–2 million tetrahedral elements 
(C3D4). The periodic unit cell (PUC) model assessed the 
elastic properties. This model assumed a multi-layer struc-
ture with a single MWCNT flake of 30 nm thickness. These 
computational simulations and modeling techniques pro-
vide insights into the elastic behavior of the metal matrix 
composites and help understand the influence of different 
parameters on their mechanical properties.

where εij and σij are the volumes averaged strain and stress, 
respectively;
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Fig. 2  Representative volume element depicting a 2D random, b 3D random, and c 2D aligned inclusions in aluminum matrix

Table 1  Mechanical properties of the materials used in the study

Materials Young’s modulus 
(GPa)

Poisson’s ratio Density 
(g/cm3)

MWCNT 270 0.16 2.1
RHA 215 0.15 1.8
P0507 70 0.33 2.7
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Fig. 3  An overview of the homogenization process
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CH
ijkl

 is the equivalent homogenized stiffness matrix.

CH
ijkl

 constants can be calculated by applying six micro-

strains and PBC for six independent models.

2.4  Micromechanical properties

The study conducted homogenization of aluminum matrix 
composites reinforced with MWCNT/RHA (two-phase com-
posite) and MWCNT and RHA (three-phase composite) 
using the DIGIMAT-FE software. The aim was to deter-
mine the elastic properties of the metal matrix composites. 
The DIGIMAT-FE program created an RVE model of the 
MWCNT/RHA-reinforced metal matrix composites in a 
typical 3D elemental form. The MWCNT and RHA were 
cylindrical shapes with aligned and random orientations. 
Various physical characteristics of the MWCNT and RHA, 
such as volume fraction, aspect ratio, orientation, interfacial 
contact, and accumulation, can influence the elastic proper-
ties of the nanocomposite. In this study, the effect of only 
one parameter, volume fraction ratio of the nano-fillers, was 
investigated. The different phases involved in the compos-
ites, including aluminum with RHA and MWCNT nano-
fillers, were considered as the general parameters for the 
homogenization process. An overview of the homogeniza-
tion process is depicted in Fig. 3. By following these steps 
and utilizing the Digimat-FE software, the study aimed to 
obtain accurate predictions of the elastic properties of the 
considered metal matrix composites.

2.5  Material synthesis

In the experimental phase of the study, (Al + MWCNT), 
(Al + RHA) composites, and (Al + MWCNT + RHA) com-
posites were produced using vacuum stir-casting process. 
The materials used included aluminum P0507 in solid form 
and MWCNT and RHA in powder form. Vacuum stir-casting 
method was chosen because it ensures the uniform distri-
bution of the reinforcement within the matrix and helps 
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8 Table 3  Properties of MWCNT and RHA reinforcements used in this 
study

Features MWCNT RHA

Thickness 25 nm 3.65 µm
Surface area 100  m2  g−1 1.246  m2  g−1

Diameter 0.05 µm 13.5 µm
Aspect ratio 1 2.495
Bulk density 80 kg/m3 90 kg/m3

Young’s modulus 270 GPa 215 GPa
Strength 63 GPa 0.0384 GPa
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minimize the formation of porosity in the casting material. 
It facilitates the segregation of the dispersed reinforcement 
throughout the molten matrix during the casting and melting 

processes. Chemical composition of the aluminum alloy 
P0507 is shown in Table 2. Information regarding the char-
acteristics of the MWCNT and RHA is illustrated in Table 3.

Fig. 4  Variation in elastic mod-
ulus of two-phase composites 
with varying a MWCNT and b 
RHA content

Fig. 5  Variation in shear modu-
lus of two-phase composites 
with varying a MWCNT and b 
RHA content
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Fig. 6  Variation in Poisson’s 
ratio of two-phase composites 
with varying a MWCNT and b 
RHA content

Table 4  Mechanical properties of Al/CNT and Al/RHA composites considering 2D random inclusion of the reinforcements

Composite E1 (GPa) E2 (GPa) E3 (GPa) ʋ12 ʋ21 ʋ31 G12 (GPa) G23 (GPa) G13 (GPa)

1 MWCNT + Al 70.9033 70.8767 70.8867 0.328503 0.328393 0.32833 26.685 26.667 26.6710
3 MWCNT + Al 72.7433 72.7667 72.7167 0.325320 0.325430 0.325327 27.4307 27.3920 27.4057
5 MWCNT + Al 74.6233 74.6600 74.6167 0.322273 0.322427 0.321937 28.2150 28.1667 28.1633
7 MWCNT + Al 76.6900 76.9100 76.5000 0.317620 0.318530 0.319643 29.0020 28.9500 28.9070
9 MWCNT + Al 78.6733 78.7667 78.5400 0.316440 0.316810 0.315710 29.9103 29.7380 29.7283
1 RHA + Al 70.7367 70.7333 70.7200 0.328437 0.328413 0.328373 26.6250 26.6133 26.6133
3 RHA + Al 72.2300 72.2600 72.2400 0.325323 0.325460 0.325400 27.2390 27.2197 27.2117
5 RHA + Al 73.8667 73.9633 73.7633 0.321467 0.321887 0.322343 27.8997 27.8540 27.8567
7 RHA + Al 75.4567 75.4567 75.3433 0.319063 0.319043 0.319060 28.5983 28.5380 28.5193
9 RHA + Al 77.1500 77.1100 77.0367 0.316157 0.315993 0.315577 29.3183 29.2020 29.1753

Table 5  Mechanical properties of Al/CNT and Al/RHA composites considering 3D random inclusion of the reinforcements

Composite E1 (GPa) E2 (GPa) E3 (GPa) ʋ12 ʋ21 ʋ31 G12 (GPa) G23 (GPa) G13 (GPa)

1 MWCNT + Al 70.8767 70.8833 70.8533 0.328377 0.328400 0.328363 26.6810 26.6723 26.6757
3 MWCNT + Al 72.6700 72.6333 72.6867 0.325303 0.325133 0.325377 27.4027 27.4170 27.4260
5 MWCNT + Al 74.5867 74.4233 74.6133 0.322757 0.322047 0.321840 28.1943 28.1860 28.2213
7 MWCNT + Al 76.5433 76.4600 76.4233 0.319087 0.318727 0.319160 29.0027 29.0193 29.0217
9 MWCNT + Al 78.5700 78.3900 78.5100 0.317030 0.316300 0.315480 29.8483 29.8113 29.8330
1 RHA + Al 70.7233 70.7200 70.7233 0.328430 0.328417 0.328477 26.6157 26.6177 26.6193
3 RHA + Al 72.2167 72.1800 72.2033 0.325297 0.325130 0.325440 27.2390 27.2270 27.2320
5 RHA + Al 73.8000 73.7900 73.7933 0.322343 0.322297 0.322077 27.8863 27.9003 27.8860
7 RHA + Al 75.3667 75.4000 75.4933 0.319887 0.320030 0.319223 28.5867 28.5490 28.5733
9 RHA + Al 77.0100 77.0867 77.0300 0.316280 0.316600 0.316177 29.2167 29.2580 29.2503
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3  Results and discussion

In this part of the study, a computational model was devel-
oped to determine the elastic properties of an aluminum 
metal matrix composite reinforced with MWCNT and RHA 
in both aligned and random configurations. The focus was 
on investigating the effect of volume fraction on the elas-
tic properties of the composite, considering an aspect ratio 
of 1 for both MWCNT and RHA. The literature values for 
Young's modulus (E) and Poisson's ratio (ʋ) of MWCNT, 
RHA, and aluminum were taken as 270 GPa, 0.16 for 
MWCNT; 215 GPa, 0.15 for RHA and 70 GPa, 0.33 for 
aluminum, respectively. These elastic properties served as 
input parameters to develop the orthotropic properties of 
the metal matrix composites consisting of MWCNT, RHA, 
and aluminum. Two scenarios were considered in the com-
putational model. In the first scenario, aligned inclusions of 
MWCNT and RHA were incorporated into the aluminum 
matrix, and in the second scenario, random inclusions of 
MWCNT and RHA were incorporated into the aluminum 

matrix. Digimat-FE software analyzed the three-directional 
properties, including the longitudinal properties, in-plane 
properties of Young's modulus, Poisson's ratio, and shear 
modulus, for the MWCNT- and RHA-reinforced aluminum 
metal composites. This computational model allowed for the 
assessment of the mechanical properties of two-phase and 
three-phase metal matrix composites, providing insights into 
the behavior of the composites under different configurations 
and volume fractions of the reinforcing materials.

3.1  First homogenization for two‑phase composites

The computational modeling and analysis of the MWCNT 
and RHA-reinforced aluminum metal composites revealed 
several significant findings. Figures 4, 5, and 6 present the 
elastic modulus, shear modulus, and Poisson’s ratio of the 
two-phase composites with varying MWCNT and RHA con-
tent. It can be observed that the elastic modulus increases 
monotonously with increase in the MWCNT and RHA 

Table 6  Mechanical properties of Al/CNT and Al/RHA composites considering aligned inclusion of the reinforcements

Composite E1 (GPa) E2 (GPa) E3 (GPa) ʋ12 ʋ21 ʋ31 G12 (GPa) G23 (GPa) G13 (GPa)

1 MWCNT + Al 70.9567 70.8700 70.8800 0.328293 0.327897 0.327963 26.6630 26.6673 26.6710
3 MWCNT + Al 73.0267 72.6433 72.6900 0.325220 0.323517 0.323637 27.3803 27.3750 27.3967
5 MWCNT + Al 75.0733 74.5900 74.5700 0.321983 0.319917 0.319553 28.1370 28.1573 28.1350
7 MWCNT + Al 77.0533 76.4933 76.5267 0.318477 0.316183 0.316573 28.9077 28.9757 28.9437
9 MWCNT + Al 79.3133 78.5700 78.4667 0.315230 0.312293 0.312403 29.6973 29.7457 29.6760
1 RHA + Al 70.7900 70.7233 70.7200 0.328400 0.328093 0.328093 26.6133 26.6130 26.6140
3 RHA + Al 72.4300 72.1667 72.1833 0.325370 0.324197 0.324220 23.2307 27.2187 27.2253
5 RHA + Al 74.0333 73.8233 73.7600 0.321537 0.320643 0.321333 27.8567 27.8903 27.8690
7 RHA + Al 75.7367 75.4233 75.4867 0.318770 0.317463 0.317143 28.4987 28.5560 28.4930
9 RHA + Al 77.6667 77.0667 77.1167 0.315530 0.313097 0.313160 29.1953 29.2313 29.1733

Fig. 7  Hybrid Al-9 vol.% (CNT/RHA) composite showing a random inclusions, b geometry, and c meshing
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loading from 0 to 9 vol.%. The maximum elastic modulus 
for both the types of composites was achieved for 9 vol.% 
reinforcement; value being ~ 79.3 GPa for Al/CNT compos-
ite and ~ 77.7 GPa for Al/RHA composite.

Mechanical properties of MWCNT/RHA-reinforced Al 
composite with 2D random inclusions, 3D random inclu-
sions, and aligned inclusions are shown in Tables 4, 5, and 
6, respectively. It can be clearly seen that both the modulus, 

Fig. 8  Equivalent Von-Mises stress in (MPa), elastic strain and displacement (mm) of Al/CNT/RHA hybrid composite with inclusions orientated 
in a–c 2D random, d–f 3D random, and g–i aligned direction

Table 7  Elastic properties of 
Al/CNT/RHA hybrid composite 
with reinforcements dispersed 
in different orientations

Al-9 vol.% 
(CNT + RHA)

E1 (GPa) E2 (GPa) E3 (GPa) G12 (GPa) G23 (GPa) G13 (GPa) ʋ12 ʋ21 ʋ31

2D Random 77.86 77.83 77.85 29.53 29.43 29.37 0.319 0.319 0.317
3D Random 77.70 77.74 77.75 29.45 29.47 29.48 0.318 0.319 0.319
Aligned 78.40 77.77 77.84 29.39 29.45 29.45 0.317 0.315 0.321
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elastic, and shear increased monotonously with increase 
in the CNT and RHA content, whereas the Poisson’s ratio 
decreased with increase in the reinforcement loading. How-
ever, it is noteworthy that the enhancement in modulus was 
more substantial in case of CNT reinforced composite.

Microstructural complexity and organization greatly 
impact mechanical properties. As far as  E1 is concerned, 
highest value was reported by aligned inclusions followed by 
2D random and 3D random inclusions. Frącz and Janowski 
[30] while investigating the effect of fiber orientation on the 
strength properties of products made from wood-polymer 
composites also reported higher value of  E1 for random 2D 
type (1890 MPa) in comparison with the random 3D type 
(1825.68 MPa). However, the highest value of  E2 and  E3 was 
found for 2D random orientation type followed by aligned 
and 3D random. Elmarakbi et al. [31] while studying the 
properties of hybrid glass fibers/graphene platelets/PA6 
composites also inferred that the aligned 2D distribution 
showed more effective reinforcement behavior as compared 
to the random 3D distribution. Also, in most of the case, the 
values of various elastic moduli followed the following trend 
irrespective of the reinforcement:  E1 >  E2 >  E3.

As far as shear moduli are concerned, on one hand, the 
highest value of  G12 was found for 2D random orientation 
followed by 3D random and aligned orientations; on the 
other hand, the highest value of  G23 and  G13 was found in 
case of 3D random type orientation. It is notable that Al/
CNT and Al/RHA composites containing aligned inclusions 
exhibited lowest shear moduli. Additionally, in most of the 
case, the values of various shear moduli followed the follow-
ing trend irrespective of the reinforcement:  G12 >  G13 >  G23. 
The aligned configuration exhibited the lowest Poisson’s 
ratios, be it ʋ12, ʋ21 or ʋ31 for all the considered Al/CNT 
composites.

3.2  Second homogenization for three‑phase 
composites

The elastic properties of a novel hybrid composite material 
comprised of CNT, RHA, and Al as a three-phase composite 
has been discussed in this section. In case of two-phase com-
posites, 9 vol.% RHA and CNT gave the best elastic proper-
ties, therefore, for hybrid composite 4.5 vol.% each of CNT 
and RHA have been considered. By utilizing computational 
modeling using RVE approach, the study systematically 
evaluates the impact of orientations of MWCNT and RHA 
inclusions on the elastic properties of the hybrid composite. 
Schematic diagram depicting random inclusions, geometry, 
and meshing carried out in the hybrid composite is shown 
in Fig. 7.

Equivalent Von-Mises stress, elastic strain, and dis-
placement experienced by the hybrid composite are illus-
trated in Fig. 8 for all the three orientation conditions, and 

corresponding derived elastic properties is tabulated in 
Table 7. As far as elastic modulus is concerned, the highest 
E1 was found in case of aligned inclusion orientation and the 
highest E2 and E3 were found in case of 2D random inclu-
sion orientation. And for shear modulus, the highest G12 
was found in case of 2D random orientation and the highest 
G23 and G13 were found in case of 3D random inclusion 
orientation. These findings are in line with the observations 
inferred for two-phase composites. The values of elastic 
as well as shear moduli for three-phase hybrid composite 
were found to be higher than that of Al-9 vol.% RHA. For 
instance, the value of 2D-oriented  E1 increased from 77.15 
to 78.40 GPa, and the value of aligned  G13 enhanced from 
29.17 to 29.45 GPa. Therefore, it can be concluded that 
hybrid composites give luxury to fabricate components with 
tailored properties at a lower cost.

4  Conclusions

The study utilized numerical simulation through DIGIMAT 
software to predict the elastic properties of two-phase Al/
CNT and Al/RHA composites and three-phase Al/CNT/
RHA hybrid composite. The effect of reinforcement con-
tent and inclusion orientations (2D random, 3D random, and 
2D aligned) on the elastic properties of the composites was 
investigated.

• It was observed that both the modulus, elastic and shear, 
increased monotonously with increase in the CNT and 
RHA content, whereas the Poisson’s ratio decreased with 
increase in the reinforcement loading; the changes being 
more evident in CNT-reinforced composites.

• The highest value of  E1 was found for aligned inclu-
sions, whereas the highest value of  E2 and  E3 was found 
for 2D random orientation type. The elastic moduli fol-
lowed the following trend:  E1 >  E2 >  E3.

• As far as shear moduli are concerned, the highest value 
of  G12 was found for 2D random orientation type, and 
the highest values of  G23 and  G13 were found in case of 
3D random type orientation. The shear moduli followed 
the following trend:  G12 >  G13 >  G23.

• The values of elastic as well as shear moduli for hybrid 
composite were found to be higher than that of Al-9 
vol.% RHA. For instance, the value of 2D oriented  E1 
increased from 77.15 to 78.40 GPa, and the value of 
aligned  G13 enhanced from 29.17 to 29.45 GPa. There-
fore, it can be concluded that hybrid composites give 
luxury to fabricate components with tailored properties 
at a lower cost.
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