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Abstract: This investigation examines metallic and polymeric nanocomposites in various
industries, focusing on integrating carbon nanotubes (CNTs) to enhance mechanical, thermal, and
electrical properties. It explores mathematical models for predicting properties like thermal
conductivity and emphasizes the potential of aluminum-based and polymer-based nanocomposites.
The research develops predictive models considering factors such as interfacial thermal resistance
(ITR) and filler volume fractions. For instance, the thermal conductivity of aluminum-based
nanocomposites, calculated using the Maxwell model, increased from 243.91 W/mK to 270.11
W/mK with the addition of 5% volume fraction of CNTs. Similarly, polymeric HDPE-CNT
nanocomposites showed an increase in thermal conductivity from 0.515 W/mK to 0.578 W/mK
with a 5% volume fraction of CNTs, while HDPE-Coir composites showed marginal changes. The
hybrid composite of HDPE-Coir-CNT demonstrated an increase in thermal conductivity to 1.14
W/mK using the Bruggeman model. Experimental validation, including thermal conductivity
measurements and mechanical testing, ensures the findings' applicability, reinforcing the study's
relevance and reliability in guiding advanced materials development for industries like sports,
automotive, and aerospace.

Keywords: Aluminum; Polyethylene; High Density Polyethylene; Carbon nanotubes; Thermal

conductivity

1. Introduction

A synthetic material composed of multiple stages is
called a composite material. These phases are distinct
chemically from one another, and there is a noticeable
contact between the phases of the substance”. The term
"matrix" refers to the continuous phase, while
"reinforcement” refers to the other phase or phases that are
dispersed within it. Composite and nanocomposite
materials have been made using a range of matrices, such
as polymers, carbon, metals, and ceramics, and
reinforcements, such as particles, fibers, and layered
materials>). The term "nanotechnology" may be
confusing because it does not refer to a particular
technology or field of study. On the other hand,
nanotechnology is the term for a group of concepts,
materials, methods, and applications that are
distinguished by their small size?. The term
"nanotechnology" may be confusing because it does not
refer to a particular technology or field of study. On the
other hand, nanotechnology is the term for a group of
concepts, materials, methods, and applications that are
distinguished by their small size.

A common goal of creating nanocomposites is to blend
the unique features of nanoparticles with those of the host
material to obtain enhanced or novel qualities that are not
achievable with either component alone. Metals, metal
oxides, polymers, and carbon-based materials such as
graphene or carbon nanotubes can all be components of
the nanoparticles?. There are many different kinds of
nanocomposites, such as metal matrix nanocomposites,
where the fiber might be synthetic or natural and the
matrix material is a metal. Another type of
nanocomposites is polymer-based, where the fiber might
be synthetic or natural and the matrix is a polymer. Hybrid
composites, which belong to the third class of
nanocomposites, often consist of two types of fibers:
natural and synthetic, natural and natural, or synthetic and
synthetic. The matrix of these composites can be made of
metal or polymer.

About the year 2000, interest in the effects of nanoscale
components as reinforcement in metallic matrix started to
grow>®, At this time, the materials that garnered the
greatest interest were Ni, Cu, Ti, Mg, and Al. The use of
nano-scale reinforcements yielded until unrealized
promise results in improving a range of metallic matrix
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properties; the families of nitride, oxide, carbide, and
boron were often the main suppliers of reinforcements
used. Metal matrix nanocomposites have been applied in
a variety of industrial sectors, including aerospace,
automotive”), and medical® because of their remarkable
mechanical, thermal, electrical, electrochemical, and
electromagnetic characteristics. Because of these
excellent properties, MMNCs have been shown to have
further uses in the fabrication of micro-structured
components that follow the current downsizing trend.
Furthermore, reinforcements made of carbon like carbon
nanotubes,  buckyballs, graphene, and carbon
nanoplatelets are utilized in polymer composites as well
as metal matrix composites®.

Polymer nanocomposites (PNCs) are mixtures of two
or more substances with a dispersed phase and at least one
dimension smaller in the polymer matrix than 100 nm'?.
Little concentrations of nanofillers have been shown
during the past few decades to enhance the mechanical,
thermal, barrier, and flammability characteristics of
polymers while preserving their processability'®!'?. Some
of the elements that contribute to the strength increase that
fillers give are the characteristics of the polymer matrix,
the nanofiller's features, the proportion of filler and
polymer, the aspect ratio, the size, the orientation, and the
dispersion of the particles. A variety of nanoparticles,
including clays '>!*carbon nanotubes'?, graphene'>'),
nanocellulose!”, and halloysite'®, have been employed to
produce nanocomposites with diverse types of polymers.

Hybrid systems are flexible and feature-rich composite
materials that combine two or more kinds of fibers to
address the drawbacks of individual fiber composites. The
hybridization of natural and synthetic fibers with
enhanced properties—like reduced cost, low weight,
simplicity of installation, superior processability, and
fatigue resistance—is currently receiving more attention.
When it comes to environmentally friendly natural fiber
alternatives for special technological materials like those
used in construction, aerospace, automobiles, and
biomedicine, coir fiber is a highly sought-after option'®.

This study used a variety of mathematical theories and
models to compute the effective thermal conductivity for
the metal matrix nanocomposite (Al-CNT), the polymer
nanocomposite with synthetic fiber (HDPE-CNT), the
polymer nanocomposite with natural fiber (HDPE-Coir),
and the hybrid composite HDPE-Coir-CNT. In hybrid
combination high density polyethylene offers flexibility,
chemical resistance, and good impact strength, while
aluminum 356 provides higher stiffness, thermal
conductivity, and mechanical strength. Combining these
materials in a hybrid composite can result in a material
that benefits from the advantageous properties of both,
offering a balance of strength, thermal performance, and
durability. After then, the outcomes were compared and
verified. Ultimately, a composite equation was obtained
that accounts for every factor found in the various data.
Carbon nanotubes (CNTs) are chosen due to their

exceptional mechanical properties, including a very high
tensile strength (up to 52 GPa for SWCNTSs) and high
elastic modulus (up to 1 TPa for SWCNTs). Additionally,
CNTs offer excellent thermal conductivity (up to 6000
W/m-K for SWCNTs), which can significantly enhance
the overall properties of metal matrix nanocomposites.

2. Models/Theories for Thermal
Conductivity

Maxwell model

Maxwell introduced the initial analytical formulas for
effective conductivity, tackling the situation of sparsely
distributed spherical particles with a thermal conductivity
labeled as ky within a continuous matrix characterized by
a thermal conductivity denoted as k,,. It's interesting to
note that this formulation ignores any thermal interactions
between the filler particles®”. The following is Maxwell's
expression:

k. 3
eff =1+ ¢ (1)
k k, +2k,
k, —k,

In this case, the filler's volume fraction is represented
by o. It was found that Maxwell's formula worked best in
cases of low ¢, usually less than 25%. Maxwell's model
has been altered by other scientists to incorporate new
effects. It was extended by Wang?) to allow for
estimations with several filler particle phases inside of a
single continuous matrix phase. Additionally, Hamilton
and Crosser incorporated the influences of diverse particle
shapes.

When two fibers are joined to a matrix to create a
hybrid composite, the Maxwell model transforms to

k 3¢ 34
eff — 1 + /1 + /2
k k., +2k, k., +2k, y @)
% “¥n
kfl - km kf2 - km
k o and k‘ ., are thermal conductivities of fiber one

and two respectively, Similarly, ¢ and ¢ ., are volume

11
fractions of fiber one and fiber two.

This model assumes sparse distribution of spherical
particles within a continuous matrix and is suitable for low
filler volume fractions (less than 25%). It does not
consider thermal interactions between filler particles or
interfacial thermal resistance (ITR).

Rayleigh models

Rayleigh®? investigated a material composed of
spherical inclusions organized in a simple cubic lattice
structure, which were embedded within a continuous
matrix. Notably, his calculations accounted for thermal
interactions between these particles, which implies that
this approach should yield more accurate results for
situations with higher filler concentrations compared to
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Maxwell's expression. However, it's worth mentioning
that the outcomes obtained from both formulas are quite
analogous and do not align with real-world observations
for larger values of @. Rayleigh's formula is detailed in
reference?”).
k 3
=l : RS
k, k, +2k, k +k, | =

-p+1.569| ——— |¢°

kf —k, 3kf -4k

It is evident that the denominator contains an infinite
series that excludes higher-order components. Maxwell's
result is obtained by simplifying the equation by ignoring
these elements. However, Rayleigh is important because
he provided analytical formulas for the effective thermal
conductivity of a different kind of composite structure—
a parallel cylindrical fiber-reinforced continuous matrix.
In this type of material, thermal conductivity exhibits
directionality. The following is an expression for
Rayleigh's formulas, assuming that the axis parallel to the
fibers is represented by z2%:

k. k.—k
of 22 :1+[ ! ’"jqﬁ (4)

km km
ke(; Bie ke,// a7 2¢
— =1+
bk C-gec (g oy +.) O

Where = M
kf —k,
k,—k,
and C, =—"——
k,+k,

For hybrid composites where two fibers are added to
matrix the effective modulus given by Rayleigh model is
as

G

3k, -4k )"
The symbols have their usual meaning.

Rayleigh's model improves upon Maxwell's by
accounting for thermal interactions between spherical
inclusions arranged in a cubic lattice structure, making it
more accurate for higher filler concentrations. However,
it also neglects ITR.

Hasselman-Johnson model

Hasselman and Johnson emphasized that the effective
thermal conductivity in a composite with a certain
inclusion type depends on both the size of the particles
and the volume fraction of the filler. They also looked into
how the filler-matrix interfacial gaps can affect the

thermal conductivity and diffusivity of glass-ni
composites®. The existence of interfacial heat resistance
was related to these findings. After that, a simple
adjustment to the original Rayleigh and Maxwell models
was suggested. With this change, the effective thermal
conductivity of composite materials was first articulated
in terms of non-zero interfacial thermal resistance??.

The Hasselman-Johnson formulas add a new element in
the calculation of effective thermal conductivity: they
include the particle radius (a) and the boundary
conductivity h,[W/(m?K)] the reciprocal of interfacial
thermal resistance®. The writers developed formulas that
work with a continuous matrix phase that features
scattered  dispersions, considering spherical (7),
cylindrical (8), and flat plate geometries (9). Notably,
expressions (7) and (8) correspond to Maxwell's outcome
for spheres (1) and Rayleigh's result for heat-flow
perpendicular cylinders (3), respectively. Expression (9)
concerns dispersions of flat plates positioned

perpendicular to the direction of heat flow?®.

C km C
Kk k@
l-—+——|g+|1——+—
k — ah k, —ah )|

k, (€))

The effective modulus for hybrid composites for
spherical, cylindrical and flat particles is given equations
(7), (8) and (9) respectively.

(ku ”‘,1) (k +k”)
2[ b _(a”h_ )~(a,,h_)_1]x(¢’ +4.)
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(k,fl+kf2)_ (ki ths) il
P (a»hf/‘).(aﬂhc/:) (g, +6,,)

m 1l

(kfl *km) N (k/'l +k/'2)

| k) (aﬂhl,“).(a”hl,/l) |

T (kptks) (k)
~ ntkp ntkp, 4
1 3 +(ab/1hcﬂ).(a/2h%) X(¢/1+¢Jz)

1_(kﬂ+kﬁ)+ (ki +ky)
k, (a,.lhc/l).(amh%)

ko +k
k,o=z L - (12)

’ I (kfl +kf2)
k, (k)
2(kf‘l +kr‘2) (¢ﬂ +¢ﬂ)+

 ARaths) k
_ (a ﬂth ).(aﬁhcﬁ )

m

This model introduces the concept of interfacial
thermal resistance (ITR) and accounts for particle size and
volume fraction of the filler. By including ITR, it provides
a more accurate prediction of thermal conductivity in
composites where interfacial effects are significant, such
as in glass-ni composites. This is crucial for designing
materials with precise thermal management requirements.

+ 1+

(11)

+

Bruggeman model

The mathematical framework, initially proposed by
Bruggeman®® and further developed by Landauer?”
provides a way to forecast different effective
characteristics of materials that are heterogeneous. These
characteristics include magnetic permeability, electric
permittivity, thermal diffusivity, and electrical and
thermal conductivities. This theory's basic tenet states that
a composite material can be methodically created by
systematically altering an existing material in minute
ways. Differential equations are derived as a result of this
process, earning the terms DFM and DEM.

The Bruggeman model provides a differential approach
to predict thermal conductivity, considering a broad range
of materials, including composites and nanofluids. It is
recognized for its precision at high filler volume fractions.
The model can include ITR by incorporating a
dimensionless parameter (o), dependent on the particle
radius and the reciprocal of ITR

This approach offers versatility by encompassing a
broad range of materials, including composites,
nanofluids, porous materials, aerosols, and space dust. It
provides formulas not only for the classical case of two
components but also for multi-component systems.
Within the realm of classical Effective Medium Theories

(EMTs), the Bruggeman scheme is recognized for its
precision, particularly in cases involving high filler
volume fractions. Every and Tzou?® employing
Bruggeman's methodology, used Benveniste's findings to
get an equation for the effective thermal conductivity of
particle composites®. Their formula is:

(1+2a)/(1-) 3/(1-a)

ky =k (1-a)

k k, =k, (1—a)

The dimensionless parameter o is dependent on the
filler-matrix interfacial thermal resistance (ITR), is

nn

expressed as o =a, /a , where "a" represents the

(1-¢) =| 2= (13)

"

particle radius, and " a

ak = Rim km )
Experimental tests on ZnS/diamond composites with

two different filler percentages and particle sizes have

validated the formula. Expression (13) can be simplified

to: where the filler conductivity is taken, into account as

being much higher than that of the matrix, a condition

applicable to ZnS/diamond composites:

k 1 14

k - (l_¢)3(l—a)/(l+2a) (14)

Moreover, other investigators, including Tavangar et
al.’9, utilized the Differential Effective Medium (DEM)
methodology to formulate new expressions pertaining to
the effective thermal conductivity of composite materials.
The equation devised by Tavangar and colleagues for
particulate composites can be represented as:

(%,
(ks )

Tavangar et al. compared the differential effective
medium scheme with experimental data and found that it
is a more reliable method of determining ETC than the
Maxwell-Eucken technique. They recommended taking
caution when estimating the effective thermal
conductivity of composites using Maxwell-based
methods, such as the widely used

Hasselmann-Johnson model, especially where there's a
sizable effective phase difference between the composite's
elements. The definition of the effective phase contrast is:

" is the Kapitza radius

W=

(@k

o R + Ok — 0tk )

(1-¢)= (15)

[

(k,k,R,, +ak, —ak,)

m™ "int

k.
eff (16)

Y=
k.R
(1+flm)kn
a

According to their investigation, the outcomes from the
Differential Effective Medium (DEM) closely matched
the experimental results across the entire evaluated a
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variety of y (2 to 8), In contrast, the Hasselmann-Johnson
model proved ineffective for y values exceeding 4.

The Bruggman model for the hybrid composites is as
follows

(14201 )/(1-04) 3M{l-ap)
gy L bt
Lk ky=ky (1)
(17)
(142e)/(1-ay) 3M(1-a)
. ky ky =k (1-ay)
ke km—kfz(l—az)

The Lewis-Nielsen model.

This popular empirical model that can be seen in the
literature, produces reasonably accurate results despite
lacking equations that account for interfacial thermal
resistance (ITR). Originally designed for moderate filler
volume fractions, specifically up to 40%, the model
exhibits instability when applied to higher volume
fractions?.

The Lewis-Nielsen model is valued for its simplicity
and effectiveness up to moderate filler volume fractions
(40%), the Lewis-Nielsen model incorporates the shape
and arrangement of filler particles. Despite its empirical
nature and lack of ITR considerations, it provides
reasonably accurate predictions for a wide range of
composites, making it useful for preliminary design and
optimization in industries where moderate filler content is
typical. The following is how the model defines a
composite's effective thermal conductivity:

(18)

k, 1k, -1 1—¢
B=| —L—"— | andy=1+| —2=|¢p (19
k Ik, +4 ¢

m

In equations (18, 19), K, represents the thermal
conductivity of the matrix, Ky denotes the thermal
conductivity of the filler, (I) represents the filler volume
fraction, ¢,, stands for the maximum filler volume and is
equal to 0.5, and A is the shape coefficient for the filler
particles = 0.01.

For the hybrid composites adjusted Lewis-Nielsen
model is as follows:

k, [k, ~1 k,,/k, ~1
B =|—L~—— |and B, =| —2—"— (20)
k, k, +4 k,,lk, + 4,

1//=1+(1;§ﬁm}(¢ﬂ+¢ﬁ) @1

m

Here 4 =4,=0.1 and ¢ =0.5 The effective

modulus is calculated using equation (18) where

B=B +B,

The Lewis-Nielsen model, while simple and applicable
to various particle shapes, may show instability and less
accuracy at higher volume fractions of fillers. It also does
not adequately account for interfacial thermal resistance,
which becomes significant at high filler contents,
potentially leading to less reliable predictions.

Percolation model

Devpura et al. have introduced a numerical model
designed for predicting the effective thermal conductivity
of composite materials, incorporating percolation and
interfacial thermal resistance (ITR) modeling?!-?. Matrix
algebra is used by their approach to represent the data and
perform the required computations. In this case, the
material is supposed to consist of either matrix blocks or
filler particle blocks, which are cubic construction blocks
whose dimensions match those of the filler particles. An
extra parameter is added to account for the particles'
sphericity. Interestingly, the filler blocks' conductivity is
far higher than the matrix's. The walls that divide
materials with various characteristics on either side are
thought to be the source of ITR. The AMM method is
employed to calculate the ITR value, with particular
attention to the TBR component. The model is
straightforward, but its predictions match experimental
results quite well. Conversely, the stability of the Nielsen
model diminishes beyond a filler volume fraction of 40%,
and the EMT model®® has tendency to underestimate
thermal conductivity. In contrast, the percolation model
introduced by Devpura et al.3? adequately tracks the
experimental curve trend, enabling the forecasting of
upper limits for effective thermal conductivity at higher
filler volume fractions.

Percolation refers to the formation of continuous paths
through the composite material, which significantly
enhances electrical or thermal conductivity. In
nanocomposites, when the filler content reaches a critical
threshold (percolation threshold), a network of conductive
paths forms, leading to a substantial increase in
conductivity. This is crucial for applications requiring
efficient heat dissipation or electrical conductivity.

Using their percolation model, Devpura et al.
conducted a thorough investigation of the effects of
particle size and interfacial thermal resistance (ITR) on
effective thermal conductivity. They used the Biot
number, which is expressed as follows for a spherical-
shaped particle, to quantify the ITR:

Bi= Rk, (22)
2a

where a represents radius of particle

The percolation model by Devpura et al. incorporates
both percolation effects and interfacial thermal resistance
(ITR) by using matrix algebra and considering cubic
construction blocks representing the matrix and filler
particles. It includes the Biot number to quantify ITR and
effectively models the composite's thermal behavior at
higher filler volume fractions. Unlike traditional EMTs,

- 1744 -



EVERGREEN Joint Journal of Novel Carbon Resource Sciences & Green Asia Strategy, Vol. 11, Issue 03, pp1740-1752, September, 2024

which often underestimate thermal conductivity at high
filler contents, the percolation model provides more
accurate predictions and tracks experimental results better,
especially for composites with high filler-to-matrix
conductivity ratios. An elevated Biot number causes
effective conductivity to decrease and the proportion of
filler required to reach the percolation threshold to rise.
One can increase the Biot number by either decreasing the
particle radius "a" or increasing the intrinsic thermal
resistance (ITR) parameter. Even at 1000:1 filler-to-
matrix conductivity ratio, simulations show that using
fillers with Bi > 1 reduces the composite's effective
thermal conductivity below that of the pure matrix. It is
possible to determine the critical radius—that is, the
particle radius at which Bi equals one—once you know
the ITR value. Rather of increasing effective thermal
conductivity, adding smaller particles to the matrix causes
it to decrease. The percolation model under discussion has
a cheap computational cost and reliable predictions,
although requiring full numerical simulation. Another
benefit of the model is its simplicity, which makes it a
helpful and appealing a tool for the necessary calculations
and for the composite material design procedure.

Percolation model is capable of accurately predicting
the effective thermal conductivity at higher filler contents
by considering the critical percolation threshold and the
Biot number. This makes it more reliable for designing
composites with high filler volumes, where the simple
empirical models fall short.

Combined Equation

Taking, into account elements from the Maxwell,
Rayleigh, Bruggeman, Hasselman-Johnson, and Lewis-
Nielsen models, the combined model for evaluating the
effective thermal conductivity of composite materials is
as follows:

2(kf /k, —1)
A b+ 1+ 4
= (23)
v 2(k, 1k, -1)
=
Where:

k of is the composite material's effective thermal
conductivity.

k ,1s the filler material's thermal conductivity.

km is the continuous matrix's thermal conductivity.

a is the radius of particle.

hc is the reciprocal of ITR or boundary conductivity..

@ is the filler material's volume percentage.

A is the Lewis-Nielsen model's filler particle shape
coefficient..

% ¢, where @ is the

2

. 1
Y/ is a factor defined as w =1+

maximum filler volume.

This combined equation provides a comprehensive and
generalized approach for determining the
effective thermal conductivity composite materials,
considering various factors and models from the literature.
It provides a flexible tool for evaluating composite
materials in a variety of circumstances and scenarios by
accounting for the impacts of filler volumes percentage,
size of particles, boundary conductivity, interfacial heat
resistance, and filler particle shape.

For hybrid composites, where two fibers are used the
combined equation is as:

4 Z(k/z/km 71) ¢/]

[Hz(k“ =)

. L4, 144, (24)
T2k, 1k, 1) 2(k,, [k, ~1)
1_ /ly//|+ /ZWXZ
1+ 4, 1+4,
Where:

k fl is the thermal conductivity of the first filler material.

k P is the thermal conductivity of the second filler

material.

Ay and A, are the shape coefficients for the first and
second filler particles in the Lewis-Nielsen model,
respectively.

¢f1 and ¢f2 are the volume fractions of the first and
second filler materials, respectively.

l//f1 and l//f2 are
1_¢m1 1_¢

g and oy, =l+—22 4,

P B>

where ¥/, and ¥/, are the maximum filler volumes for

factors defined as

Vp=1+

the first and second fillers, respectively.

Hybrid composites involve the use of two or more
different types of filler materials within a matrix, which
can result in synergistic effects enhancing the composite's
overall properties. The combined equation for hybrid
composites takes, into account the thermal conductivity
and volume fractions of each filler type, as well as their
shape coefficients and maximum filler volumes. This
allows for a more comprehensive prediction of thermal
conductivity, considering the contributions and
interactions of multiple fillers. This is particularly
important for designing advanced composites in
industries requiring tailored thermal properties.

3. Results and Discussion

This study aims to give readers a better understanding
of the various research projects being conducted in the
subject of nanocomposites. Two important elements that
greatly affect the mechanical properties of composite
nanocomposites are the existence of porosity and the
dispersion of fibers. Because they operate as stress
concentrators and produce notches leading to reduced
mechanical strength and increased likelihood of failure.
Strategies to mitigate these effects include improving the
dispersion of fibers during composite fabrication, using
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surfactants or coupling agents to enhance fiber-matrix
bonding, and employing advanced mixing techniques like
ultrasonication. fiber clusters have a detrimental effect on
these characteristics. Given the widespread use of
aluminum and its alloys as non-ferrous structural
materials, they were chosen as the primary materials for
incorporating carbon nanotubes as reinforcements in
metal matrix nanocomposites. In this particular study,
aluminum 356 was selected as the matrix material, with
CNT serving as the reinforcement. For polymer matrix

nanocomposites, HDPE was chosen as the matrix material.

Initially, CNT (synthetic fiber) was used as the
reinforcement, followed by the utilization of Coir fiber
(natural fiber). Additionally, a hybrid composite, HDPE-
Coir-CNT, was employed. The study then calculated the
effective elastic modulus and effective thermal
conductivity using various mathematical theories/models.
Tables 1 and 2 provide information on the composition
and properties of Aluminum 356. Tables 3 and 4 outline
the properties of HDPE, while Table 5 presents the
properties of Coir fibers. Table 6 details the properties of
CNTs.

Table 1: Al 356 alloy composition (mass percent,%)¥.

Cu <0.0005
Si 7.27
Mg 0.45
Mn <0.002
Fe 0.12
Ti 0.08
Zn 0.005
Al Bal.

Table 2: Al 356 alloy's mechanical properties®.

Density (g/cm?) 2.67

UTS (MPa) 234.0

YTS (MPa) 165.0
Max. Elongation (%) 3.50
Elastic Modulus (GPa) 72.40
Thermal Conductivity 237

(Wm!'K™?D

Poisson ratio 0.33

Table 3: Mechanical Properties of HDPE?Y.

Elastic Modulus | Tensile Strength | Elongation at Break | Flexural Strength Hardness Poisson's ratio (v)
0.8-1.2 GPa 15 to 30 MPa 500% to 700% 20 to 50 MPa 55 to 70 Shore 0.40 -0.48
Table 4: Thermal Properties of HDPE?Y,
. . - Coefficient of Thermal Heat Deflection Specific Heat
Melting Point Thermal Conductivity Expansion Temperature (HDT) Capacity
120to 130°C 0.4 to 0.5 W/(m-K) 100 to 200 x 10"-6 /°C 65t095°C 2.0t02.3 J/(g'K)

Table 5: Properties of Coir Fiber®®,

Cellulose Content % Lignin Content Dia (um) UTS (MN/m2) | Elongation Max. % Elastic Modulus
37 42 100-450 106-175 47 3-6
Table 6: Properties of CNT’s*7.
Carbon nanotube
Property SWCNT DWCNT MWCNT
Elastic Modulus (TPa) 0.97+0.16 0.73 £0.07 0.018 —0.068
Tensile strength (GPa) 13-52 31+4 4-29
Fracture toughness (MPa) 2.7 _ _
Room temperature (cm” / Vs ) >105 B 104 - 105
Thermal conductivity (W/mK) 6000 _ 2000
Electrical conductivity (S/cm) 250 — 400 _ _
Surface area (/" /g) ~ 400-900 - ~200-400

Effective Thermal Conductivity

For volume percentages ranging from one to five
percent, the effective thermal conductivity was computed
using multiple micromechanical models. The models used
for the effective thermal conductivity are Maxwell model,
Rayleigh models, Hasselman-Johnson model, Bruggeman
model and Lewis-Nielsen
model. For the model calculations, the values of k l
= 237 WmK, k,__=05W/mK , kcyy = 6000
WimK, ke WmK,  agyr =2 %
10° henr= acoir =

HDPE

=0.3058

2 x10°, acyr = 10° A=0.1 (dimensionless), ¢ =0.5.

In Bruggman model & = 0.01. For hybrid composites
the volume percentage of fiber one (Coir) was taken as
1%, 2% and 3% while that of fiber two

was varied from 1-5% respectively. Also, for hybrid

composites A, = A, =0.1 and ¢.=¢,=0.5
All the calculated values are in W/mK. The values that

were determined using various models are displayed
in the Table below:
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Table 7: Effective Thermal Conductivity calculations using various models for AI-CNT, HDPE-CNT and HDPE-Coir.

S | e | Prytemen Hassman-Jotmson Moo St | e | veume | voume
Fraction Fraction
keﬁr k@ﬁ, keﬁ‘ ke_/ff Eq:9 ke.f Eq.8 ke”f- Eq:7 keﬁr kq‘f Fiber 2 Fiber 1
257.98 239.54 241.58 239.29 256.30 243.39 243.40 24391 1
267.37 242.78 246.17 241.64 256.11 249.80 249.92 249.88 2
277.53 244.23 250.76 244.03 255.92 256.58 256.56 256.50 3 Al-CNT
287.99 247.79 255.35 246.46 255.75 263.27 263.33 263.25 4
299.01 250.77 259.94 248.95 255.56 270.27 270.22 270.11 5
0.547 0.505 0.609 0.505 0.495 0.514 0.515 0.515 1
0.569 0.511 0.718 0.510 0.500 0.530 0.530 0.530 2
0.593 0.517 0.828 0.515 0.504 0.546 0.546 0.546 3 HDPE-CNT
0.617 0.523 0.937 0.520 0.506 0563 0.562 0.562 4
0.641 0.530 1.04 0.536 0.507 0.678 0.578 0.578 5
0.5142 0.993 0.499 0.496 0.796 0.500 0.497 0.497 1
0.5152 0.987 0.498 0.493 0.788 0.501 0.495 0.495 2
0.5153 0.981 0.497 0.490 0.781 0.502 0.493 0.493 3 HDPE-Coir
0.5166 0.975 0.496 0.487 0.772 0.504 0.491 0.491 4
0.5170 0.969 0.495 0.484 0.765 0.505 0.488 0.488 5
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Table 8: Effective Thermal Conductivity calculations using various models for hybrid composite of HDPE- Coir -CNT.

%‘:;::tiil:)? Lewl\i/ls;l(\ilitl%.lsen BruMgfflgllan Hasselman-Johnson Model Rayleigh Model | Maxwell Model Volume Volume
Fraction Fraction
ko ko k. ky Eq:9 k., Eq8 k. Eq:7 ko ko Fiber 2 Fiber 1
0.547 0.546 0.684 0.510 0.500 0.530 0.512 0.512 1
0.550 0.573 0.776 0.515 0.531 0.546 0.528 0.528 2
0.553 0.603 0.868 0.520 0.541 0.562 0.544 0.544 3 1
0.556 0.637 0.960 0.526 0.552 0.578 0.560 0.560 4
0.559 0.674 1.05 0.531 0.564 0.595 0.570 0.570 5
0.550 0.573 0.776 0.515 0.5310. 0.546 0.510 0.510 1
0.553 0.603 0.868 0.520 0.541 0.562 0.526 0.526 2
0.556 0.637 0.960 0.526 0.552 0.575 0.541 0.541 3 2
0.559 0.674 1.05 0.531 0.564 0578 0.558 0.558 4
0.562 0.717 1.14 0.537 0.575 0.612 0.574 0.574 5
0.553 0.603 0.868 0.537 0.541 0.562 0.508 0.508 1
0.556 0.637 0.960 0.526 0.552 0.578 0.523 0.523 2
0.559 0.674 1.05 0.531 0.564 0.595 0.544 0.544 3 3
0.562 0.717 1.14 0.537 0.575 0.612 0.555 0.555 4
0.565 0.803 1.28 0.540 0.541 0.652 0.508 0.508 5
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The composition of the hybrid composite affects the
thermal conductivity based on the volume fractions of the
coir and CNT fibers. For example, higher CNT content
generally increases thermal conductivity due to CNTs'
high thermal conductivity. In the study, the Bruggeman
and Combined Equation models provided more versatile
and potentially more accurate predictions for varying
compositions. The enhanced mechanical properties and
thermal conductivities of these nanocomposites make
them suitable for a variety of applications, such as
lightweight structural components, thermal management
systems, and electronics. Improved strength and thermal

performa- nce can lead to more efficient and durable materials
in aerospace, automotive, and consumer electronics industries.
of applications, such as lightweight structural components,
thermal management systems, and electronics. Improved
strength and thermal performance can lead to more efficient and
durable materials in aerospace, automotive, and consumer
electronics industries. Every model has specific advantages and
disadvantages, thus the qualities of the composite, the available
data, and the necessary level of precision have to be taken, into
account when choosing a model. A brief assessment of the
models presented is provided below:

Table 9: Strength and Limitations of Different Models used to Calculate Thermal Conductivity of Nanocomposites

MODEL STRENGTH LIMITATION
These models are effective in terms They neglect thermal interactions between filler
of computing and are really simple. particles, making them less accurate for higher volume
When the volume fraction is low, fractions and situations with complex geometries.
they work well and offer accurate
Maxwell Model and forecasts.
Rayleigh Model:

The Maxwell and Rayleigh models are both used for low volume fractions of fillers. The Maxwell
model is simpler and considers the conductivity of the matrix and the inclusions but does not
account for interactions between filler particles. The Rayleigh model extends the Maxwell
approach by considering the shape and distribution of particles, making it slightly more accurate

in certain scenarios.

Hasselman-Johnson

It incorporates particle size and
interfacial thermal resistance,
providing more realistic predictions

It may still have limitations in capturing the full
complexity of thermal interactions, and the accuracy
might depend on the specific characteristics of the

including composites that have high
volume fractions of filler.

Model for certain scenarios. composite.
This model is flexible and can be used | The accuracy might be compromised in situations where
with a wide variety of materials, | the assumptions of the model do not hold.
Bruggeman Model

Lewis-Nielsen Model.

It is a theoretical framework that is
often used, straightforward, and
suitable  to  different  particle
configurations and forms.

It may exhibit instability for higher volume fractions
and lacks equations that account for interfacial thermal
resistance.

Percolation Model

It introduces numerical simulation and
considers percolation and interfacial
thermal resistance, offering accuracy
in predicting effective thermal
conductivity.

It might have higher computational costs and could be
more complex to apply compared to some analytical
models.

Combined Equation

It provides a comprehensive and
generalized approach by combining
aspects from multiple models. It
considers factors like filler volume
fractions, particle sizes, boundary
conductivity, and interfacial thermal
resistance.

The combined equation might introduce added
complexity, and the accuracy depends on the
appropriateness of combining different models for a
specific composite.

Conclusion

In conclusion, this comprehensive study explores the
application of metallic and polymeric nanocomposites, with a
focus on the integration of carbon nanotubes (CNTs) into
composites to enhance mechanical, thermal, and electrical
characteristics. The  research  presents  various
mathematical models for predicting thermal conductivity,

emphasizing the potential of aluminum- based and
polymer- based nanocomposites, particularly those
incorporating carbon nanotubes. The composition of the
hybrid composite affects the thermal conductivity based
on the volume fractions of the coir and CNT fibers. For
example, higher CNT content generally increases thermal
conductivity due to CNTs' high thermal conductivity. In
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the study, the Bruggeman and Combined Equation models
provided more versatile and potentially more accurate
predictions for varying compositions.

The study delves into the design and analysis of hybrid
composites, specifically HDPE-Coir-CNT, which
combines a polymer matrix with natural and synthetic
fibrs. Mathematical models such asMaxwell, Rayleigh,
Hasselman-Johnson, Bruggeman, Lewis-Nielsen, and a
combined equation are employed to predict effective
thermal conductivity. The results indicate variations
among the models, emphasizing the importance of
considering factors like interfacial thermal resistance,
filler volume fractions, and particle sizes.

Key findings include:

The combined equation, incorporating aspects from
multiple models, provides a comprehensive estimation of
effective thermal conductivity for composite materials.

The effective thermal conductivity of HDPE-CNT and
HDPE-Coir composites is influenced by different factors,
with the combined equation consistently predicting higher
values.

Hybrid composites, such as HDPE-Coir-CNT, exhibit
synergies in thermal conductivity enhancements,
balancing the strengths and trade-offs of each component.

The study underscores the significance of experimental
validation to ensure the applicability of theoretical models
in real-world scenarios. Additionally, the research
highlights the complexity of designing composite
materials tailored to specific industrial applications in
sports, automotive, and aerospace. The presented models
and findings contribute to the ongoing development of
advanced materials with tailored properties for practical
industrial use.

Further experiments could include detailed mechanical
testing (e.g., fatigue, impact resistance), studying the
effects of different dispersion techniques on fiber
distribution, long-term stability tests under various
environmental conditions, and real-world application
testing.  Additionally, advanced characterization
techniques like scanning electron microscopy (SEM)
could provide deeper insights into the microstructure and
fiber-matrix interactions.

Nomenclature
1) Symbols and Units
k o - Effective thermal conductivity (W/m-K)
k - Thermal conductivity of filler (W/m-K)
km - Thermal conductivity of matrix (W/m-K)
@ - Volume fraction
R - Interfacial thermal resistance (m*K/W)
a - Particle radius (m)
h, - Boundary conductivity (W/(m?K))
T - Temperature (K)
V, - Volume fraction of fiber
E- Young's modulus (GPa)

o - Stress (MPa)

& - Strain

2) Abbrleviations

CNT - Carbon Nanotube

HDPE - High-Density Polyethylene
MMNC - Metal Matrix Nanocomposite
PNC - Polymer Nanocomposite

ITR - Interfacial Thermal Resistance

3) Terms

Matrix - The continuous phase in a composite material.
Reinforcement - The dispersed phase within the matrix,
often in the form of particles or fibers.

Nanocomposite - A composite material where one of the
phases has at least one dimension in the nanometer range.
Hybrid Composite - A composite material that contains
two or more different types of fibers within a single matrix.
Thermal Conductivity - A measure of a material's ability
to conduct heat.

Mechanical Properties - Characteristics of a material
that describe its behavior under various loads, such as
tensile strength and elasticity.
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