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Nano-fillers are bringing impeccable development in the area of materials
science and natural fibers reinforced composites. In this study, a composite
consisting of banana-carbon fiber reinforced epoxy matrix filled with 1%, 3%,
and 5% weight percentage of nano-clay particles (NC) and carrying a
transverse load is investigated for its mechanical and elastic properties. Nanoclay layer with interphase are arranged in layers called nano-clay platelets. The
elastic properties such as longitudinal elastic modulus, transverse elastic
modulus, in-plane Poisson’s ratio, in-plane and out-of-plane shear modulus for
the proposed composite are calculated by using different analytical models
namely, Mori-Tanaka, Bridging, Generalized Self-Consistent, and Modified
Halpin-Tsai model. The strength and deformation of the proposed composite
are analyzed by using the ANSYS APDL application. The proposed composite is
modeled using two layers of banana fibers, two layers of carbon fiber, and one
layer of nano-clay platelet. The fibers and nano-clay platelet are arranged in a
specific sequence of banana fiber at 900, carbon fiber at 00, nano-clay platelet at
900, carbon fiber at 00, and banana fiber at 900. The proposed composite
reinforced with 3% nano-clay is showing the least deformation as compared to
1% and 5% reinforcement. It is also observed that the modified Halpin-Tsai
model outperforms all the other models as it is yielding the most effective
elastic properties for the proposed composite and Mori-Tanaka model is found
to be the least effective model for the calculation of elastic features of the
proposed composite. Additionally, the hybridization effect for the composite is
also calculated to analyze the tensile failure strain characteristics for banana
and carbon fibers in the hybrid composite.
© 2022 MIM Research Group. All rights reserved.

1. Introduction
Banana fibers come under the category of bast fibers and find applications in automobile
and aviation industries due to their availability, high rigidness, and fire-defiant features
[1-3, 10]. Natural fibers reinforced green composites are being extensively used these
days due to their excellent features and eco-friendly aspect [15, 16]. For attaining
sustainable development, Green Operations Management (GOM) is gaining wide
attention from community [32]. Banana fibers blended with carbon fibers reinforced
composites improves ductility and imparts high degree of flexibility. Carbon fibers due to
their high strength and lightweight attributes find wide applications in aerospace, cycles,
motorcycles, etc., where high strength-to-weight ratios are required [4]. Research has
been carried out on enhancing the physical features of composites. Mechanical features of
the composite like tensile, bending, and crushing strength get enhanced by increasing the
core diameter of the composite structure [5]. A new invariant-based technique for
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describing the elastic features and failure of composites and laminates was found to be
commendable in enhancing the design and manufacturing of carbon/epoxy composites
[27, 28].
In the past few decades, nano-composites have witnessed a tremendous growth in
gaining the attention of researchers. It is observed that among various nano-fillers
reinforced natural fiber composites, the most favorable and encouraging nano-composite
could be the one reinforced with nano-clay consisting of silicate MMT(montmorillonite)
layers [4, 6]. Nano-clays have certain remarkable features like large aspect ratio and large
surface exposure that can improve the mechanical features of the polymer. The infusion
of 6 wt% of nano-clay particles into banana fibers with the help of alkaline (NaOH)
chemical analysis gives superior tensile, thermal, and interfacial properties as compared
to untreated banana fibers. A threefold rise in tensile modulus and a 53% rise in tensile
strength were noticed in nano-clay-blended treated banana fibers over untreated banana
fibers [7]. The nano-clay particles blended banana fibers blended epoxy polymer
composites resulted in a rise of 25% in Young's modulus, 11% in yield stress, and 26% in
ultimate tensile strength when compared with untreated banana fibers blended epoxy
composite [8]. The mechanical strength of nano-clay filled carbon fiber reinforced
interpenetrating polymer networks (IPN) matrix composite was studied by varying the
percentage of nano-clay to 0%, 1%, 3%, 5%, 7% & 9%. The inclusion of nano-clay
enhances the mechanical strength of the composite to many folds but only up to 5%
nano-clay addition. Beyond that, 7% and 9% nano-clay infusion showed a decline in
mechanical strength [9].
The factors that affect the structure of nanomaterials are very complicated. The factors
include the substance type, particle size, arrangement of nano-crystals, and preparation
methods. The structure of nanomaterials can be divided into two categories: the first type
is composed of two forms of structure that consist of particles and grain boundaries, and
all structural components have the size in nanometers [11]. The second type of
nanomaterial has a less dense random network of structure material having numerous
nano-sized cavities. The whole layout has nano crystalline fragments and nano systems. A
continuum non-local modified gradient theory was proposed and found to be suitably
implemented for examining nanoscopic static and dynamic behaviour of nano-sized
elastic beams [17]. A non-local gradient theory of elasticity theory was proposed which
found to be beneficially employed in the severe analysis of nano-technological devices
[18]. A higher order elasticity theory was found to be utilized effectively for
characterizing advanced nano-materials and structural components of nano-systems
[19]. The non-local modified gradient elasticity theory was found to be suitable for
providing a practical outlook to the nanoscopic examination of the field variables [20].
Numerical method approach have been used by the researchers for evaluating Young's
modulus of a nano-clay particle blended nano-composite [21], simulation methods [2225], or using both together [26]. Numerical procedures are being opted more nowadays
due to the advancement of computational techniques; however analytical methods are
always preferred first for multivariable problems [26, 31]. Experimental work has other
limitations also like, considering all aspects of well-defined systems, like particle
dimensions, particle distribution, and shape arrangements. The mechanical features of
composites can be achieved better using analytical modeling methods [29]. Continuum
micromechanical models like Halpin-Tsai [12], ROM [13, 14, 30], have been used
successfully for determining equivalent elastic properties of polymer silicate nanocomposites and structural study of micro composites.
From the above literature, it is evident that the composite of banana-carbon fiber and
epoxy matrix blended with nano-clay particles had never been explored for its elastic and
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mechanical properties. Also, the value of the hybridization effect for the proposed
composite has never been calculated before by any researcher. Therefore, to bridge the
aforementioned research gaps, in this paper following research problems are addressed.
•
•
•
•

A new composite banana-carbon fiber reinforced epoxy matrix filled with
different weight percentages of nano-clay particles carrying a transverse load of
200KN (along -z direction) is modeled in ANSYS APDL.
The elastic and mechanical features for the newly proposed composite are
calculated by employing the Mori-Tanaka, Bridging, Generalized Self-Consistent,
and Modified Halpin-Tsai model.
The strength and deformation of the proposed composite reinforced with 1%,
3%, and 5% of nano-clay particles are analyzed at different orientation angles by
using the ANSYS APDL application.
The hybridization effect for the composite is also calculated to analyze the
tensile failure strain for high and low elongation fibers for the proposed
composite.

2. Background
2.1. Modeling of the Banana-Carbon Fiber-Reinforced Nano-Clay Epoxy Composite
The layers of banana fiber, carbon fiber, and nano-clay layers along with interphase are
arranged to form a sandwich intercalated composite structure. Epoxy is used as a matrix.
Intercalated nano-composite has a single layer of interphase, while exfoliated has two.
Clay particles are arranged in layers composed of silicate platelets (having nanothickness) and an interphase layer. The interphase layer is naturally developed due to
physical interactions between the nano-clay and polymer matrix [71]. Nano-clay platelet
is 0.5mm thick and length of the nano-clay platelet and interphase are considered as
same (Fig. 2). The average particle size of nano-clay particles is between 50-100nm [33].
Both numerical homogenization and analytical models have been used consequently for
determining the mechanical features of the nano-composite [16, 34]. Depending upon the
structure and chemical constitution of nano-particles, nano-clay can be classified into
various categories like illite, bentonite, kaolinite, and montmorillonite. Homogenization
micromechanical models like Mori-Tanaka (M-T) [35, 36, 67], self-consistent [37, 34],
and Lielen's model [38] have been employed for computing various properties of short
fiber composites. Self-consistent and Mori-Tanaka models were employed for short fiber
composites and the M-T model was found to give the best values for fillers with a large
aspect ratio. For higher fiber volume fractions and strength parameters, Lielen's model
[38] proved to be better than the M-T model.
3. Analytical Modeling Methods
The proposed composite is designed using semi-empirical and homogenization models,
by varying the composition percentage of nano-clay and epoxy while keeping the percent
weight of banana and carbon fiber fixed as given in Table 1. The elastic features of carbon
and banana fiber, epoxy, and nano-clay are given in Table 2. The volume fractions of the
fibers, matrix, and filler are evaluated using the following equations [3] and are given in
Table 3. The volume fraction of the interphase is about one percent of the volume fraction
of the nanoparticle [72].
𝑉𝑓𝑏/𝑚𝑥/𝑁𝐶 =

𝑊𝑓𝑏/𝑚𝑥/𝑁𝐶
× 𝜌𝐶
𝜌𝑓𝑏/𝑚𝑥/𝑁𝐶

(1)

Where
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𝜌𝐶 = 𝑊𝐶𝐹
𝜌𝐶𝐹

1
+

𝑊𝐵𝐹
𝜌𝐵𝐹

+

𝑊𝐸𝑃
𝜌𝐸𝑃

+

(2)

𝑊𝑁𝐶
𝜌𝑁𝐶

3.1. Homogenization Models
Analytical homogenization models depend on the comprehensive mechanical
performance of the composite structure that belongs to the macroscopic frame and
heterogeneous microscopic frame of materials (e.g. composition, properties, shape,
volume fraction, inclination, etc.) [45]. Homogenization models aim to obtain the stress,
and strain behavior at the microscopic and macroscopic frames [46, 47].
3.1.1. Mori-Tanaka Model
The Mori-Tanaka model was originally formed by [35]. This model is reckoned for
developing various kinds of composite systems. This model uses the theory of Eshelby
inclusion. The aim is to define the average behaviors of the fiber and matrix. As reported
in [48], the longitudinal and transverse Young's moduli, in & out-of-plane moduli of
rigidity, and in-plane Poisson's ratio is given by equations.
Table 1. Weight percentages of fibers, matrix, and nano-clay
Sequence
I
II
III

Banana fiber (%)
20
20
20

Carbon fiber (%)
60
60
60

Epoxy (%)
19
17
15

Nano-clay (%)
1
3
5

Table 2. Elastic features of fibers, matrix, nano-clay, and interphase
Properties
𝐸1 𝑓𝑏/𝑚𝑥 = (GPa)

Carbon
fiber [42]
230

Banana
fiber [42]
3.48

Epoxy
[43]
35

Nano-clay
[44]
ENC = 176

Interphase
[44]
EIP = 11.6

15

---

---

---

---

15

1.58

0.32

GNC = 70.4

GIP = 4.55

7
0.2

--0.28

--0.35

---

---

 NC = 0.25

 IP = 0.275

0.07
2260

--1350

--1270

--1980

--1590

𝐸22 𝑓𝑏 = 𝐸33 𝑓𝑏
(GPa)
𝐺12 𝑓𝑏/𝑚𝑥 =
𝐺13 𝑓𝑏/𝑚𝑥 (GPa)
𝐺23 𝑓𝑏 (GPa)
𝑓𝑏/𝑚𝑥
𝜐12
= 𝜐31 𝑓𝑏/𝑚𝑥
𝜌

𝜐23
𝑓𝑏/𝑚𝑥

𝑓𝑏

(kg/m3)

Table 3. Evaluated volume fractions of the fibers, matrix, nano-clay, and interphase
Sequence
I
II
III

Carbon (CF)
𝑉𝐶𝐹
0.47
0.47
0.48

Banana (BF)

Epoxy

𝑉𝐵𝐹
0.26
0.26
0.27

𝑉𝐸𝑃
0.26
0.24
0.21

Nano-clay
(NC)
𝑉𝑁𝐶
8.89×10-3
0.027
0.045

𝐸1 = 𝑉𝑓𝑏 𝐸1 𝑓𝑏 + (1 − 𝑉𝑓𝑏 )𝐸 𝑚𝑥 + 2𝑉𝑓𝑏 (1 − 𝑉𝑓𝑏 )𝑍1 (𝜐12 𝑓𝑏 − 𝜐 𝑚𝑥 )2
𝐸2 =

4

𝐸1
[1 − (𝜐 𝑚𝑥 )2 ](𝑌1 + 𝑌2 )

Interphase (IP)
𝑉𝐼𝑃
8.89×10-5
2.7×10-4
4.53×10-4
(3)
(4)
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𝜐12 = 𝜐 𝑚𝑥 + 2𝑉𝑓𝑏

𝐺12 =

𝑍1
(𝜐 𝑓𝑏 − 𝜐 𝑚𝑥 )[1 − (𝜐 𝑚𝑥 )2 ]
𝐸 𝑚𝑥 12

(5)

4𝑉𝑓𝑏
𝐸 𝑚𝑥
[1 + 𝑉𝑓𝑏 −
]
𝐺 𝑓𝑏
2(1 − 𝑉𝑓𝑏 )(1 + 𝜐 𝑚𝑥 )
1 + 𝑉𝑓𝑏 + 2(1 − 𝑉𝑓𝑏 ) 12𝑚𝑥 (1 + 𝜐 𝑚𝑥 )

(6)

𝐸





V fb

G23 = E mx  2 (1 +  mx ) +
1 − V fb


G23 fb
+ mx

fb
mx 
mx 2
8[1 − ( )  E − 2G23 (1 +  ) 


−1

(7)

Where:
𝐸1 𝑓𝑏 1 + 𝜐 𝑚𝑥
2
1 + 𝜐23 𝑓𝑏
𝑌1 = 𝑉𝑓𝑏 𝑍1 ( 𝑚𝑥 ) [ 𝑚𝑥 − 𝑓𝑏 +
]
𝐸
𝐸
𝐸1
𝐸2 𝑓𝑏

𝑌2 =

1
𝐸1
𝐸2 𝑓𝑏
𝑓𝑏
+
2𝑉
(
)
[1
+
𝜐
−
(1 − 𝜐 𝑚𝑥 )]
𝑓𝑏
23
1 − (𝜐 𝑚𝑥 )
𝑍2
𝐸 𝑚𝑥

𝑍1 = {−2(1 − 𝑉𝑓𝑏 )

(𝜐23 𝑓𝑏 )2

+ (1 − 𝑉𝑓𝑏 )

(8)
(9)

1 − 𝜐23 𝑓𝑏

𝐸1 𝑓𝑏
𝐸2 𝑓𝑏
(1 + 𝜐 𝑚𝑥 )[1 + 𝑉𝑓𝑏 (1 − 2𝜐 𝑚𝑥 )
+
}
𝐸 𝑚𝑥

𝑍2 = 𝐸2 𝑓𝑏 (3 + 𝑉𝑓𝑏 − 4𝜐 𝑚𝑥 )(1 + 𝜐 𝑚𝑥 ) + (1 − 𝑉𝑓𝑏 )𝐸 𝑚𝑥 (1 + 𝜐23 𝑓𝑏 )

(10)

(11)

Thus for 1% nano-clay, the elastic features of the banana-carbon fiber-reinforced nanoclay epoxy composite can be evaluated using Eqs. (3)-(7):
𝐸1 = 119797.9𝑀𝑃𝑎
Where: 𝑍1𝐶𝐹 = 16638.9; 𝑍1𝐵𝐹 = 52356; 𝑍1𝑁𝐶 = 2586.9; 𝑍1𝐼𝑃 = 28423.25
calculated using Eq. (10))

(Values

𝐸2 = 1.7100 × 1013 𝑀𝑃𝑎; 𝜐12 = 0.24
Where: Y1 = 5.2; Y2 = 4 (Values calculated using Eq. (8) & (9))
CF
CF
𝐺12 = 13882.08𝑀𝑃𝑎 + 𝐺𝑁𝐶𝑃,12
= 13882.08𝑀𝑃𝑎 + 6.92 × 106 = 6.93 × 106 𝑀𝑃𝑎
𝐺23 = 10485.6𝑀𝑃𝑎 + 𝐺𝑁𝐶𝑃,23
= 10485.6𝑀𝑃𝑎 + 6.92 × 106 𝑀𝑃𝑎 = 6.93 × 106 𝑀𝑃𝑎
Likewise, similar elastic properties of the proposed composite are evaluated for 3% and
5% nano-clay and are given in Table 4.
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3.1.2. Generalized Self-Consistent Model
The generalized self-consistent (GS-C) model was initially evolved by [49, 34] to
determine the elastic features of isotropic spherical inclusions blended composite
materials. This model can be further utilized to find out the elastic features of short fiber
composites [50, 68]. In this model, a particulate having elastic properties of short fiber is
supposed to be placed in a homogenous medium, where the surrounding medium has the
undetermined elastic features of the composite that requires to be solved.
𝐸1 = 𝐸1 𝑓𝑏 𝑉𝑓𝑏 + 𝐸 𝑚𝑥 (1 − 𝑉𝑓𝑏 ) +

4𝑉𝑓𝑏 (1 − 𝑉𝑓𝑏 )(𝜐12 𝑓𝑏 − 𝜐 𝑚𝑥 )2
(1−𝑉𝑓𝑏 )
𝐾23 𝑓𝑏

𝜐12 = 𝜐12 𝑓𝑏 𝑉𝑓𝑏 + 𝜐 𝑚𝑥 (1 − 𝑉𝑓𝑏 ) +

+

𝑉𝑓𝑏
𝐾23 𝑚𝑥

(1−𝑉𝑓𝑏 )
𝑓𝑏

+

𝑉𝑓𝑏
𝐾23

𝑚𝑥

+

1
𝐾23 𝑚𝑥
1

−

1
𝐾23 𝑓𝑏

)

+

(13)

𝐺 𝑚𝑥

𝑉𝑓𝑏
1
𝐾23 𝑓𝑏 −𝐾23

𝐺12 = 𝐺 𝑚𝑥

(12)

1
𝐺 𝑚𝑥

𝑉𝑓𝑏 (1 − 𝑉𝑓𝑏 )(𝜐12 𝑓𝑏 − 𝜐 𝑚𝑥 ) (
𝐾23

𝐾23 = 𝐾23 𝑚𝑥 +

+

1−𝑉𝑓𝑏

(14)

𝐾23 𝑚𝑥 +𝐺 𝑚𝑥

𝐺12 𝑓𝑏 (1 + 𝑉𝑓𝑏 ) + 𝐺 𝑚𝑥 (1 − 𝑉𝑓𝑏 )
𝐺12 𝑓𝑏 (1 − 𝑉𝑓𝑏 ) + 𝐺 𝑚𝑥 (1 + 𝑉𝑓𝑏 )
−𝐵 + √𝐵2 − 4𝐴𝐶
𝐺23 = 𝐺 𝑚𝑥 (
)
2𝐴

(15)

(16)

Where:
𝐴 = 𝑎0 + 𝑎1 𝑉𝑓𝑏 + 𝑎2 𝑉𝑓𝑏 2 + 𝑎3 𝑉𝑓𝑏 3 + 𝑎4 𝑉𝑓𝑏 4

(17)

𝐵 = 𝑏0 + 𝑏1 𝑉𝑓𝑏 + 𝑏2 𝑉𝑓𝑏 2 + 𝑏3 𝑉𝑓𝑏 3 + 𝑏4 𝑉𝑓𝑏 4

(18)

𝐶 = 𝑐0 + 𝑐1 𝑉𝑓𝑏 + 𝑐2 𝑉𝑓𝑏 2 + 𝑐3 𝑉𝑓𝑏 3 + 𝑐4 𝑉𝑓𝑏 4

(19)

Where:
𝑎0 = −2(𝐺 𝑚𝑥 )2 (2𝐺 𝑚𝑥 + 𝐾 𝑚𝑥 )[2𝐺23 𝑓𝑏 𝐺 𝑚𝑥 + 𝐾23 𝑓𝑏 (𝐺23 𝑓𝑏 + 𝐺 𝑚𝑥 ){2𝐺23 𝑓𝑏 𝐺 𝑚𝑥
+ 𝐾 𝑚𝑥 (𝐺23 𝑓𝑏 + 𝐺 𝑚𝑥 )}]

(20)

𝑎1 = 8(𝐺 𝑚𝑥 )2 (𝐺23 𝑓𝑏 − 𝐺 𝑚𝑥 )[2𝐺23 𝑓𝑏 𝐺 𝑚𝑥 + 𝐾23 𝑓𝑏 (𝐺23 𝑓𝑏 + 𝐺 𝑚𝑥 )][(𝐺 𝑚𝑥 )2
+ 𝐺 𝑚𝑥 𝐾 𝑚𝑥 + (𝐾 𝑚𝑥 )2 ]

(21)

𝑎2 = −12(𝐺 𝑚𝑥 )2 (𝐾 𝑚𝑥 )2 (𝐺23 𝑓𝑏 − 𝐺 𝑚𝑥 )[2𝐺23 𝑓𝑏 𝐺 𝑚𝑥 + 𝐾23 𝑓𝑏 (𝐺23 𝑓𝑏 + 𝐺 𝑚𝑥 )]

(22)

𝑎3 = 8(𝐺 𝑚𝑥 )2 [(𝐺23 𝑓𝑏 𝐺 𝑚𝑥 )2 𝐾23 𝑓𝑏 + (𝐺23 𝑓𝑏 )𝐺 𝑚𝑥 𝐾 𝑚𝑥 (𝐾23 𝑓𝑏 − 𝐺 𝑚𝑥 ) +
(𝐾 𝑚𝑥 )2 {𝐺23 𝑓𝑏 𝐺 𝑚𝑥 (𝐺23 𝑓𝑏 − 2𝐺 𝑚𝑥 ) + 𝐾23 𝑓𝑏 (𝐺23 𝑓𝑏 − 𝐺 𝑚𝑥 )(𝐺23 𝑓𝑏 + 𝐺 𝑚𝑥 )}]

(23)

𝑎4 = 2(𝐺 𝑚𝑥 )2 (𝐺23 𝑓𝑏 − 𝐺 𝑚𝑥 )(2𝐺 𝑚𝑥 + 𝐾 𝑚𝑥 )[𝐾23 𝑓𝑏 𝐺 𝑚𝑥 𝐾 𝑚𝑥 − 𝐺23 𝑓𝑏 (2𝐺 𝑚𝑥 (𝐾23 𝑓𝑏
− 𝐾 𝑚𝑥 ) + 𝐾23 𝑓𝑏 𝐾 𝑚𝑥 )]
𝑏0 = 4(𝐺 𝑚𝑥 )3 [2𝐺23 𝑓𝑏 𝐺 𝑚𝑥 + 𝐾23 𝑓𝑏 (𝐺23 𝑓𝑏 + 𝐺 𝑚𝑥 )][2𝐺23 𝑓𝑏 𝐺 𝑚𝑥 + 𝐾 𝑚𝑥 (𝐺23 𝑓𝑏
+ 𝐺 𝑚𝑥 )]
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𝑏1 = 8(𝐺 𝑚𝑥 )2 𝐾 𝑚𝑥 (𝐺23 𝑓𝑏 − 𝐺 𝑚𝑥 )[2𝐺23 𝑓𝑏 𝐺 𝑚𝑥 + (𝐺23 𝑓𝑏 + 𝐺 𝑚𝑥 )𝐾23 𝑓𝑏 ](𝐺 𝑚𝑥 − 𝐾 𝑚𝑥 )

(26)

𝑏2 = −2𝑎2

(27)

𝑏3 = −2𝑎3

(28)

𝑏4 = −4(𝐺 𝑚𝑥 )3 (𝐺23 𝑓𝑏 − 𝐺 𝑚𝑥 )[𝐾23 𝑓𝑏 𝐺 𝑚𝑥 𝐾 𝑚𝑥 − 𝐺23 𝑓𝑏 {2𝐺 𝑚𝑥 (𝐾23 𝑓𝑏 − 𝐾 𝑚𝑥 )
+ 𝐾23 𝑓𝑏 𝐾 𝑚𝑥 }]

(29)

𝑐1 = 8(𝐺 𝑚𝑥 𝐾 𝑚𝑥 )2 (𝐺23 𝑓𝑏 − 𝐺 𝑚𝑥 )[2𝐺23 𝑓𝑏 𝐺 𝑚𝑥 + 𝐾23 𝑓𝑏 (𝐺23 𝑓𝑏 + 𝐺 𝑚𝑥 )]

(30)

𝑐2 = 𝑎2

(31)

𝑐3 = 𝑎3

(32)

𝑐4 = −2(𝐺 𝑚𝑥 )2 𝐾 𝑚𝑥 (𝐺23 𝑓𝑏 − 𝐺 𝑚𝑥 )[𝐾23 𝑓𝑏 𝐺 𝑚𝑥 𝐾 𝑚𝑥 − 𝐺23 𝑓𝑏 {2𝐺 𝑚𝑥 (𝐾23 𝑓𝑏 − 𝐾 𝑚𝑥 )
+ 𝐾23 𝑓𝑏 𝐾 𝑚𝑥 }]

(33)

Thus, with 1% nano-clay, the elastic features of the banana-carbon fiber-reinforced nanoclay epoxy composite can be evaluated using Eqs. (12)-(16):
𝐸1 = 119703.74𝑀𝑃𝑎
Where:
𝐾23 𝐶𝐹 =

𝐸
3(1−2𝜇)

=

15000
3(1−2×0.07)

= 5814𝑀𝑃𝑎; Similarly, 𝐾23 𝐵𝐹 = 2636.4𝑀𝑃𝑎,

𝐾23 𝑁𝐶 = 117333.3𝑀𝑃𝑎, 𝐾23 𝐼𝑃

= 12888.9𝑀𝑃𝑎, 𝐾23 𝑚𝑥 = 38888.9𝑀𝑃𝑎

𝜐12 = 0.27; 𝐺12 = 8510.27𝑀𝑃𝑎 + 𝐺𝑁𝐶𝑃,12 = 6.92 × 106 𝑀𝑃𝑎
𝐺23 = 65040650.2𝑀𝑃𝑎 + 𝐺𝑁𝐶𝑃,23 = 7.2 × 106 𝑀𝑃𝑎
Where: A, B, and C are calculated using Eqs. (17)-(19) and are given below:
𝐴 = −1.23 × 1028 ; 𝐵 = −2.5 × 1032 ; 𝐶 = −1.44 × 1028
Where:
𝑎0 = −2.43 × 1028 , 𝑎1 = 5.32 × 1028 , 𝑎2 = −7.35 × 1028 , 𝑎3 = 2.98 × 1028 , 𝑎4
= 2.89 × 1027
27
𝑏0 = 6 × 10 , 𝑏1 = −4.5 × 1028 , 𝑏2 = 14.7 × 1028 , 𝑏3 = −5.96 × 1028 , 𝑏4 = −5.2 × 1033
𝑐0 = 1, 𝑐1 = 4.9 × 1028 , 𝑐2 = −7.35 × 1028 , 𝑐3 = 2.98 × 1028 , 𝑐4 = −4.9 × 1026
(Values
calculated using Eqs. (20)-(33))
Likewise, similar elastic properties of the proposed composite are evaluated for 3% and
5% nano-clay and are given in Table 4.
3.1.3. Bridging Model
The bridging micromechanical model (BM) was evolved by [51, 52] to determine the
strength and rigidity of unidirectional composites. An easy version of this model was also
developed [53] that gave closer results when compared to experimentally obtained
values. The elastic features of the composite based on the bridging model are as follows
[54]:
𝐸1 = 𝐸1 𝐶𝐹 𝑉 𝐶𝐹 + 𝐸1 𝐵𝐹 𝑉 𝐵𝐹 + 𝐸 𝑚𝑥 𝑉 𝑚𝑥 + 𝐸 𝑁𝐶 𝑉 𝑁𝐶 + 𝐸 𝐼𝑃 𝑉 𝐼𝑃

(34)

7

Saxena and Chawla / Research on Engineering Structures & Materials x(x) (xxxx) xx-xx

𝜐12 = 𝜐12 𝐶𝐹 𝑉 𝐶𝐹 + 𝜐12 𝐵𝐹 𝑉 𝐵𝐹 + 𝜐 𝑚𝑥 𝑉 𝑚𝑥 + 𝜐 𝑁𝐶 𝑉 𝑁𝐶 + 𝜐 𝐼𝑃 𝑉 𝐼𝑃
𝐸2 =

(𝑉 𝐶𝐹 + 𝑉 𝑚𝑥 𝑎11 )(𝑉 𝐶𝐹 + 𝑉 𝑚𝑥 𝑎22 )
(𝑉 𝐶𝐹 + 𝑉 𝑚𝑥 𝑎11 )(𝑉 𝐶𝐹 𝑆22 𝐶𝐹 + 𝑎22 𝑉 𝑚𝑥 𝑆22 𝑚𝑥 ) + 𝑉 𝐶𝐹 𝑉 𝑚𝑥 (𝑆21 𝑚𝑥 − 𝑆21 𝐶𝐹 )𝑎12

(35)
(36)

Where:
𝑆22 =
𝑎11 =

𝐺12 =
𝐺23 =

1
−𝜐21
−𝜐32
,𝑆 =
, 𝑆23 =
𝐸2 21
𝐸2
𝐸3
𝐸 𝑚𝑥
,
𝑎
=
𝑎
=
𝑎
=
0.3
+
0.7
(
) , 𝑎12
22
33
44
𝐸1 𝐶𝐹
𝐸2 𝐶𝐹
𝐶𝐹 𝑚𝑥
𝐸1 𝜐 − 𝐸 𝑚𝑥 𝜐12 𝐶𝐹
=(
) (𝑎11 − 𝑎22 )
𝐸1 𝐶𝐹 − 𝐸 𝑚𝑥

(37)

𝐸 𝑚𝑥

(𝑉 𝐶𝐹 + 𝑉 𝑚𝑥 𝑎66 )𝐺12 𝐶𝐹 𝐺 𝑚𝑥
𝑉 𝐶𝐹 𝐺 𝑚𝑥 + 𝑉 𝑚𝑥 𝑎66 𝐺12 𝐶𝐹
0.5(𝑉 𝐶𝐹 + 𝑉 𝑚𝑥 𝑎44 )
𝑉 𝐶𝐹 (𝑆22

𝐶𝐹

− 𝑆23 𝐶𝐹 ) + 𝑉 𝑚𝑥 𝑎44 (𝑆22 𝑚𝑥 − 𝑆23 𝑚𝑥 )

𝐺 𝑚𝑥
𝑎66 = 0.3 + 0.7 ( 𝐶𝐹 )
𝐺12

(38)

(39)

(40)
(41)

Thus for 1% nano-clay, the elastic features of the banana-carbon fiber-reinforced nanoclay epoxy composite can be evaluated using equations (34)-(36):
𝐸1 = 119670.47𝑀𝑃𝑎; 𝜐12 = 0.26
𝐸2 = 20609.87𝑀𝑃𝑎
∵ 𝑎11 = 0.152, 𝑎22 = 1.933, 𝑎12 = −0.6713, 𝑆22 𝐶𝐹 = 6.67 × 10−5 , 𝑆22 𝑚𝑥 = 2.86 × 10−5 ,
𝑆21 𝑚𝑥 = −1 × 10−5 , 𝑆21 𝐶𝐹 = −8.69 × 10−7
= 20609.87𝑀𝑃𝑎 + 𝐸𝑁𝐶𝑃,22
= 1.7342 × 1013 𝑀𝑃𝑎
𝐺12 = 8645.6𝑀𝑃𝑎
∵ 𝑎66 = 0.45
= 8645.6𝑀𝑃𝑎 + 𝐺𝑁𝐶𝑃,12
= 6.93 × 106 𝑀𝑃𝑎
𝐺23 = 9262.83𝑀𝑃𝑎
∵ 𝑎44 = 𝑎22 = 1.933, 𝑆22 𝐶𝐹 = 6.67 × 10−5 , 𝑆23 𝐶𝐹 = −4.67 × 10−6 , 𝑆23 𝑚𝑥
= −1 × 10−5 , 𝑆22 𝑚𝑥 = 2.86 × 10−5
= 9262.83𝑀𝑃𝑎 + 𝐺𝑁𝐶𝑃,23
= 6.93 × 106 𝑀𝑃𝑎
Likewise, similar elastic properties of the proposed composite are evaluated for 3% and
5% nano-clay and are given in Table 4.
3.2. Semi-Empirical Model
Semi-empirical models also known as semi-physical models are found to rely on
parameters having natural significance [55, 56]. Semi-empirical relations have corrected
or fitting parameters that make design procedures simple and easy [57, 58].A semiempirical micromechanical model, also known as the modified Halpin-Tsai (Mod. H-T)
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model is developed by exhibiting the matrix modulus in terms of fiber diameter and by
establishing an equivalent constant. This model helps in deciding the threshold weight
and volume fraction of the inclusion so that the matrix modulus can be maintained more
the needed level [56].
3.2.1. Modified Halpin-Tsai
This semi-empirical model was developed by Halpin-Tsai (Modified Halpin-Tsai) to
rectify the Young's modulus in transverse direction as obtained by the rule of mixture
method (ROM). A modified Halpin-Tsai method based on finite elemental research was
suggested, considering the possibility of a numerous fiber arrangements [59]. The
transverse Young's modulus and in-plane modulus of rigidity as proposed by [60] are
given by:
1 + 𝜉𝐸2 𝜂𝐸2 𝑉 𝐶𝐹
𝐸2 = 𝐸 𝑚𝑥 (
)
1 − 𝜉𝐸2 𝑉 𝐶𝐹
𝐺12 = 𝐺 𝑚𝑥 (

(42)

1 + 𝜉𝐺12 𝜂𝐺12 𝑉 𝐶𝐹
)
1 − 𝜂𝐺12 𝑉 𝐶𝐹

(43)

Where, 𝑉 𝐶𝐹 < 0.3
𝐶𝐹

𝜂𝐸2 =

𝐸
( 2𝑚𝑥 )−1
𝐸

𝐸 𝐶𝐹
( 2𝑚𝑥 )+𝜉𝐸2
𝐸

VCF  0.3 ;  E2

𝜂𝐺12 =

(

(

𝐺12 𝐶𝐹

𝐺 𝑚𝑥
𝐺12 𝐶𝐹
𝐺 𝑚𝑥

; 𝜉𝐸2 = {4.924 − 35.888𝑉 𝐶𝐹 + 125.118𝑉 𝐶𝐹 − 145.121𝑉 𝐶𝐹 }
2



= 1.5 + 5500V CF
)−1

) + 𝜉𝐺12

18

3

if

if VCF  0.3

; 𝜉𝐺12 = 1 + 40𝑉 𝐶𝐹

10

The longitudinal elastic modulus and in-plane Poisson's ratio will be the same as that in
ROM.
𝐸1 = 𝐸1 𝐶𝐹 𝑉 𝐶𝐹 + 𝐸1 𝐵𝐹 𝑉 𝐵𝐹 + 𝐸 𝑚𝑥 𝑉 𝑚𝑥 + 𝐸 𝑁𝐶 𝑉 𝑁𝐶 + 𝐸 𝐼𝑃 𝑉 𝐼𝑃

(44)

𝜐12 = 𝜐12 𝐶𝐹 𝑉 𝐶𝐹 + 𝜐12 𝐵𝐹 𝑉 𝐵𝐹 + 𝜐 𝑚𝑥 𝑉 𝑚𝑥 + 𝜐 𝑁𝐶 𝑉 𝑁𝐶 + 𝜐 𝐼𝑃 𝑉 𝐼𝑃

(45)

Thus for 1% nano-clay, the elastic features of the banana-carbon fiber-reinforced nanoclay epoxy composite can be evaluated using Eqs. (42)-(43) and Eqs. (44)-(45):
15

𝜂𝐸2 =

( )−1
35
15

( ) + 1.5

= −1.1

35

∵ 𝜉𝐸2 = 1.5 + 5500 × 0.4718 = 1.5(𝑉 𝐶𝐹 = 0.47)
∴ 𝐸2 = 5179.63𝑀𝑃𝑎 + 𝐸𝑁𝐶𝑃,22
= 1.7342 × 1013 𝑀𝑃𝑎
15000
(
)−1
3200
𝜂𝐺12 = 15000
= 0.65
(
) + 1.02
3200

∵ 𝜉𝐺12 = 1 + 40 × 0.4710 = 1.02(𝑉 𝐶𝐹 = 0.47)
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∴ 𝐺12 = 6034.13𝑀𝑃𝑎 + 𝐺𝑁𝐶𝑃,12
= 6.94 × 106 𝑀𝑃𝑎
𝐸1 = 119670.47𝑀𝑃𝑎
𝜐12 = 0.26
Likewise, similar elastic properties of the proposed composite are evaluated for 3% and
5% nano-clay and are given in Table 4.
3.3. Calculation of Elastic Properties for Nano-Clay Platelets
In an intercalated banana-carbon fiber-reinforced nano-clay epoxy composite, the nanoclay platelet is surrounded by a layer of interphase at the top surface, and epoxy is used
as a binding medium. The relation between the thickness of silicate layer (𝑡𝑆𝐿 ), number of
silicate sheets (N), and the interlayer gap between nano-clay platelets𝑑𝑔𝑎𝑝 in composites
are as follows [61].
(46)

𝑡 = (𝑁 − 1)𝑑𝑔𝑎𝑝 + 𝑡𝑆𝐿

The following formulae wereproposed as per modified ROM for calculating elastic
properties of nano-clay platelets (consisting of nano-clay and interphase) [62].
𝐸𝑁𝐶𝑃,11 = 𝐸𝑁𝐶𝑃,33 = 𝜒𝑁𝐶 𝐸𝑁𝐶 + 𝜒𝐼𝑃 𝐸𝐼𝑃
𝐸𝑁𝐶𝑃,22 =

𝐸𝑁𝐶 𝐸𝐼𝑃
𝜒𝑁𝐶 𝐸𝐼𝑃 + 𝜒𝐼𝑃 𝐸𝑁𝐶 − 𝜒𝑁𝐶 𝜒𝐼𝑃 𝛽𝐸𝑁𝐶 𝐸𝐼𝑃

𝜐𝑁𝐶𝑃,12 = 𝜐𝑁𝐶𝑃,32 = 𝜒𝑁𝐶 𝜐𝐼𝑃 + 𝜒𝐼𝑃 𝜐𝑁𝐶
𝜒𝑁𝐶 𝜐𝑁𝐶 𝐸𝑁𝐶 (1 − 𝜐𝐼𝑃 2 ) + 𝜒𝐼𝑃 𝜐𝐼𝑃 𝐸𝐼𝑃 (1 − 𝜐𝑁𝐶 2 )
𝜒𝑁𝐶 𝐸𝑁𝐶 (1 − 𝜐𝐼𝑃 2 ) + 𝜒𝐼𝑃 𝜐𝐼𝑃 𝐸𝐼𝑃 (1 − 𝜐𝑁𝐶 2 )

𝜐𝑁𝐶𝑃,13 =

𝐺𝑁𝐶𝑃,12 = 𝐺𝑁𝐶𝑃,32 =
𝐺𝑁𝐶𝑃,13 =

𝐺𝑁𝐶 𝐺𝐼𝑃
𝜒𝑁𝐶 𝐺𝐼𝑃 + 𝜒𝐼𝑃 𝐺𝑁𝐶 − 𝜒𝑁𝐶 𝜒𝐼𝑃 𝜂𝐺𝑁𝐶 𝐺𝐼𝑃

𝐸𝑁𝐶𝑃,11
2(1 + 𝜐𝑁𝐶𝑃,13 )

Where:
𝛽=

𝜂=

𝜐𝑁𝐶 2

𝐸𝐼𝑃
𝐸𝑁𝐶

+ 𝜐𝐼𝑃 2

𝐸𝑁𝐶
𝐸𝐼𝑃

− 2𝜐𝑁𝐶 𝜐𝐼𝑃

𝜒𝑁𝐶 𝐸𝑁𝐶 + 𝜒𝐼𝑃 𝐸𝐼𝑃
𝜐𝑁𝐶 2

𝐺𝐼𝑃
𝐺𝑁𝐶

+ 𝜐𝐼𝑃 2

𝐺𝑁𝐶
𝐺𝐼𝑃

− −2𝜐𝑁𝐶 𝜐𝐼𝑃

𝜒𝑁𝐶 𝐺𝑁𝐶 + 𝜒𝐼𝑃 𝐺𝐼𝑃

For 1% nano-clay:
𝐸𝑁𝐶𝑃,22 = 1734.22 × 1010 𝑀𝑃𝑎
Where 𝛽 = 6.49 × 10−4
𝐺𝑁𝐶𝑃,12 = 𝐺𝑁𝐶𝑃,23 = 6.92 × 106 𝑀𝑃𝑎
Where:
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𝜂 = 1.65 × 10−3
𝜐𝑁𝐶𝑃,13 = 0.27
4. Finite Element Work
4.1. Model Configuration
The composite sampleis modeledand examined for its mechanical properties on ANSYS
Mechanical APDL software. The sample measurements used in this examination are as
per ASTM D3039 standards [42]: length of the sample = 30 mm, width of the sample =
200 mm and thickness of lamina = 0.5mm/layer. Number of sheets = 5.
The total depth of the samples = 2.5mm, Degree of Freedom = zero,
Both sides of the samples are constrained. After modeling the sample, it is meshed using a
mesh tool. Number of mesh: Number of vertical element divisions = 20; Number of
horizontal element division=15. Meshed model is shown in Fig. 1.

Fig. 1 Meshed model
4.2 Loads and Orientation of the Fibers
The examination of the properties is carried out by using element 3D 4 Shell 181. A point
load of 200KN [42] is applied to the model at 21 nodes in a perpendicular direction
(along -z axis) as shown in (Fig. 4). The sample is configured in the sequence of layers:
banana fiber - carbon fiber - nano-clay platelet - carbon fiber - banana fiber at orientation
angles of 90°, 0°, 90°,0°, and 90° respectively also portrayed in Fig. 2. The modeled layers
in ANSYS APDL are shown in Fig. 3. The vector sum distortion for the proposed
composite material is analysed for the proposed composite reinforced with 1%, 3%, and
5% nano-clay particles and is given in Table 4. The vector sum deformation plots
developed by using the ANSYS APDL application for NC composition of 1%, 3% & 5% are
also shown in Fig. 5.
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200 KN
2.5 mm
Silicate layer
thickness (t SL )

Banana
fibers

Nano-clay
platelet

Carbon fibers
30 mm
200 mm

Interphase layer

Fig. 2 Application of load on arrangement of fibers and nano-clay platelet.

Fig. 3 Modelled layers in ANSYS APDL

Fig. 4 FE model showing point load at 21 nodes (along -z axis)
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(a)

(b)

(c)
Fig. 5 Vector sum deformation for banana-carbon fiber reinforced nano-clay epoxy
composite having (a) 1 percent, (b) 3 percent and (c) 5 percent nano-clay.
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Table 4. Elastic properties, vector sum deformation and FE model results for different
percentages of NC filler in the proposed composite
Nanoclay
%

1%

3%

5%

Generalized
SelfConsistent
Model

Elastic
Properties

MoriTanaka
Model

E1 (MPa)

119797.9

119703.74

12

0.24

0.27

E2 (MPa)

1.7100×101
3

**

G12 (MPa)

6.93×106

G23 (MPa)

Bridging
Model

Modified
Halpin-Tsai
Model

Vector sum
deformation
from
ANSYS(mm)

FE
model

119670.47

119670.47

116223.71

0.26

0.26

0.28

1.7342×10

0.56485

13

1.7342×1013

1.6602×10 13

6.92×106

6.93×106

6.94×106

6.66×106

6.93×106

7.2×106

6.93×106

**

6.66×106

E1 (MPa)
12
E2 (MPa)
G12 (MPa)

122278.9

113792.3

122160

122160

117575.8

0.24

0.26

G23 (MPa)

0.27

0.27

3.86×105

**

3.97×105

392467.5

7.02×106

7.02×106

7.02×106

7.03×106

6.75×106

7.02×106

6.12×106

7.02×106

**

6.75×106

E1 (MPa)
12

126742.3

130573.9

126614.8

126614.8

123050.7

0.25

0.26

0.26

0.26

0.27

E2 (MPa)

412231.3

**

402651.4

432231.2

G12 (MPa)

8.11×106

8.11×106

8.11×106

8.20×106

G23

8.11×106

7.09×106

8.11×106

**

(MPa)

0.28
0.10141

0.13883

3.67×105

396376.2
7.87×106
7.87×106

5. Fiber Hybridization and Its Effect
The hybridization of fiber is a technique for improving the composite properties [63, 64].
The study of hybrid effect is significant in the analysis of the property of the proposed
composite. The hybridization is important in understanding the behavior of the fibers in
the hybrid composite. It, in general, predicts that the failure strain of a hybrid composite
differs from the composites blended with either of the parent fibers alone. Fiber-hybrid
composites are composed of high and low elongation fibers. In this study, high and low
elongation fibers are banana and carbon fiber respectively. The outcome of placing a
carbon fiber sheet in between glass fiber sheets was first reported by [65]. Carbon fiber
layers failed in tension. The strain (𝜀𝑐 ) was noted to be increased by 40% (𝜀𝑐 ′ ). This
increase is termed as the 'hybrid effect', that is normally expected for failure strain [65].
The hybrid effect (Eq. (53)) is the ratio of the failure strain of the hybrid composite to the
failure strain of the low elongation fiber-blended composite [66].
Hybridization effect =

𝜀𝑐 ′ −𝜀𝑐
𝜀𝑐

Where 𝜀𝑐 ′ =increased tensile strain of the hybrid compositeat breaking point.

 c = tensile strain of the carbon fiber at breaking point.
The hybrid effect Rhyb as given by [66] is:
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−1

 HEC
 HEF
=
=
 LEC
 LEF

Rhyb

  h (kh − 1)  2 m


q
 2 (k − 1) 
q

(54)

Where 𝜀𝐿𝐸𝐹 = mean strain of the least elongated fiber at breaking point.
𝜀𝐿𝐸𝐹 = mean strain of the highest elongated fiber at breaking point.
q= Wei bulls shape parameter.
−1

  (k − 1)  2 q
=  h hq

 2 (k − 1) 
q

Rhyb

(55)

The ineffective length 𝛿and 𝛿ℎ for the hybrid composite is given by [66]:
12

 E1 A1d 

 gh 

 = 1.531

(56)
12

h =

2  E1 A1d 
 1 2  Gh 

m2 2 − m12
m1 (2 − m12 ) − m2 (2 − m2 2 )

(57)

Where: the ratio of fibers' extensional stiffness(𝜌) is given by [66]:
𝐸1 𝐴1
𝐸2 𝐴2
3.48
𝜌=
= 0.015
230
𝜌=

Where:
𝐸1 𝐴1 =Denotative stiffness of LE fibers.
𝐸2 𝐴2 =Denotative stiffness of HE fibers.
h= Matrix depth.
d= Fiber spacing.
G= Shear matrix modulus.
The strain and strain concentration parameters K and K h respectively and a constant m1,2
are given by [66]:
𝐾 = 1.293

Kh = 1 +

m2 − m1
m1 (2 − m12 ) − m2 (2 − m2 2 )
1

𝑚1,2

1
2

𝜌 + 1 ± (𝜌 2 + 1)2
=(
)
𝜌

(58)

(59)

Substituting the value of 𝜌obtained above in Eq. (59), we get:
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𝑚1 =11.5 and𝑚2 =1.0.
Substituting the values of 𝑚2 &𝑚2 obtained above in Eq. (58), we get:

K h = 1.007  1.01

 &  h are calculated using Eqs. (56) and (57) as:
1

230 × 103 × (200 × 30) × 30 2
𝛿 = 1.531 (
) = 5.5
3200 × 1 × 10002



2

h =

0.015


 = 5.15
 11.5(2 − 11.5 ) − 1.0(2 − 1.0 ) 

(3.6) 

1.02 − 11.52
2

 5.15(1.015 − 1) 
 Rhyb = 

5
 2  5.5(1.293 − 1) 
=

0.263
28.75

2

−1 25

;q  5

= 1.6

The tensile failure strain of the banana-carbon fiber blended epoxy composite is 1.6 times
more than the composites fabricated from carbon fibers alone.
6. Results and Discussion
In this study, the proposed composite reinforced with 1%, 3%, and 5% nano-clay
particles is modeled in ANSYS APDL and various analytical equations are employed to
find its effective elastic features. The main purpose is to analyze the comparison among
the different elastic properties obtained using homogenization and semi-empirical
models, to calculate the average error and deformation for 1%, 3%, and 5% nano-clay
reinforcements. The average error ( E AV ) is calculated using the following equation [70]:
𝑥𝑐 −𝑥𝑚

𝐸𝐴𝑉 = |

𝑥𝑚

| × 100

(60)

Where: 𝑥𝑐 = Elastic values obtained by calculations
𝑥𝑚 = elastic values obtained by Finite element results
The average value of the tensile modulus obtained by different analytical models for the
proposed composite blended with 1 wt% of nano-clay (with interphase) shows an
increase of 88.35% on comparing it to the value of tensile modulus of 13950MPa for
carbon fibers reinforced with 1 wt% of nano-clay filled IPN matrix [9]. For 3 wt% of
nano-clay (with interphase), the average tensile modulus shows a rise of 88.1%, as
compared to the tensile modulus value of 14550MPa [9]. From the results, it is observed
that the inclusion of banana fibers increases the strength and toughness of nano-clay
reinforced banana-carbon fibers composites.
The inclusion of 5 wt% of NC (with interphase) to the proposed composite shows an
increase of 66 % on comparing it to the value of tensile modulus of 43000MPa obtained
for NaOH treated banana fiber composite infused with 6 wt% of NC [7]. Therefore the
results of FE model obtained for the proposed composite is validated with the analytical
models used in this study and with experiments in literatures [7] and [9].
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For 1%, 3% and 5% reinforcements of NC fillers, the average error values are evaluated
for all the analytical models and for different elastic properties and are presented in Fig.
6. These errors show the percent deviation from the elastic values obtained from FEM
results. The following points are highlighted from the results presented in Fig. 6(a) and 6
(b) for longitudinal elastic modulus(𝐸1 ) and in-plane Poisson's ratio (𝜐12 ):
6.1. Longitudinal elastic modulus(𝑬𝟏 )
It can be observed from Fig. 6(a), that for 1% NC, all the models are in good concurrence
with the FEM results as all the models are showing low average errors. For 3% NC
reinforcement, the Mori-Tanaka model is yielding the largest variation from FEM value
and for 5% NC, the Mori-Tanaka model gives the least percent error among all the other
models used. It is evident from Fig. 6(a), that all the models for 1% NC are showing the
best agreement with FEM results as compared to the error percent of all the models for
3% and 5% NC reinforcements. From the elastic values obtained for E1, it is found that
among 1%, 3% and 5% reinforcements, the proposed composite reinforced with 5% NC
gives the stiffer composite
In-plane Poisson's ratio. (𝜐12 ): It can be observed from Fig. 6(b), that for 1% NC, only
Generalized-Self Consistent model is showing good concurrence with FEM result. For 3%
NC, both Generalized-Self Consistent model and Bridging model are yielding less
variations from FEM values as compared to Mori-Tanaka and Modified Halpin-Tsai
models. For 5% NC, the Mori-Tanaka model is showing the highest percent error. It is
clear from Fig. 6(b) that all the models for 5% NC reinforcement, are showing the best
agreement with FEM results as compared to error percent obtained for 1%, 3% and 5%
NC.
The highlights for the result presented in Fig. 6(c) for transverse elastic modulus𝐸2 are

(a)

(b)
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(c)

(d)

(e)
Fig. 6 Results for the average error for (a) Longitudinal elastic modulus (b) In-plane
Poisson's ratio (c) Transverse elastic modulus (d) In-plane shear modulus (e) Out-ofplane shear modulus
6.2. Transverse elastic modulus(𝑬𝟐 )
From Fig. 6(c), it is clear that for 1% NC filler, all the models are showing good
concurrence with the FEM results. For 3% NC, all the models are yielding high variations
and for 5% NC, the Bridging model outperforms all the other models as it is showing the
least percent error. It is evident from Fig. 6(c) that all the models for 1% NC are showing
the best agreement with FEM results as compared to the error percent obtained for 3%
and 5% NC reinforcements. From the elastic values obtained for 𝐸2 , it can be deduced
that the proposed composite reinforced with 1% NC is stronger in the transverse
direction as compared to 3% and 5% NC reinforcements.
The main highlights for the results of in-plane shear modulus (𝐺12 ) and out-of-plane
shear modulus (𝐺23 ), presented in Fig. 6(d) and 6(e) respectively are:
6.3. In-plane shear modulus (𝑮𝟏𝟐 )
From Fig. 6(d), it is clear that all the models are showing good agreement with FEM
results except the Bridging model for 1% NC reinforcement. It indicates that the NC
reinforcement percentage does not have a significant influence on this property.
Out-of-plane shear modulus (𝐺23 ): All the models for 1%, 3% and 5% NC fillers are
yielding low percent errors, as it can be observed from Fig. 6(e), except the GeneralizedSelf Consistent model is showing very high deviation from FEM results.
For the values of vector sum deformation given in Table 4, the following is observed:
6.4. Vector sum deformation
Banana and carbon-reinforced nano-clay epoxy composite for 3% nano-clay
reinforcement is found the most suitable and for 1% nano-clay, the least suitable in terms
of strength and deformation resistance as it is showing the lowest and highest total sum
deformation respectively.
7. Conclusions
A novel composite material banana-carbon fiber-reinforced nano-clay epoxy composite is
developed. The proposed composite is analyzed by using analytical models, namely Mori-
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Tanaka, Bridging, Generalized Self-Consistent, and Modified Halpin-Tsai model for the
calculation of elastic properties like longitudinal and transverse elastic modulus, in-plane
and out-of-plane shear modulus, and in-plane Poisson's ratio. The average error is
calculated for all the elastic properties obtained from different models for 1%, 3%, and
5% nano-clay reinforcements. From the results of this study, the following points are
deduced:
•

•
•
•

•

The modified Halpin-Tsai method is yielding the most effective elastic properties
for the proposed composite as it gives the lowest average error percent on
comparing with FEM results, and the Mori-Tanaka model is giving the least
effective results.
The composite reinforced with 5% NC is stiffest, as it yields the higher values of
longitudinal elastic modulus than the corresponding values obtained for 1% and
3% NC reinforcements.
For different weight percentages of NC reinforcements, GS-C model is yielding
the best elastic properties for 5% NC as compared to all the other models used in
the study.
On arranging fibers in the sequence of banana at 90°, carbon at 0°, nano-clay at
90°, carbon at 0°, and banana at 90°, the total sum deformation for 3% nano-clay
composition is found to be least, so it can be deduced that the proposed
composite reinforced with 3% NC can sustain the maximum load and is of higher
strength as compared to the composite blended with 1% and 5% NC. The
composite reinforced with 1% NC reinforcement is weakest in terms of strength
as it gives the highest deformation.
The value of hybridization obtained for the proposed composite is 1.6. It depicts
that banana fiber (HE fiber) in the hybrid composite is 1.6 times stiffer than
carbon fiber (LE fiber) in the hybrid composite. It is found that the inclusion of
banana fiber in the carbon fiber reinforced composites improves the failure
strain rate of the hybrid composite. The hybrid composite becomes much
stronger in terms of strength as the tensile failure strain characteristics
increases in comparison to the failure strain of carbon fiber (LE fiber) blended
non-hybrid composite.

Abbreviations
𝑉𝑓𝑏/𝑚𝑥/𝑁𝐶

The volume fraction of fiber, matrix, and nano-clay.

𝑊𝑓𝑏/𝑚𝑥/𝑁𝐶

The weight percentage of fiber, matrix, and nanoclay.

𝜌𝑓𝑏/𝑚𝑥/𝑁𝐶

The density of fiber, matrix, and nano-clay.

𝜌𝐶

The density of composite.

𝑊𝐶𝐹 /𝑊𝐵𝐹 /𝑊𝐸𝑃 /𝑊𝑁𝐶

The weight percentage of carbon fiber, banana fiber,
epoxy, and nano-clay respectively.

𝜌𝐶𝐹 /𝜌𝐵𝐹 /𝜌𝐸𝑃 /𝜌𝑁𝐶

The density of carbon fiber, banana fiber, epoxy, and
nano-clay respectively.

𝑉𝐶𝐹 /𝑉𝐵𝐹 /𝑉𝐸𝑃 /𝑉𝑁𝐶 /𝑉𝐼𝑃

The volume fraction of carbon fiber, banana fiber,
epoxy and nano-clay, and interphase.

𝐸𝑁𝐶 /𝐸𝐼𝑃

Elastic modulus of nano-clay and interphase
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respectively.
𝐺𝑁𝐶 /𝐺𝐼𝑃

Shear modulus of
respectively.

nano-clay

and

interphase

𝜐𝑁𝐶 /𝜐𝐼𝑃

Poisson's ratio
respectively.

nano-clay

and

interphase

𝐸1 𝑓𝑏/𝑚𝑥

Elastic modulus of fiber and matrix in longitudinal
direction.

𝐸22 𝑓𝑏 = 𝐸33 𝑓𝑏

Elastic modulus of fiber and matrix in transverse
direction.

𝐺12 𝑓𝑏/𝑚𝑥 = 𝐺13 𝑓𝑏/𝑚𝑥

In-plane shear modulus of fiber, matrix.

𝐺23 𝑓𝑏

Out-of-plane shear modulus of fiber.

𝜐12 𝑓𝑏/𝑚𝑥 = 𝜐31 𝑓𝑏/𝑚𝑥

of

In-plane Poisson's ratio of fiber, matrix.

𝜐23 𝑓𝑏

Out-of-plane Poisson's ratio of fiber.

𝜌 𝑓𝑏/𝑚𝑥

The density of fiber, matrix.

𝐾23 𝑓𝑏/𝑚𝑥

Strain bulk modulus of fiber, matrix.

𝐾23 𝐶𝐹 /𝐾23 𝐵𝐹

Strain bulk modulus of fiber, matrix.

𝐾23

Plain strain bulk modulus.

𝑎𝑖𝑗

Coefficients of bridging matrix A [40, 41].

𝑆21 𝐶𝐹 /𝑆22 𝐶𝐹

Coefficients of the compliance matrix of carbon
fiber.

𝑆21 𝑚𝑥 /𝑆21 𝑚𝑥

Coefficients of the compliance matrix of the epoxy
matrix.

𝜂𝐸2
𝜂𝐺12
𝜉𝐸2
𝜉𝐺12

Dimensionless parameters.

𝐸1

Elastic modulus of the composite in longitudinal
direction.

𝐸2

Elastic modulus of the composite in transverse
direction.

𝜐12

In-plane Poisson's ratio of the composite.

𝐺12

In-plane shear modulus of the composite.

𝐺23

Out-of-plane shear modulus of the composite.

20

Saxena and Chawla / Research on Engineering Structures & Materials x(x) (xxxx) xx-xx

𝐸𝑁𝐶𝑃,11 = 𝐸𝑁𝐶𝑃,33

Longitudinal elastic modulus of nano-clay platelet.

𝐸𝑁𝐶𝑃,22

Transverse elastic modulus of nano-clay platelet.

𝐺𝑁𝐶𝑃,12 = 𝐺𝑁𝐶𝑃,32

In-plane shear modulus of nano-clay platelet.

𝐺𝑁𝐶𝑃,13

Out-of-plane shear modulus of nano-clay platelet.

𝜐𝑁𝐶𝑃,12 = 𝜐𝑁𝐶𝑃,32

In-pane Poisson's ratio of nano-clay platelet.

𝜐𝑁𝐶𝑃,13

Out-of-plane Poisson's ratio of nano-clay platelet/

𝜒𝑁𝐶

Volume fraction of nano-clay.

𝜒𝐼𝑃

Volume fraction of interphase.

𝑡𝑆𝐿

Thickness of silicate layer.

𝑑𝑔𝑎𝑝

Interlayer gap between nano-clay platelets.

N

Number of silicate sheets.
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