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ABSTRACT OF THE THESIS

EFFECT OF INTERLAYERS ON MECHANICAL PROPERTIES AND
INTERFACIAL STRESS TRANSFER OF
2D LAYERED GRAPHENE-POLYMER NANOCOMPOSITES

Graphene, a monolayer of sp>-hybridized carbon atoms arranged in a two-dimensional
(2D) lattice, is one of the most important 2D nanomaterials and has attracted tremendous
attentions due to its unique geometric characteristics and exceptional mechanical
properties. One of the most promising applications of this 2D nanomaterial is in polymer
nanocomposites, in which the ultra-stiff, ultra-thin graphene layers function as
reinforcement fillers. However, two significant questions remain to be answered: (1)
whether the mechanical behaviors of 2D graphene reinforced nanocomposites can be
analyzed by the convention composite theory, which is developed primarily for one-
dimensional (1D) fiber-type of fillers, and (2) what are the effects of the “interlayers” in
those 2D, ultra-thin, layered fillers on mechanical properties of the nanocomposites.
Composites with both aligned and random-distributed graphene are analyzed using
Tandon-Weng and Halpin-Tsai models. For composites reinforced with multi-layered
graphene, the presence of soft “interlayers” needs to be considered. These layered graphene
are treated as the “effective” reinforcement fillers and the moduli of such structures can be
predicted by the Arridge model. Finally, the efficiency of reinforcement by 2D, layered
graphene in polymer matrix is examined by using the finite element method. The accuracy
of the finite element method is verified with the conventional Shear-Lag theory on a
monolayer graphene. The distributions of interfacial shear strain are computed for
composites reinforced with various layered graphene.

KEYWORDS: Nanocomposites; Graphene; Interlayers; Stress transfer; Finite element
method.
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CHAPTER 1 - INTRODUCTION

Nanocomposites comprised of a polymer matrix and various types of nanosized fillers have
remained as one of the most important engineering materials and continue to draw great
interest in the research community and industry. One major type of nanosized fillers is the
two-dimensional (2D), ultra-thin, layered fillers, the most commonly used being layered
graphene [1-10]. The graphene can be in the form of either single-layer (monolayer), few-
layer, or multi-layer. Layered graphene are mostly synthetic materials, and each graphene
layer consists of a single atomic layer of sp? carbon atoms arranged in a honeycomb

structure [9].

GRAPHENE

Figure 1.1 Molecular models showing the 2D, ultra-thin, graphene in the form of single-

layer, few-layer, and multi-layer (11).

With the unique allotrope carbon structure, graphene is considered to be one of the toughest
and most versatile materials ever tested. A monolayer graphene is reported to have a
Young’s modulus up to 1050 GPa and a tensile strength of around 100 GPa [12, 13]. The
material also possesses super electrical conductivity, with the electron mobility of 200,000
cm?/Vs as compared to silicon having 1400 cm?/Vs [14]. Graphene is also considered as
ultra-capacitors, with a thermal conductivity of 3500 W/mk as compared to 385 W/mk for
copper [15, 16]. It is also reported that single layer graphene has exceptional optical
properties, capable of absorbing 2.3% of incident light over a broad wavelength range [17].

Due to such exceptional mechanical and physical properties, the 2D, layered graphene has



been considered as the “ideal” reinforcement fillers for making the next generation, high-

performance composite materials.

The effectiveness of the 2D, thin, layered fillers in composites can also be explained
by one of their unique geometric properties. The thickness of single layer graphene is
only about 0.34 nm [18, 14], which yields the extremely high length-to-thickness
aspect ratios for this particular type of fillers. In comparison, the aspect ratios for
conventional, macroscopic fillers are much lower, typically on the order of tens or
hundreds. Based on the classical Halpin-Tsai composite theory, the modulus of the
composite is predominated by the aspect ratio (I1/t, where 1 is the length and t is the
thickness) of the fillers [19]. Therefore, the layered fillers have exceptionally higher
reinforcing efficiency than the conventional, macroscopic fillers. As a result, the
content of reinforcement fillers used in nanocomposites is typically only 0.05-5%

[20], far less than what is required in conventional composites (20-60%).

The effectiveness of the 2D, thin, layered fillers in composites is further due to their
large surface area and surface energy. As the size of the filler decreases, the specific
surface area of the filler increases drastically. In addition, at the nanoscale, the fillers
have the dimensions that are close to the size of atoms or molecules. As a result, the
surface energy of the nanosized filler is substantially higher compared to that of the
bulk [21, 22]. Therefore, with the greater surface area and surface energy, the
nanolayered fillers dispersed in a polymer matrix would form much larger and
stronger “interfaces” than the micro-scale fillers, which can lead to significant

improvements in mechanical properties of the composites.

Although extensive work has been conducted on composites reinforced by layered
graphene and layered graphene sheets, there is a lack of thorough study on the analytical
modeling of nanocomposites reinforced by 2D, ultra-thin, graphene fillers. The 2D, layered
graphene is extremely thin (0.34 nm for monolayer graphene and a few nanometers for
layered graphene), sheet-like platelets that possess very high aspect ratios. In addition, the

graphene fillers have an exceptionally high modulus in comparison with most polymers

2



and even many other fillers. Therefore, when dispersed in a polymer matrix, the graphene
may have the ability to significantly alter the properties of the polymer matrix. Thus, one
significant question is whether the graphene reinforced nanocomposites can be modeled by
conventional composite theory. Another important issue is the roles of interlayers in those
two-dimensional, ultra-thin, layered fillers. The so-called “interlayer” or the “gallery layer”
is the materials that lie between individual graphene sheets. These special materials may
be either the surfactants that are used to modify the fillers, or the polymer matrix chains
that have penetrated into the spaces between the layers during various stages of synthesis
and processing, or a mixture of both surfactants and polymer chains [5, 9, 22]. The
mechanical properties of the interlayer materials are often unknown and may be difficult
to be determined to a greater accuracy. The sizes of the interlayers (interlayer spacing) in
the layered fillers can be also unknown, since they depend upon the crystal structure of the
specific graphene or graphene layer and also the amount of polymer chains that penetrate

into the inter-layers as results of various processing conditions [5].

The main objective of this thesis is to comprehensively examine the mechanical properties
of layered graphene-polymer nanocomposites through analytical modeling. Chapter 2
presents the analytical modeling on mechanical properties of polymer nanocomposites
reinforced with a monolayer graphene. Chapter 3 presents the analytical modeling on
mechanical properties of polymer nanocomposites reinforced with a multi-layer graphene.
In both chapters, the conventional composite theories of Tandon-Weng and Halpin-Tsai
are used to evaluate the effects of filler geometry, stiffness, and volume fraction. Chapter
4 investigates the effect of interlayer in a graphene stack on mechanical properties of the
graphene nanocomposites. Chapter 5 investigates the effect of interlayer in a graphene
stack on interfacial stress transfer of the graphene nanocomposites. Chapter 6 provides a

summary on the results of the present studies and also highlights the possible future work.



CHAPTER 2 - ANALYTICAL MODELS FOR
NANOCOMPOSITES REINFORCED WITH 2D
FILLERS: MONOLAYER GRAPHENE

2.1 Introduction

The interest of nanocomposites has grown exponentially over the past decade. Reinforcing
fillers such as graphene show great potential for producing stiffer composites. Several
analytical models have been produced to predict different characteristics for one-
dimensional (1D) filler reinforced composites. The Halpin-Tsai and the Tandon-Weng
models are very popular and both give reasonable predictions for unidirectional and
randomly aligned fillers in composites. Halpin-Tsai equations are popular for their easy to
use characteristics while the Tandon-Weng models are predicted to give better results. Both
of these models have the same basic assumptions for a composite. The filler and matrix are
linearly elastic [23,24,25]. The matrix is isotropic while the filler is either isotropic or
transversely isotropic [23,24,25]. Also, these models do not account for filler-matrix
debonding or micro-cracking [23]. These analytical models depend on multiple aspects
from the filler and the matrix such as, Young’s modulus, shear modulus and Poisson’s ratio
from the matrix and filler, the aspect ratio of the filler and the volume fraction contributions
in the composite. The models have been refined even further based on the geometry of the

filler, whether the filler is an elongated tube or spheroidal in shape.

Unlike the conventional 1D fillers, graphene is two-dimensional (2D) in shape and has the
capability of very high aspect ratios. The Halpin-Tsai and Tandon-Weng models are
intended for 1D short fiber composites. In this chapter, the Tandon-Weng and Halpin-Tsali
models are used to model the 2D, ultra-thin graphene reinforced composites. In particular,

the graphene filler is assumed to be a monolayer.



2.2 Tandon-Weng Models

The early works for composite models came from the work of Eshelby. Eshelby solved for
a dilute composite model which was a single ellipsoidal inclusion in an infinite matrix [24].
Therefore, Eshebly’s solution only applies to composites with very low volume fractions
and appears to be accurate. The difficult problem is to include fillers at high volume
fractions. Mori and Tanaka proposed a non-dilute composite model from the work of
Eshelby [24]. Tandon and Weng took Mori and Tanaka’s approach and developed a
complete set of elastic constants for 2-D short fiber composites. The key assumption to
Tandon-Weng’s model is that the average strain in the filler is related to the average strain
in the matrix by a fourth order tensor. This fourth order tensor gives the relation between
the uniform strain in the filler embedded in all matrix material. Also, the material is
subjected to uniform strain at infinity. The fourth order tensor that relates the average strain
in the filler to the average strain in the matrix is the Eshelby tensor. The elastic constants
Tandon and Weng proposed are represented for two types of filler orientations. They
developed one complete set for aligned fillers and a separate set that applies to randomly

aligned fillers.

2.2.1 Nanocomposites reinforced with aligned graphene fillers

The composite shown in Figure 2.1 has an elliptical fiber aligned in the 1 direction
embedded in an infinite matrix. The concept originally introduced by Mori and Tanaka was
that the average stress from the fiber to the matrix was related to the average strain from
the fiber to the matrix [26]. Tandon and Weng used Mori and Tanaka’s average stress
theory and combined it with Eshelby’s solution for an ellipsoidal fiber inclusion. The
Eshelby tensor has components that depend on aspect ratio and matrix modulus.
Rearranging terms for stress and strain allows the prediction for the effective modulus for

the composite.



Figure 2.1 Elliptical fiber embedded in an infinite matrix

When elliptical fibers are oriented in a matrix to form a composite the composite is treated
as transversely isotropic. This assumption allowed Tandon and Weng to develop equations
to solve for the five elastic constants associated with the composite. Equations 2.1 and 2.2
are Tandon and Weng’s derived equations with the fiber aligned in the 1 direction. The
focus is on the longitudinal and transverse modulus and the other 3 elastic constants are
not listed. c is the volume fraction contribution of the fiber in the composite and v, is the

Poission’s ratio of the matrix.
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Equations 2.1 and 2.2 are simplified from the tensor matrix with constants A,B,D and

Sijkl where i,j,k, and I vary from 1 to 3.
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One important note to have in mind is that Sjjk| and g represent spheroidal fibers and
Sijk| and g will be different for disk shaped spheroidal fibers. 15, xgand 21, uqare

the lame’ constants of the matrix and the fiber respectively.
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2.2.2 Nanocomposites reinforced with random graphene fillers

When the spheroidal fibers are randomly oriented in the 1-2 plane the composite as a whole
is transversely isotropic. This assumption allowed Tandon and Weng to arrive at a new set
of equations to evaluate the five elastic constants associated with the composite. In this
composite all of the fibers are dispersed in the matrix at random, due to this the longitudinal
and transverse modulus are evaluated from the same equation. Equation 2.6 is Tandon and

Weng’s prediction for the longitudinal and transverse modulus of randomly oriented fibers.



Eo

_ 2.6
E1 L+cp, (2.6)
where p11 is defined as
o= Ltvo 2lartar—ag) +tastasa 1 )

1t c(bp-bo) 16a 4281212 + 1o /(1 — 1K)
_ (-vo)@+chs)+2cvohy  2(a1—aztag)+as+asa

2¢%b3bs— (L+Cbs)[L+C(by+by)] 8a

(1-vo)Cha+vo[l+c(bi+b)] —2aztas—asa (2.6a)

2¢2b3ba— L+ Chs)[L+Cc(by +b2)] 4a

a and b are the new derived constants from the tensor matrix. kqand kq are the plane

strain bulk modulus of the fiber and the matrix. The components of the Eshelby tensor

SijkI and g where stated previously for a spheroidal fiber.
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2.3 The Halpin-Tsai Models

The micromechanics employed in the development of the Halpin-Tsai equations is based
upon the “self-consistent” method developed by Hill [25]. Hill modeled the composite as
a single fiber, encased in a cylinder of matrix with both embedded in an unbounded
homogeneous medium which is macroscopically indistinguishable from the composite
[25]. Herman employed this model to obtain a solution in terms of Hill’s “reduced moduli”.

Halpin and Tsai have reduced Herman’s results to a simpler analytical form and extended

10



its use to a wide variety of reinforcement geometries [23]. Halpin and Tsai’s elastic

constant predictions apply to aligned and randomly aligned filler composites.

2.3.1 Nanocomposites reinforced with aligned graphene fillers

The Halpin-Tsai equations have been popular for many people to predict properties for
short-fiber composites. One important aspect for Halpin-Tsai’s equations is that they are
good for short fiber composites and for predicting the longitudinal modulus for 1D fibers.
Halpin and Tsai’s original intent was to create models for continuous fiber composites and
was derived from the previous work of Hermans and Hill [23]. Halpin and Tsai expressed
three of Hermans equations in a common form, as shown in Equation 2.9, where P
represents a generic property that relates to elastic constants, ¢ is the volume fraction

contribution of the fiber in the composite, 77 is a constant defined by fiber properties and

& is a measure of reinforcement geometry which depends on loading conditions.

P (ion) s
P (-cn) (29)

where the constant r| is defined as

(-1

n=-tm__ (2.10)
(°f )
Pm

From Equation 2.9, the longitudinal modulus and transverse modulus can be expressed as
follows
~(@+2(1/t)me)Ey

E
' 1-cmy

(2.11a)
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where My = . Ef and Eo are modulus of the filler and

matrix, respectively; | is the length, t is the thickness and c is the volume fraction

contribution of the fillers in the composite.

2.3.2 Nanocomposites reinforced with random graphene fillers

Accurate predictions for randomly aligned fillers in composites have been attempted by
several people and most predictions fall closely together for simple composites. The
equations that predict these elastic constants can be very complicated like the predictions
from Tandon and Weng. Halpin and Tsai took a simple approach for the solution to this.

Equation 2.12 gives an estimate for randomly aligned filler composites.

3 5
E=—F+— 2.12
8E1 8E2 (2.12)

2.4 Comparisons of Tandon-Weng model and Halpin-Tsai

model: nanocomposite reinforced with aligned graphene fillers

2.4.1 Longitudinal modulus effect of volume fractions and aspect ratios

Halpin-Tsai and Tandon-Weng have produced several models to predict the five major
elastic constants from a composite. The focus for the comparisons of Halpin-Tsai and
Tandon-Weng are the longitudinal and transverse modulus elastic constants. These models

where initially used for short fiber inclusions at moderate volume fractions and results from
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these predictions are when the fiber has a low aspect ratio. One major problem when
wanting to use graphene as a filler is that graphene has the capability of very high aspect
ratios. It is unclear how a large aspect ratio filler will affect the accuracy of Halpin-Tsai
and Tandon-Weng’s predictions.

A test for composite predictions from analytical calculations of Tandon-Weng and Halpin-
Tsai uses the same base material properties for all representative graphs. The elastic
modulus for the matrix and filler are 5 Gpa and 1050 Gpa respectively and the Poisson’s
ratios are .35 and .19 respectively. Out of the five major elastic constants that can be
calculated from the analytical models only the longitudinal modulus and the transverse
modulus are represented. Figure 2.2 shows the comparison between Tandon-Weng and
Halpin-Tsai for a low aspect ratio filler.
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Figure 2.2 Longitudinal modulus ratios vs volume fractions at an aspect ratio of 10.

Figure 2.2 shows that at low aspect ratios with increasing volume fraction Tandon-Weng
and Halpin-Tsai both give close estimations for the composite. The low aspect ratio of 10

shows good approximation for the analytical models that where intended for short fiber
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composites. Also, if inspected closely it is noticed that Tandon-Weng’s model very slightly
over predicts the Halpin-Tsai model. Figure 2.3 shows the estimation like Figure 2.2 only

now the aspect ratio has increased to 1000.
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Figure 2.3 Longitudinal modulus ratios vs volume fractions at an aspect ratio of 1000.

Figure 2.3 shows that Tandon-Weng over predicts Halpin-Tsai at high aspect ratio fillers.
The high aspect ratio of 1000 shows the analytical models predicting linear modulus ratio
estimations. The reason the models predict a linear modulus ratio is due to the effects of
the aspect ratio being very high. After the aspect ratio reaches a certain value the models
treat the composite as a continuous fiber composite. One important aspect of the
comparison between Figure 2.2 and Figure 2.3 is the effect of high aspect ratio fillers can
produce higher composite moduli at moderate volume fractions. In the interest for
composite modeling, volume fractions may not exceed 50 percent. Figure 2.4 and Figure
2.5 show the effects of low volume fractions and moderate volume fractions with

increasing aspect ratios respectively.
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Figure 2.4 Longitudinal modulus ratios vs aspect ratios with constant volume fractions of
5%.
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Figure 2.5 Longitudinal modulus ratios vs aspect ratios with constant volume fractions of
25%.
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Figure 2.4 and 2.5 show at low and moderate volume fractions with increasing aspect ratios
the Tandon-Weng model over predicts Halpin-Tsai’s model. The trend from both models
is the longitudinal modulus ratio does not change based on volume fraction. Figure 2.4 and
Figure 2.5 both predict at aspect ratios above 300 the longitudinal modulus ratio no longer
increases. From Figures 2.2-2.5 it is easy to see that increasing the aspect ratio above 500
will not increase the longitudinal modulus ratio, however, increasing the volume fraction

will continue to increase the longitudinal modulus ratio.

2.4.2 Transverse modulus effects of volume fraction and aspect ratios

The transverse modulus ratio is another composite elastic constant of interest when
modeling. Figure 2.6 and Figure 2.7 show the effects of volume fraction on the transverse

modulus.

50
45
40
35 -

30 e H-T L/t=10

E,,/E,

e T-\W L/t=10

20

0 0.2 0.4 0.6 0.8 1
Volume Fraction

Figure 2.6 Transverse modulus ratios vs volume fractions with an aspect ratio of 10.
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Figure 2.7 Transverse modulus ratios vs volume fraction with an aspect ratio of 1000.

Figure 2.6 and Figure 2.7 show the value of the aspect ratio having little effect on the
transverse modulus with increasing volume fraction. To investigate the effects of aspect
ratio and volume fraction Figure 2.8 and Figure 2.9 show the effects of constant volume
fractions with increasing aspect ratio.
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Figure 2.8 Transverse modulus ratios vs aspect ratios with a volume fraction at 5%.
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Figure 2.9 Transverse modulus ratios vs aspect ratios with a volume fraction at 25%.

Figure 2.8 shows Tandon-Weng predicting higher transverse modulus ratios than Halpin-
Tsai at a volume fraction of 5%. The opposite happens in Figure 2.9 where the volume
fraction is 25%. The Halpin-Tsai model from Figures 2.8 and 2.9 show the transverse
modulus ratio is insensitive to aspect ratio. The Tandon-Weng model in Figure 2.8 shows
at low volume fractions and low aspect ratios the transverse modulus is affected by the
aspect ratio, but only at low aspect ratios. The reason the Halpin-Tsai model is not affected
by the aspect ratio is due to the zeta term in the equation that relates the fiber geometry

parameter.

2.4.3 Effect of filler/matrix modulus ratios

Previous representative graphs have held the fiber and matrix material properties constant.
Now the modulus for the fiber will vary while the modulus for the matrix will remain
constant. The Young’s modulus for the fiber will vary from 0-600 Gpa with a Poisson’s

ratio of .19. The matrix Young’s modulus and Poisson’s ratio will be 1 Gpa and .35
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respectively. Changing the fiber’s Young’s modulus will allow for a modulus ratio
comparison using the same volume fractions of 5% and 25% and the same aspect ratios of
10 and 1000. Modular ratio representative graphs help aid in the process for modeling
novel nanocomposites of extreme variables and are particularly useful for deciding on a
certain type of matrix material that can be used with the fiber of choice. Figure 2.10 shows
the effects on the longitudinal modulus by varying the modulus ratio with an aspect ratio

held to 10 and two different volume fractions of 5% and 25%.
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Figure 2.10 Longitudinal modulus ratios vs particle modulus ratios with an aspect ratio

held at 10 and volume fraction varying from 5% and 25%.

Figure 2.10 shows at low volume fractions and low aspect ratios Tandon-Weng and Halpin-
Tsai have relatively the same prediction with Tandon-Weng being slightly above Halpin-
Tsai. Increasing the volume fraction to 25% shows Tandon-Weng predicting a noticeably
higher longitudinal modulus ratio than Halpin-Tsai with a varied modular ratio. Figure 2.11
shows the effects of the longitudinal modulus ratio to the particle modulus ratio with an
increased aspect ratio of 1000 and having the same varied volume fractions of 5% and
25%.
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Figure 2.11 Longitudinal modulus ratios vs particle modulus ratios with an aspect ratio

held at 1000 and volume fraction varying from 5% and 25%.

From Figure 2.11 Tandon-Weng has higher predictions than Halpin-Tsai at 5% volume
fractions and at 25% volume fractions. At 5% volume fraction Tandon-Weng slightly
predicts a higher longitudinal modulus ratio than Halpin-Tsai. At 25% volume fraction
Tandon-Weng has much higher predictions to the longitudinal modulus ratio than Halpin-

Tsai.

Transverse modulus ratios are another important analytical prediction necessary for novel
nanocomposites when selecting matrix modulus values. Figure 2.12 shows the effects of
transverse modulus ratios by again varying the particle modulus ratio. The volume fractions

will also vary from 5% and 25% while holding the aspect ratio constant at 10.
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Figure 2.12 Transverse modulus ratios vs particle modulus ratios with an aspect ratio held
at 10 and volume fraction varying from 5% and 25%.

Figure 2.12 shows at 5% volume fraction with an aspect ratio of 10 Tandon-Weng slightly
predicts higher transverse modulus ratios than Halpin-Tsai. When the volume fraction is
increased to 25% with the same aspect ratio of 10, Halpin-Tsai predicts much higher results
than Tandon-Weng. Figure 2.13 shows the same transverse modulus ratio and varying

particle modulus ratio, but the aspect ratio is now increased to 1000.
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Figure 2.13 Transverse modulus ratios vs particle modulus ratios with aspect ratio held at
1000 and volume fraction varying from 5% and 25%.

At 5% volume fraction with an aspect ratio of 1000 Tandon-Weng predicts higher
transverse modulus ratios than Halpin-Tsai. When increasing the volume fraction to 25%
Halpin-Tsai predicts higher transverse modulus ratios than Tandon-Weng. The change in
predictions is Halpin-Tsai’s independence of aspect ratio in the transverse modulus

analytical calculations. This explanation applies to Figure 2.12 and Figure 2.13.

2.5 Comparisons of Tandon-Weng model and Halpin-Tsai
model: nanocomposite reinforced with randomly aligned

graphene fillers

2.5.1 Effect of volume fractions

22



The complexities for nanocomposites are well known and it is not entirely accurate to
predict elastic constants for a composite when the fibers are aligned in the same direction.
The fibers will be randomly aligned when dispersed into a matrix to form a composite. The
material properties through the next set of representative graphs illustrate the random
orientation of fibers and the graphs will remain with the fiber Young’s modulus and
Poisson’s ratio at 1050 Gpa and .19 respectively. The matrix Young’s modulus and
Poisson’s ratio are at 5 Gpa and .35 respectively. Figure 2.14 shows the randomly aligned
fiber predictions for the longitudinal modulus ratio and transverse modulus ratio by varying

the volume fraction with a constant aspect ratio of 10.
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Figure 2.14 Longitudinal and transverse modulus ratios vs volume fraction with an aspect

ratio of 10.

Figure 2.14 shows Tandon-Weng and Halpin-Tsai have very close predictions at an aspect
ratio of 10 while varying the volume fraction. Figure 2.15 shows effects like Figure 2.14

only now the aspect ratio has been increased to 1000.
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Figure 2.15 Longitudinal and transverse modulus ratios vs volume fraction with an aspect
ratio of 1000.

The increased aspect ratio had a large effect to Tandon-Weng’s prediction when compared
to Halpin-Tsai’s. Halpin-Tsai’s prediction doesn’t show a consistent trend like Tandon-
Weng’s prediction. Halpin-Tsai predicts a linear increase to modulus values until 80%
volume fraction. Then Halpin-Tsai’s predictions between 95% and 100% volume fraction
doubles. Although a composite will not have volumes fractions as high as 95% what is
noticed is the accuracy for predictions with aspect ratios as high as 1000 may not be
effective when using Halpin-Tsai. However, there are significant changes to the trends for
Tandon-Weng’s predictions. When the aspect ratio is increased from 10 to 1000 Tandon-

Weng predicts much higher modulus values through the middle range of volume fractions.

2.5.2 Effect of aspect ratios

The variation between low and high aspect ratio has been well established. The proceeding

graphs will represent varying the aspect ratio with randomly aligned fibers of graphene.
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Figure 2.16 shows the effects to the longitudinal and transverse modulus by varying the

aspect ratio with a constant volume fraction of 5%.
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Figure 2.16 Longitudinal and transverse modulus ratios vs aspect ratios with a volume

fraction of 5%.

Tandon-Weng has higher predictions than Halpin-Tsai until the aspect ratio reaches 1000.
After the aspect ratio reaches 1000 Halpin-Tsai has a higher prediction than Tandon-Weng.
Tandon-Weng predicts at aspect ratios above 300 will only have a small effect to the
longitudinal and transverse modulus ratios, whereas, Halpin-Tsai has a steady increase to
the modular ratios with increasing aspect ratio. Figure 2.17 has the same representative

graphs as Figure 2.16, but now the volume fraction has been increased to 25%.
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Figure 2.17 Composite modulus vs aspect ratio with a volume fraction of 25%.

Increasing the volume fraction to 25% did not change the trends of the two models
predictions only the values of the predicted modular ratios. Again Tandon-Weng’s
prediction to the modular ratio has little effect after the aspect ratio is increased to 300
while Halpin-Tsai’s prediction continues to increase with increasing aspect ratio. For
Figure 2.17 Tandon-Weng predicts higher modular ratios than Halpin-Tsai until the

predictions for the model stops.

2.5.3 Effect of filler/matrix modulus ratios

The particle modulus ratio representative graphs will have the same analytical calculating
parameters as before with the aligned case. The Young’s modulus for the fiber will vary
from 0-600 Gpa with a Poisson’s ratio of .19. The matrix Young’s modulus and Poisson’s
ratio will be 1 Gpa and .35 respectively. Changing the fiber’s Young’s modulus will allow
for a modulus ratio comparison using the same volume fractions of 5% and 25% and the

same aspect ratios of 10 and 1000. Figure 2.18 shows the longitudinal and transverse
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modulus predictions with varying particle modulus ratios. For this case the volume fraction

will also vary from 5% and 25% while the aspect ratio will remain constant at 10.
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Figure 2.18 Composite modulus ratios vs particle modulus ratios with an aspect ratio held

at 10 and volume fraction varying from 5% to 25%.

Figure 2.18 shows Halpin-Tsai predicts higher longitudinal and transverse modulus ratios
than Tandon-Weng for both cases of volume fractions of 5% and 25% with a constant
aspect ratio of 10. Figure 2.19 shows the same representative graph as Figure 2.18, but the

aspect ratio is increased to 1000.
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Figure 2.19 Longitudinal and transverse modulus ratios vs particle modulus ratio were

aspect ratio is held at 1000 and volume fraction varies from 5% to 25%.

When the aspect ratio is increased to 1000 the predictions for Tandon-Weng and Halpin-
Tsai are opposite to that of the aspect ratio of 10. Now Tandon-Weng predicts higher
longitudinal and transverse modulus ratios than Halpin-Tsai. Due to Halpin-Tsai’s
analytical predictions for randomly aligned modulus ratios it can be expected to vary in
comparison to Tandon-Weng. From equation 2.5 the transverse modulus provides a larger
portion to the prediction than the longitudinal modulus portion. This leaves the dependence

to aspect ratio only being accounted for in the E; term of the equation.

2.6 Conclusions

Although several theoretical frameworks have been developed for predicting properties of

composite materials reinforced with one-dimensional (1D) fillers, they have yet been
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proven to be suitable for 2D, ultra-thin, high aspect graphene fillers. This chapter has
comprehensively examined the existing composite models (Halpin-Tsai model and the
Tandon-Weng model) in the modeling of graphene-polymer composites. The graphene is
assumed to be a monolayer, isotropic material. The composites have been considered for

the cases of both aligned fillers and randomly distributed fillers.

As expected, Halpin-Tsai model and Tandon-Weng model show consistent predictions for
composites with fillers at lower aspect ratio (L/t=10). However, there are consistent
discrepancies between these two models in predicting the behavior of composites with
fillers at high aspect ratios (L/t>1000), which represent the actual 2D graphene fillers: the
Halpin-Tasi model gives lower predictions for all conditions, i.e., aspect ratio, volume
fraction, filler/matrix modulus ratio, and filler orientations (aligned and random
distributions). In particular, Halpin-Tsai shows poor predictions for the transverse modulus
(E22).

The primary reasons for the inadequacy of using Halpin—Tsai model for 2D graphene fillers
may be the followings. First, the Halpin-Tsai model treats a filler as a 1D fiber. Secondly,
The Halpin—Tsai equations are independent of the Poisson’s ratio of the filler or the matrix,
which would inherently cause errors in calculating axial strain and modulus. Thirdly, the
Halpin—Tsai equation for transverse modulus (E2) lacks of consideration for aspect ratio
(L/t). In contrast, the Tandon-Weng’s predictions are more consistent through the range of
varying aspect ratios, volume fractions, particle modular ratios, and filler orientations

(aligned and randomly distributed).

29



CHAPTER 3 - ANALYTICAL MODELS FOR
NANOCOMPOSITES REINFORCED WITH 2D
FILLERS: MULTILAYER GRAPHENE

3.1 Introduction

The two-dimensional (2D), ultra-thin graphene fillers used in nanocomposites are mostly
in the form of multi-layers. Layered graphenes can be produced by simple mechanical
peeling of natural graphite [27], or by sophisticate methods such as liquid-phase exfoliation
of bulk graphite [28], chemical vapor deposition of carbon on metal substrates [29], and
oxidization of graphite crystals [30], etc. One important issue in layered graphene fillers is
the presence of “interlayers” between individual graphene. These special materials may be
either the chemicals and/or solvents that are used to exfoliate the fillers, or the polymer
chains that penetrate into the spaces between graphene layers during preparations of the
composites, or a mixture of both [31]. The mechanical properties of the interlayer materials
are often unknown and the sizes of the interlayers (interlayer spacing) may also be
subjected to continuous changes, depending upon the structures of the specific graphene
layer and the polymer chains.

The previous chapter (Chapter 2) examined the analytical models that may be used for 2D,
graphene polymer nanocomposites, in which the graphene is in the form of monolayer. A
monolayer graphene does not contain an “interlayer” and thus can be treated as a
homogeneous material. In this chapter, the Tandon-Weng and Halpin-Tsai models are used
to model the nanocomposites reinforced with layered graphene, where the “interlayers” are

presented.
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3.2 Predictions of elastic moduli of polymer-layered graphene

composites

3.2.1 Analysis of effective elastic moduli of layered graphene

The two-dimensional, layered graphene filler consists of alternating layers (graphene layers
and interlayers) having different physical and mechanical properties. When those layered
fillers are dispersed into a polymer matrix, the polymer chains will intercalate into the
interlayers and thus increase the spacing of the interlayers (If the amount of layered
graphene fillers is kept to be very small, i.e., <1%, the layered graphenes may be partially
or completely exfoliated into the polymer matrix [30, 31]). These layered graphene stacks
are considered to be the “effective” reinforcement fillers and the moduli of such structures
may be estimated by using the Arridge model, which was originally developed for two-
dimensional, layered copolymer lamella [32].
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Figure 3.1 Model for the “effective” layered graphene filler.

From Figure 3.1 the “g” stands for graphene layer and “i” stands for interlayer.

Take the 1-axis as parallel to the planes of the layered graphenes and the 2-axis as
perpendicular to the planes of the layered graphenes. By assuming uniform stress and
uniform strain in each layer upon loading, the effective elastic moduli (EL1 and EL2) of a

layered graphene filler can be computed as
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where “g” stands for graphene layer and stands for interlayer. “V” stands for volume
fraction within the layered stack and “p” stands for Poisson’s ratio for the materials within

the layered stack.

In both equations, the second terms are responsible for the lateral deformations in the two-
dimensional, layered fillers. For one-dimensional fillers, such as fibers, the lateral

deformations can be ignored (u=0), then the Arridge’s lamella model is reduced to the

simple “rule-of-mixtures” model [13]: E; =V ,E;+ViE; and 1/E| , =V, /E; +V; /E;.

3.2.2 Analysis of effective elastic moduli of polymer-layered graphene

composites

When dispersed into a polymer matrix, the layered graphene stacks remain as the
“effective” fillers. The mechanical properties of the layered graphenes-polymer composites
may be estimated through conventional composite theories. Although several theoretical
frameworks exist for predicting the properties of reinforced composites, the Tandon-Weng
and Halpin—Tsai theories were chosen in this work because of their effectiveness in
predicting the stiffness of various types of nanocomposites and their adaptability for “plate-

type” filler geometries [33,34].
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3.2.3 The Tandon-Weng Solutions

The Tandon-Weng equations are a set of analytical solutions to the combined Eshelby’s
and Mori-Tanaka’s theories of inclusion [35-37]. Those expressions allow the predictions
of the properties of a composite in terms of properties of the polymer matrix and reinforcing
fillers together with their proportions and geometry. The effective moduli of composites

with aligned fillers are:

1+c(A1+2vo A/ A

E1 (3.3)

Ep= Eo (3.4)
1+c[-2voAz+ (L—vo) As+(Q+vo) AsAl/ 2A

where E; and E> are the modulus of the composite in 1-axis and 2-axis, respectively. c is
the volume fraction of the inclusion in the composite. Eo and vo are the modulus and

Poisson’s ratio of the matrix, respectively. A and A1-As are constants that are defined by

A1=D1(Bs+Bs) —2B> (3.5a)

A2=0+D1)B2—(Bs+Bs) (3.5b)

Az=B1—D1Bs (3.5¢)

As=1+D1)B1—2B3 (3.5d)
1-D

As :0(34—+|1)5,) (3.5€)

A=2B,B3—Bi1(Bs+ Bs) (3.5)

where B1-Bs and Di are constants that can be directly computed from material and

geometrical properties of the filler and the matrix [37].
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Tandon and Weng further develop the solutions for the effective modulus of composites
with randomly distributed fillers [38]

- o (3.6)
1+cpyy
where p11 is given as follows
o, = 1+ v 2(a;+ax—as)+as+asa ~ 1 )
U lic(by—by) 16a 4231010+ 1o /(g — o)
_ (@-vo)+chs)+2cvoby  2ai—aztag)tastasa
2¢?bzbg— @+ Chs)[1+c(by+ bo)] 8a
(L1—vo)Cha+voll+c(by+by)] —2a2+as—asa 3.7)

2¢2hzbg— (@+Chs)[1+c(bg + by)] 4a

where a, ai-as and bi-bs are constants that can be directly computed from material and
geometrical properties of the filler and the matrix. Si212 is one of the components of the
Eshelby tensor, vo is the Poisson’s ratio of the matrix, and po and w1 are Lame’s constants

of matrix and filler, respectively.

3.2.4 The Halpin-Tsai Solutions

The Halpin-Tsai equations are a set of empirical solutions which have been widely used to
estimate the properties of a composite in terms of properties of the matrix and reinforcing

phases together with their proportions and geometry [30-32]. The effective moduli of a
composite with aligned fillers are:
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matrix, respectively; | and t are the length and thickness of the filler, respectively. c is the
volume fraction contribution of the fillers in the composite

The effective modulus of composites with randomly distributed fillers is approximated as

3 5
E=—E+— 3.10
8E1 8E2 (3.10)

where E1 and Ez are the longitudinal and transverse moduli of the composite, as

defined in Egs. (3.8) and (3.9) [39-41].

3.3 Results and discussions

3.3.1 Effective elastic moduli of 2D layered graphenes

The macroscopic properties of composites are determined by the reinforcement “filler” and
the polymer “matrix”. The conventional “fillers”, such as most 1D fillers and the 2D
monolayer graphene, are homogeneous materials with distinctly defined properties.
However, in the case of ultra-thin, “layered fillers”, such as and the layered graphene, the

stiffening layers are separated by the complex interlayer materials with varying sizes and
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properties. Therefore, the effective moduli of the “layered fillers” are dependent upon the

properties of interlayers.

Figures 3.2 — 3.4 show the effective moduli of layered graphene stacks as computed by
using Arridge’s lamella model (Egs. (3.1)-(3.2)). These solutions are derived based on the
deformations of a two-dimensional, thin plates, as opposed to the simple “rule-of-mixtures”
solutions which are derived based on the uniaxial deformation only. Figure 3.2 shows the

effects of Poisson’s ratio in the interlayers.
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Figure 3.2 Effect of interlayer Poisson’s ratio on the moduli of layered graphenes: a) In-

plane modulus EL1 and b) Out-of-plane modulus EL2.

As shown in Figure. 3.2, the simple “rule-of-mixtures” do not take into account of the
lateral deflections (as governed by the Poisson’s ratios) and thus predict the constant
moduli. In contrast, the Arridge’s lamella model predicts that, as the Poisson’s ratio of the
interlayer increases, the in-plane modulus (EL1) of the layered graphenes will decrease and
the out-of-plane modulus (Ev2) of the layered graphenes will increase. Figure 3.3 shows

the effects of the interlayer modulus.
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Figure 3.3 Effect of interlayer modulus on the moduli of layered graphenes: a) In-plane
modulus E1 and b) Out-of-plane modulus Eo.

Figure. 3.3 shows the effective moduli of the layered graphenes as a function of interlayer
modulus. Due to the complex structure (a mixed surfactant modifier molecules and

polymer chains), the exact properties of the interlayer are always uncertain. In this study,
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the modulus of the interlayer was varied in the range of 0.1GPa-10 GPa, which are typical
values for polymeric materials. It is seen that as the interlayer modulus increases, both in-
plane modulus and out-of-plane modulus increase. In case (a) the “rule of mixtures”
slightly over estimates the in-plane modulus (EL1) as compared to the 2D Arridge lamella
model. In case (b) the simple “rule-of-mixtures” solutions underestimate the elastic
properties of the out-of-plane modulus (EL2), of the layered graphene stacks as compared
to the 2D Arridge lamella model. Figure 3.4 shows the effective moduli of the layered

graphenes as a function of interlayer content (interlayer spacing).
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Figure 3.4 Effect of interlayer content on the moduli of layered graphenes: a) In-plane

modulus EL1 and b) Out-of-plane modulus Evz.

From figure 3.4 it is shown that with the increase of interlayer content between the
graphene layers, both in-plane modulus and out-of-plane modulus decrease. Specifically,
the in-plane modulus decreases linearly with respect to the interlayer content while the out-
of-plane modulus decreases in a more drastic fashion. Again, the simple “rule-of-mixtures”
solution has underestimated the out-of-plane modulus (Er2) as compared to the 2D

Arridge’s lamella model.

3.3.2 Effective elastic moduli of composite with aligned layered

graphene

Due to their nano-scale thickness and large surface areas, the 2D, layered fillers often
remain in the “intercalated” form in the polymer matrix during the mixing (Even as the
filler content is kept very small, a completely exfoliated morphology is still difficult to
achieve [20, 30, 31]). These intercalated fillers, as shown in Figure 3.5, act as “effective

fillers” in reinforcing the polymer matrix.
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Figure 3.5 Schematic diagram showing the layered graphenes before and after dispersed
into a polymer matrix. d (001) and d’(001) denote the d-spacing before and after

dispersed into a polymer matrix, respectively.

The effectiveness of those “effective fillers” may be affected by the interlayers in the
“intercalated” graphene stacks. The elastic moduli of the layered fillers have been
computed in the previous section and are used in this section to estimate the properties of
a polymer composite. The polymer system used is the thermosetting epoxy since it is one
of the most commonly used polymer systems and its properties are well known: Young’s
modulus of 4 GPa and Poisson’s ratio of 0.3 [19].

Numerous micromechanical models have been proposed to predict the mechanical
properties of the fiber/plate composites, including the analytical-based Mori—Tanaka model
(exact expressions were provided by Tandon-Weng) and semi-empirical Halpin—Tsai
model. Using the effective moduli (E.1 and EL2) of the layered graphenes as shown in
Figures. 3.2-3.4, the elastic properties of the epoxy-based nanocomposites were estimated.
Figures 3.6-3.8 show the elastic moduli of the composites with the aligned layered
graphene fillers.
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Figure 3.6 Effect of interlayer Poisson’s ratio on effective moduli of aligned layered

graphene composites, a) longitudinal modulus (E1) and b) transverse modulus(Ez).
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Figure 3.8 Effect of interlayer content on effective moduli of aligned layered graphene

composites, a) longitudinal modulus (E1) and b) transverse modulus (Ez).

44



It is seen that the results predicted by Tandon-Weng model and Halpin-Tsai model are
fairly consistent, except for the case of interlayer Poisson ratio. The Tandon-Weng model
predicts that E1 decreases linearly with vi and E2 increases exponentially with v; while the
Halpin-Tsai model predicts that both moduli remain almost constant with vi. The reason
for these discrepancies is that the Halpin-Tsai equations (Egs. (3.6) and (3.7)) do not
consider the lateral deformation (governed by v) of the reinforcement phases and thus are

probably more applicable to one-dimensional fillers, e.g., fiber-type fillers.

Overall, the interlayers in layered graphene fillers are seen to have great influences on the
effective moduli of the resultant composites. For longitudinal modulus (Ei1), as the
Poisson’s ratio (vi) of the interlayer increases from 0.3 to 0.499, E; is reduced by ~5%.
When the modulus (Ei) of the interlayer increases from 0.1 GPa to 10 GPa, E; is increased
by ~5%. If the interlayer spacing is doubled, E1 can be reduced by more than 30%. For
transverse modulus (E2), as the Poisson’s ratio (vi) of the interlayer increases from 0.3 to
0.499, E> is increased by almost 20%. When the modulus (Ei) of the interlayer increases
from 0.1GPa to 10 GPa, E> is increased by more than 22%. If the interlayer spacing is
doubled, E> can be decreased by ~ 5%.

3.3.3 Effective elastic moduli of composite with randomly distributed

layered graphene

Figures 3.9-3.11 show the elastic moduli of the composites with randomly distributed

layered graphene fillers.
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Figure 3.9 Effect of interlayer Poisson’s ratio on effective modulus of randomly

distributed layered graphene composites.
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Figure 3.10 Effect of interlayer modulus on effective modulus of randomly distributed

layered graphene composites.
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Figure 3.11 Effect of interlayer content on effective modulus of randomly distributed

layered graphene composites

In all cases, the Tandon-Weng and the Halpin-Tsai models agree very well. The interlayer
properties (modulus and Poisson’s ratio) seem to have small or negligible impacts on the
property (E) of the composites when the layered graphenes are randomly dispersed into the
matrix. However, the interlayer spacing does seem to have a noticeable impact on the
modulus of the composites. For example, as the interlayer spacing is doubled, the

composite modulus may be reduced by more than 20% (Fig. 3.11).

3.4 Conclusions

Nanocomposites reinforced with two-dimensional, ultra-thin, layered fillers are one of the
most important engineering materials that have a wide range of applications. This chapter
examines the roles of “interlayers” in the layered fillers on mechanical properties of the
composites. The layered graphene fillers and their composites were studied. The effect of
interlayers on the effective moduli of layered fillers and their composites were quantified

through analytical modeling. As the Poisson’s ratio of the interlayer increases, the in-plane
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modulus (Evr1) of the layered graphenes decreases and the out-of-plane modulus (Er.) of
the layered graphenes increases. Both Eri and Er2 increase with the increase of the
interlayer modulus and decrease with the increase of interlayer content between the
graphene layers. For composites with aligned fillers, both the interlayer properties
(modulus and Poisson’s ratio) and geometry (interlayer spacing) greatly affect the
mechanical properties of the composites. For composites with randomly distributed fillers,
the interlayer properties (modulus and Poisson’s ratio) are seen to have minimum impacts
on the properties of the composites. However, the interlayer spacing does have a noticeable

impact on the properties of the composites.
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CHAPTER 4 - EFFECT OF INTERLAYER ON
EFFECTIVE MODULI OF LAYERED GRAPHENE-
POLYMER NANOCOMPOSITES

4.1 Introduction

Over the last decade, extensive research has been conducted on graphene and graphene-
based nanocomposites. However, there is one important issue that has yet to be fully
explored: the roles of interlayers in those two-dimensional, layered graphene fillers. The
so-called “interlayer” is the materials that lie between individual graphene sheets. These
special materials may be either the chemicals and/or solvents that are used to exfoliate the
fillers, or the polymer chains that penetrate into the spaces between graphene layers during
preparations of the composites, or a mixture of both [14]. The mechanical properties of the
interlayer materials are often unknown and the sizes of the interlayers (interlayer spacing)
may be also subjected to continuous changes, depending upon the structures of the specific
graphene layer and the polymer chains. In this chapter, the roles of interlayers on
mechanical properties of layered graphene polymer composites are examined. First, the
effective properties of the layered graphene fillers are computed by using the Arridge’s 2D
lamellar model. Then, the effects of interlayers on mechanical responses of layered

graphene polymer nanocomposites are investigated by using the Tandon-Weng model.

4.2 Analysis of fundamental properties of layered graphene

The layered graphene is made up of stacks of closely spaced graphene sheets. Detailed
structure of the layered graphene can be revealed by transmission electron microscopy
(TEM) and also characterized quantitatively by various methods, including atomic force
microscopy [12, 13], X-ray diffraction [42, 43], and Raman spectroscopy [44-45]. For
example, with X-ray diffraction the Bragg reflection of the layered graphene structure may

be detected, which is shown as a sharp peak in the intensity-angle plot. This peak (26)
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would be shifted to a smaller angle and become broadened as the number of layers
decreases and it is possible to use the Scherrer formula to estimate the number of layers
and the spacing of the interlayer [42, 43]. All studies have shown that the graphene sheet
has a constant thickness, ~0.34 nm [42, 46, 12, 43, 44]. However the thickness (spacing)
of the interlayer between graphene sheets can be varied, depending up the exfoliation
methods of the graphene as well as the dimensions of the polymer coils. It is accepted that
the minimum separation of the graphene sheets is larger than the size of the graphene [14,
47]. In this study, the spacing of the interlayer is varied at 0.34 nm, 1 nm, and 2 nm.

The two-dimensional, layered graphene filler consists of alternating layers (graphene
sheets and interlayers) having different physical and mechanical properties. Figure 4.1
shows a SEM image of multiply layers of graphene stacked closely together and a model

representing the interlayer and graphene interaction in a stack.
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Figure 4.1 (a) SEM image of a layered graphene stack [7] and (b) Model for an effective
layered graphene filler.

When those layered fillers are dispersed into a polymer matrix, the polymer coils will
intercalate into the interlayers and thus increase the spacing of the interlayers (If the amount
of layered graphene fillers is kept to be very small, i.e., <1%, some layered graphene may
be partially or completely exfoliated into the polymer matrix [6-9,14, 20]). These layered
graphene stacks are considered to be the “effective” reinforcement fillers and the moduli
of such structures may be estimated by using the Arridge model, which was originally

developed for two-dimensional, layered copolymer lamellas [32].

Take the 1-axis as parallel to the planes of the layered graphene and the 2-axis as
perpendicular to the planes of the layered graphene (Figure 4.1). By assuming uniform
stress and uniform strain in each layer upon loading, the four fundamental properties of a
layered graphene filler can be computed as

Vg\/iEgEi (H. _Mg)2

E.,=V,E,+VE, - 4.1

TS TR TV E (0 —D) + VE (12 1) -
vV, V. 2V, V, (1, E, —u,E, )

EL Eg E, EgEi[\/gEg(l_l’li)+\/iEi(1_ug)]

1 Vv (4.3)

GL12 Gg Gi .
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(4.4)

E 1
V12 = —%(K— —S33-251-25)))
L

where Er1 is the in-plane Young’s modulus, E(» the out-of-plane Young’s modulus, Gr12
the out-of-plane shear modulus, and vi12 the major Poisson ratio. In those equations, “g”

[13%3]
1

stands for graphene layer and stands for interlayer. “V” stands for volume fraction
within the layered stack and “p” stands for Poisson’s ratio for the materials within the
layered stack. In Eq (4.4), K¢ is the bulk modulus and Si1, Ss3, S12 are elastic constants

whose exact formulas are available in Ref [32].

It is noted that the second terms in Arridge’s lamellar model (Eqs (4.1) and (4.2)) are
responsible for the lateral deformations in the two-dimensional, layered fillers. For one-
dimensional fillers, such as fibers, the lateral deformations can be ignored (u=0), then the
Arridge’s model is reduced to the simple “rule-of-mixtures” model [19]:

E..=V,E, + VE,and 1E , =V, /E, +V//E,.

4.3 Analysis of effective elastic moduli of layered graphene

polymer composites

When dispersed into a polymer matrix, the layered stacks remain as the “effective” fillers
[48, 49]. The mechanical properties of the layered graphene-polymer composites may be
estimated through conventional composite theories. The Tandon-Weng model was chosen
in this work because of its effectiveness in predicting stiffness of various types of

nanocomposites and their adaptability for “plate-type” filler geometries [10, 34, 50].

The Tandon-Weng equations are a set of analytical solutions to the combined Eshelby’s
and Mori-Tanaka’s theories of inclusion [35-37]. Those expressions allow the predictions
of the properties of a composite in terms of properties of polymer matrix and reinforcing
fillers together with their proportions and geometry. The elastic moduli of composites with
aligned fillers are:

52



Eo

L o(AL+ 2vo Ag) I A (4.5)
Eo
2T 1+ 2y As+ (L= vo) As+ (L+vo) AsAl/ 2A (4.6)
cG
Gr2=1+—¢ s (4.7)
—C%—+2(1-C)Sy303
Glz_ 0
14 v)(1—2
Kops= (L+vo)d=2ve) Ko (4.8)

1-vo(X+2v12) +c{2(vi2— Vo) Az +[1—vo L+ 2v1)] Asl A

where E1 and E> are the Young’s moduli of the composite in 1-axis and 2-axis, respectively.
G2 is the out-of-plane shear modulus and Kz is the plane-strain bulk modulus. c is the
volume fraction of the inclusion in the composite. Eo, Go and Ko are Young’s modulus,
shear modulus, and bulk modulus of the matrix. A and A1-As are constants that can be
directly computed from material and geometrical properties of the filler and the matrix
[32].

4.4 Results and discussions

4.4.1 Effective properties of 2D layered graphene fillers

The macroscopic properties of composites are determined by the reinforcement “fillers”
and the polymer “matrix”. The conventional fillers are mostly one-dimensional structure,
isotropic materials with distinctly defined properties (modulus and Poisson’s ratio).
However, in the case of two-dimensional, ultra-thin, layered fillers, the stiff graphene
layers are separated by the soft interlayer materials at varying sizes. As a result, the
“layered fillers” are anisotropic and their properties are greatly affected by the properties

and geometry of interlayers (Poisson’s ratio, modulus, and separation spacing).
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Figures 4.2 — 4.5 show the four fundamental properties of layered graphene fillers as a
function of the interlayer Poisson’s ratio. Those properties were computed by using
Arridge’s model (Egs. (4.1)-(4.4)) at three different interlayer spacing: 0.34 nm, 1 nm, and

2nm.
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Figure 4.2 Effect of interlayer Poisson’s ratio on the modulus of layered graphene filler:

In-plane Young’s modulus.

54



1,000

—_

()

o
T

=== (.34nm
=1 nm

Modulus E;, (GPa)
o

== M

O | | |
0.15 0.25 0.35 0.45 0.55

Interlayer Poisson's Ratio

Figure 4.3 Effect of interlayer Poisson’s ratio on the modulus of layered graphene filler:
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Figure 4.4 Effect of interlayer Poisson’s ratio on the modulus of layered graphene filler:
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Figure 4.5 Effect of interlayer Poisson’s ratio on the modulus of layered graphene filler:

Major Poisson’s ratio.

It is seen that all properties are affected by the Poisson’s ratio of the interlayers. These
solutions are derived based on a two-dimensional, thin plate model, as opposed with the
one-dimensional “rule-of-mixtures” model which does not take into account of the lateral
deflections (as governed by the Poisson’s ratio) and thus would predict the constant moduli.
According to the Arridge’s model, as the Poisson’s ratio of the interlayer increases, the
out-of-plane modulus (EL2), the out-of-plane shear modulus (GL12), and the major Poisson’s
ratio (vi12) of the layered fillers will all increase. The in-plane modulus (Ev1) of the fillers
does not show significant change by the interlayer Poisson’s ratio, since under axial

deformation, the loads are predominately carried by the stiff graphene layers.

Figures 4.6-4.9 show the four fundamental properties of the layered graphene filler as a

function of interlayer modulus.
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Due to the complex structure (the presences of weak van der Waals bonding and mixture
of surfactant modifier molecules and polymer chains), the exact properties of the interlayer
are always uncertain. A recent experiment has revealed that the interlayer in the layered
graphene structure has a shear modulus in the range of 0.34-0.49 MPa [47]. Based on this,
the modulus of the interlayer in this study was varied in the range of 0.01-10 GPa, which
represents the modulus of typical polymeric materials. It is seen that as the interlayer
modulus increases, all four properties increase, although the changes in in-plane modulus
(EL1) and major Poisson’s ratio (vL12) are insignificant. That is again due to the fact that,
under axial deformation, the loads are predominately carried by the graphene layers, whose

stiffness is almost three orders of magnitude higher than the interlayers.

The above results also reveal that the fundamental properties of the layered filler are greatly
affected by the interlayer spacing. As the separation of the interlayer between graphene
sheets increases from 0.34 nm to 2 nm, all properties have been decreased significantly.
For example, as the interlayer thickness changes from 0.34 nm to 2 nm, all moduli (Ev1,
EL2, GL12) are reduced by over 60% (Figures 4.2, 4.3, 4.4 and Figures 4.6, 4.7, 4.8). The
reduction in modulus is essentially the result of decrease in graphene volume fraction in
the layered filler: as the interlayer thickness changes from 0.34 nm to 2 nm, the graphene

volume fraction in the effective filler is lowered from 68% to 40%.

4.5 Effective elastic moduli of composite with aligned layered

graphene

Due to their nano-scale thickness and large surface areas, the 2D, layered fillers often
remain in the “intercalated” form in the polymer matrix during the mixing (Unless the
content of the fillers is very low, e.g., <1%, which may result in “fully exfoliated” or
“partially exfoliated” morphology [6-9, 14,20]). An intercalated filler is a well-defined
spatial volume consisting of both stiff graphene layers and soft interlayers, as seen in the
sketch in Figure 4.1. When dispersed into a polymer matrix, these intercalated fillers act as

“effective fillers” in reinforcing the polymer matrix. The effectiveness of those “effective
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fillers” may be undermined by the presence of weak interlayers in between the graphene
layers. The fundamental properties of the “effective fillers” have been computed in the
previous section and are used in this section to estimate the properties of the polymer
composites. The polymer system used was the thermosetting epoxy since its properties are
well known: Young’s modulus of 4 GPa and Poisson’s ratio of 0.3 [19]. The layered
graphene fillers were assumed to be perfectly aligned in the polymer matrix (along 1-axis).
The elastic properties of the layered graphene-epoxy nanocomposites were estimated by
the Tandon-Weng’s composite model, which are solutions to the combined Eshelby’s and

Mori—Tanaka’s inclusion models [32].

Figures 4.10-4.17 show the elastic moduli of the composites as a function of interlayer

properties (Poisson’s ratio and modulus).
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Figure 4.10 Effect of interlayer Poisson’s ratio on effective moduli of layer graphene-

polymer composites: longitudinal Young’s modulus (E1).
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Figure 4.13 Effect of interlayer Poisson’s ratio on effective moduli of layer graphene-

polymer composites: bulk modulus(K12).
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In all cases, the moduli of the composites are seen to be positively affected by the properties
of the interlayers in the layered fillers, particularly the out-of-plane properties (E2, G12) and
the bulk properties (K12). For example, as the interlayer Poisson’s ratio increases from 0.2
to 0.499, E> and Gy2 are increased by 20% and 5%, respectively (Figures 4.11-4.12). As
the interlayer modulus increases from 0.5 GPa to 5 GPa, both E; and G1. are increased by
over 20% (Figures 4.15-4.16). Once again, the in-plane modulus of the composites show
minimum changes by the interlayer properties since, when deformed in the axial direction,

the stiff graphene layers would carry the majority of the load.

Those results also reveal that the interlayer spacing in layered graphene fillers has great
influences on the effective moduli of the polymer composites. As the spacing decreases
from 2 nm to 0.34 nm, the longitudinal modulus (E:) is seen to be increased by up to 52%
(Figures 10 and 14) and the out-of-plane modulus (E2, Gi2) are increased by over 5%
(Figures 4.11, 4.12, 4.15, 4.16).
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4.6 Conclusions

Two-dimensional, thin, layered graphene fillers consist of stiff graphene layers and soft
interlayers. The mechanical properties of the interlayers are often unknown and the size
of the interlayers are dependent upon the molecular structure of polymer matrix and
processing conditions of the composites. This chapter has investigated the effect of
interlayers on effective moduli of layered graphene polymer composites through analytical
modeling. When dispersed into a polymer matrix, the layered graphene stack is treated as
an effective filler and the fundamental properties (EL1, Er2, GL12, vi12) Of this effective
filler have been computed by Arridge’s lamellar model. With the increases of modulus and
Poisson’s ratio of the interlayer, all four fundamental properties of the filler are increased.
The mechanical responses of the layered graphene epoxy composites are further examined
by Tandon-Weng’s composite model. Results show that the properties of the interlayer
affect all elastic properties of the composite, particular the out-of-plane properties (E2 and
G12). Further, the sizes of the interlayer have much greater impact on elastic properties of
the composite: with the increase of the interlayer spacing (from 0.34 nm to 2 nm), all

properties of the composite have been decreased.

65



CHAPTER S - EFFECT OF INTERLAYER ON
INTERFACIAL STRESS TRANSFER OF LAYERED
GRAPHENE-POLYMER NANOCOMPOSITES

5.1. Introduction

Nanocomposites reinforced with two-dimensional (2D), thin, layered graphene fillers
continue to draw great interest due to their exceptional mechanical and functional
properties as well as huge potential applications [6-9,10,14, 20]. However, there is one
important issue that has yet to be fully explored: the roles of interlayers in those two-
dimensional, layered graphene fillers. The so-called “interlayer” is the materials that lie
between individual graphene sheets. These special materials may be either the chemicals
and/or solvents that are used to exfoliate the fillers, or the polymer chains that penetrate
into the spaces between graphene layers during preparations of the composites, or a mixture
of both [14]. The mechanical properties of the interlayer materials are often unknown and
the sizes of the interlayers (interlayer spacing) may be also subjected to continuous
changes, depending upon the structures of the specific graphene layer and the polymer
chains. In this chapter, the roles of interlayers on interfacial stress transfer of layered
graphene polymer composites are examined. First, the well-known Shear-Lag theory will
produce a bench mark for the finite element model (FEM) procedure. Second, the verified
FEM will investigate the effects of interlayers on interfacial stress transfer of layered

graphene polymer nanocomposites.

5.2 Analytical shear-lag model for interfacial shear transfer

The Shear-Lag method for composites is a measure of the stress transfer at the interface of
a fiber and matrix. The Shear-Lag model is known to be an acceptable approximation for

platelet like fibers and is represented in equation 5.1
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Where e is the strain in the fiber, e, is the strain in the matrix, X is the position, | is the
length of the fiber, s is the fibers aspect ratio and n represents the reinforcing efficiency

shown in equation 5.2.

- /zG_m(lj 5.2
n g \T (5.2)

From equation 5.2 E is the Young’s modulus for the fiber, G, is the matrix shear modulus,
t is the thickness of the fiber and T is the thickness of the matrix. Equation 5.1 and 5.2 are
the last derivations from Shear-Lag’s theory of the behavior for a discontinuous filler in a
matrix. The behavior of a discontinuous filler in a matrix can be modeled with Shear-Lag
theory in which it is assumed that the filler is surrounded by a layer of resin. Figure 5.1

shows the graphene surrounded by resin as modeled for Shear-Lag.

Figure 5.1 Graphene filler surrounded by resin as modeled for shear-lag theory.
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From Figure 5.1 T is the total thickness of the composite, Z is the distance from the
graphene center to the shear stress T and t is the thickness of the graphene filler. It is
assumed that the filler and the matrix deform elastically and the filler and matrix interface
remains intact. For Shear-Lag’s theory to work the stress transfer from the matrix to the
graphene filler is through shear stress. This allows a relationship between the matrix and
the filler to be determined by a force balance of shear forces at the interface. These shear
forces help determine the strength of a composite. The product of the reinforcing efficiency
n and the aspect ratio s are of great interest when analyzing composites. Figure 5.2 shows
the effects of the product of ns as determined by Shear-Lag theory.
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Figure 5.2 Shear-Lag predictions of the importance of the product of ns.

From Figure 5.2 it is shown that the higher the ns value the higher the strain in the
composite will be. Having a higher ns value in the shear-lag model shows the dependence
of aspect ratio for producing stiffer composites. The higher the aspect ratio in the composite
the more effective the fiber carries the load.
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5.2.1 Finite element model for interfacial shear transfer

Finite element modeling is a great way to extensively analyze characteristics of various
materials as they work together to form a composite regardless of size and shape. Although
the typical shape of graphene is rectangular, analytical models for previous filler
geometries are not. This makes FEM the best choice for accurately modeling composites
composed of graphene fillers for a comparison to conventional analytical theories. The
FEM program used to accumulate results for a comparison was ANSYS. In order to
accommodate the 2-D Shear-Lag theory for the FEM, shell elements were used for the
composite. This allows for more elements across the area while decreasing the computation

time and providing accurate results.

5.3. Results and discussions

5.3.1 Comparison of interfacial shear transfer between shear-lag model

and FEM: monolayer graphene

The stress transfer between fibers and resin play a major part to how a composite acts under
loading conditions. The Shear-Lag model is intended to analyze the stress transfer for one
piece or layer of fiber and how it interacts with the resin. The Shear-Lag model is known
to make very good approximations under these conditions. However, when fibers are
dispersed into a resin the fibers are not always aligned in the same direction and the fibers
can stack together. This causes a problem for the Shear-Lag model not accounting for
multiple fibers stacked closely together and how that affects the overall composite strength.
Knowing that the Shear-Lag model makes very good approximations for monolayer fibers,
a base model was created using ANSYS. The model used had graphene fiber properties of
1050 Gpa for the Youngs modulus, .19 as the Poisson’s ratio and an aspect ratio of 10,000.
The resin material properties were 2.1 Gpa for the Young’s modulus and .35 for the
Poisson’s ratio. The volume fraction of the composite is 10%. Figure 5.3 shows the
comparison between the shear-lag model and the FEM.
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Figure 5.3 Comparison of Monolayer Shear-Lag theory and FEM graphene composite.

The FEM was strained to .2%. The stress from the interlayer section of the FEM was then
converted to strain for the comparison to the Shear-Lag model. From figure 5.3 the Shear-
Lag model goes to .2% strain while the FEM is just below that at .19% strain. Figure 5.3
shows that the FEM modeling procedure is in good agreement with the well-known Shear-
Lag model when producing results. This comparison verifies the preceding procedures for

modeling multi-layered graphene stacks in a composite.

5.3.2 Interfacial stress transfer of composite with aligned layered

graphene

5.3.2.1 Effect of interlayer modulus
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Accurately predicting the characteristics of a composite is an ongoing investigation. There
are several ways that a fiber and resin interact to make up the overall strength of a
composite. With Shear-Lag and FEM in good agreement for monolayer graphene
composites the remaining models will be multi-layered graphene composites. Figure 5.4
shows the FEM with a three-layer stack of graphene and the stress transfer across the center

of the graphene filler.

graphene
interlayer
graphene

Figure 5.4 Finite element model for a three-layer stack of graphene, a) represents the full
model, b) represents the strain results as indicated from ANSYS.
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Figure 5.4 a) shows the three-layer stack of graphene as modeled in ANSYS. The reason
figure 5.4 a) only shows two fillers of graphene and one layer of interlayer is first, to cut
down on computation time and second, to account for the limitations for boundary
conditions for wanting to look at interlayer stress transfer regions. The models produced in
ANSYS are symmetric models from a full stack of graphene. Like most finite element
modeling programs Figure 5.4 b) show the darker regions for less amounts of stress and
lighter regions more stress. The following figures show the results for various interlayer
material changes. Figures 5.5-5.7 focus on the interaction from the interlayer modulus of
elasticity with a varying thickness for a three-layer stack of graphene. The selected
modulus of elasticity between each layer of graphene is .01 GPa, .1 GPa, 2.1 GPa and 10
Gpa while the thicknesses are .34 nm, 1 nm and 2 nm. The aspect ratio of graphene is
10,000 with a composite volume fraction of 10%.
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Figure 5.5 FEM with varying interlayer modulus, a .34 nm thickness and graphene aspect
ratio of 10,000.
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From Figure 5.5 it is seen that lowering the interlayer modulus decreases the overall strain
in the composite. The higher interlayer moduli of 10 GPa and 2.1 GPa do not have a large
difference at lower strains, but if the modulus continues to drop the overall strength of the
composite is reduced. Figure 5.6 shows the effects of increasing the interlayer thickness
from .34 nmto 1 nm.
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Figure 5.6 FEM with varying interlayer modulus, a 1 nm thickness and a graphene aspect
ratio of 10,000.

Increasing the interlayer modulus of the three-layer graphene stack produces
different results for a higher modulus and a lower modulus. The higher modulus
when increased in interlayer thickness produces higher strains in the composite
which produces a weaker overall strength. The lower modulus of .01GPa dropped in
strain meaning that the composite has become stronger overall. This is not the case,
the .01 GPa interlayer modulus has reached its failure point. This means that the bond
between the graphene and the interlayer is now slipping or the delamination effect.
One other important note from figure 5.6 is that the lower modulus interlayer is

producing negative strains for the composite. This is due to the limited loading
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conditions when using shell elements in ANSYS. Figure 5.7 shows the effects of

increasing the interlayer thickness to 2 nm with the same interlayer range of

modulus.
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Figure 5.7 FEM with varying interlayer modulus a 2 nm thickness and a graphene aspect
ratio of 10,000.

From figure 5.7 the same trend is still present for the high modulus ratios and the lower
modulus ratios found in figure 5.6. The 2.1 Gpa interlayer modulus is seen to start reaching

its failure limits as it interacts with the graphene fiber.

Graphene is well known to have exceptional ranges of aspect ratios and figures 5.8-5.10
will have a graphene aspect ratio of 35,000 while keeping the volume fraction at 10%.
Figures 5.8-5.10 investigates the trend of increasing the interlayer thickness while
decreasing the interlayer modulus will produce a weaker composite with a graphene aspect
ratio of 35,000. Figure 5.8 shows the effects of a varying interlayer modulus with an

interlayer thickness of .34 nm.
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Figure 5.8 FEM with varying interlayer modulus a .34 nm thickness and a graphene
aspect ratio of 35,000.

Figure 5.8 shows that increasing the aspect ratio increases the strain in the composite, what
is unclear from just figure 5.8 is that the increase in interlayer thickness will decrease the
strength in the composite. The FEM for the increased aspect ratio of 35,000 was forced to
be larger than the FEM of 10,000. Figure 5.8 will be the starting base for the investigation
for the trend as seen in figures 5.5-5.7. Figure 5.9 shows the three layer stack of graphene

while increasing the interlayer thickness to 1 nm.
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Figure 5.9 FEM with varying interlayer modulus a 1 nm thickness and a graphene aspect

Figure 5.9 starts to show the same trends as figures 5.5-5.7 where the limitations to the
FEM loading conditions affect the results based on the delamination between the graphene
filler and the interlayer. Increasing the graphene aspect ratio has helped produce a stiffer
composite as compared to the graphene aspect ratio of 10,000. The drastic drop in stain

from lower interlayer modulus is not as convincing with a higher aspect ratio. Figure 5.10
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ratio of 35,000.

further increases the interlayer thickness to 2 nm.
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Figure 5.10 FEM with varying interlayer modulus a 2 nm thickness and a graphene
aspect ratio of 35,000.

Figure 5.10 confirms the trend of a composite for increasing the interlayer thickness and
decreasing the interlayer modulus weakens the composite. Like the trends from figures 5.5-
5.7 figures 5.8-5.10 show the same results, however, the larger aspect ratio composite

seems to carry the loads better at a lower interlayer modulus.

5.3.2.2 Effect of interlayer Poisson’s ratio

The interaction between the fiber and the interlayer can also be affected by the Poisson’s
ratio. Poisson’s ratio is another material characteristic that can affect the overall composite
strength. Figures 5.11-5.13 show the effects of varying the interlayer Poisson’s ratio while
increasing the interlayer thickness. The interlayer Poisson’s ratios will be .2, .3 and .49.
The thicknesses will vary from .34 nm, 1 nm and 2 nm while keeping the volume fraction

and aspect ratio for the composite at 10% and 10,000 respectively.
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Figure 5.11 FEM with varying interlayer Poisson’s ratios an interlayer thickness of .34

nm and a graphene aspect ratio of 10,000.
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Figure 5.12 FEM with varying interlayer Poisson’s ratios an interlayer thickness of 1 nm
and a graphene aspect ratio of 10,000.
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Figure 5.13 FEM with varying interlayer Poisson’s ratios an interlayer thickness of 2 nm
and a graphene aspect ratio of 10,000.

From figures 5.11-5.13 the interlayer Poisson’s ratio does not have a large effect to the
overall strength of the composite. What is noticed from the FEM is increasing the interlayer
thickness does increase the composite strain for each value of the Poisson’s ratio. Due to

the increase in strain the composite is weakened for the increased interlayer thickness.

Figures 5.14-5.16 have the same comparison as figures 5.11-5.13, however, the graphene
aspect ratio is now increased to 35,000.
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Figure 5.14 FEM with varying interlayer Poisson’s ratios with an interlayer thickness of
.34 nm and a graphene aspect ratio of 35,000.
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Figure 5.15 FEM with varying interlayer Poisson’s ratios with an interlayer thickness of

1 nm and a graphene aspect ratio of 35,000.
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Figure 5.16 FEM with varying interlayer Poisson’s ratios with an interlayer thickness of 2

nm and a graphene aspect ratio of 35,000.

Like figures 5.11-5.13 figures 5.14-5.16 show that the interlayer Poisson’s ratio has little
effect on the overall composite strength. Also, from figures 5.14-5.16 the increase in

interlayer thickness decreases the overall composite strength, however, from the figures it
is not as easily seen.

5.3.3 Effect of interlayer spacing

The interlayer material characteristics have shown changes in the composite strain.
Previous figures have shown increasing or decreasing the interlayer modulus has a large
effect to the composite strain. Where as, increasing or decreasing the interlayer Poisson’s
ratio did not have a large effect. What is noticed from previous figures is increasing the

interlayer thickness increases the composite strain. Figure 5.17 shows the FEM prediction

81



of increasing the interlayer thickness while the aspect ratio of the graphene filler is 10,000

and a volume fraction of 10%.
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Figure 5.17 FEM predictions with increasing interlayer thickness with a Graphene aspect
ratio of 10,000.

Figure 5.17 shows that increasing the interlayer thickness with a lower graphene aspect
ratio produces a large effect to the composite strain. The larger the interlayer thickness the
larger the strain in the composite. Figure 5.18 shows the same FEM, however, the aspect

ratio for the graphene fill has increased to 35,000.
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Figure 5.18 FEM predictions with increasing interlayer thickness with a Graphene aspect
ratio of 35000.

Figure 5.18 shows that increasing the aspect ratio for the filler reduces the significance of
the increase to the strain in the composite. However, increasing the aspect ratio does not

eliminate the increase in composite strain so the same trend is still present.

5.3.4 Effect of number of layers

The previous representative graphs have displayed the effects of interlayer material
characteristics and interlayer spacing. Another aspect to the interlayer effects of a graphene
stack in a composite would be the number of interlayers there are in the stack. This means
adding more layers of graphene and increasing the number of interlayers. Previously,
increasing the interlayer spacing has decreased the strength of the composite, however, the
effects of multiple layers with a thickness of .34 nm is unknown. Figure 5.19 and figure
5.20 show the effects of adding interlayers to the composite.
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Figure 5.19 Multiple interlayers with a graphene aspect ratio of 10,000.
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Figure 5.20 Multiple interlayers with a graphene aspect ratio of 35,000.
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Figures 5.19 and 5.20 show similar trends for the overall strain in the composite. Increasing
the number of interlayers increases the strain in the composite. This will produce a weaker
composite as it relates to strength. The effects of increasing the number of interlayers is
very similar to increasing the interlayer spacing in the composite. Figure 5.19 shows more

of the trend due to the aspect ratio only being 10,000.

5.4 Conclusions

The mechanism of reinforcement by a multilayer graphene filler is investigated in this
chapter. Understanding the roles of interlayers on reinforcement efficiencies is very
important when producing stronger and lighter graphene based composites. The
conventional Shear-Lag theory is accurate for predicting the reinforcement efficiency of
monolayer graphene nanocomposites. However, the Shear-Lag theory is somewhat limited
when a filler has multiple layers. The finite element method has been used to model the
reinforcement mechanism of 2D, layered graphene fillers. The criterion set by the Shear-
Lag theory was important as this theory is known to predict very accurate results when
compared to experimental results. This criterion set the standard for the finite element
models. The procedures for the finite element models were accurate within a certain range
of parameters. This was evident when analyzing figures of interlayer affects to composite
strength. The trend of increasing the interlayer thickness produces weaker overall
composite strength is a trend not achieved from Shear-Lag theory. Also, FEM showed that
the interlayer Poisson’s ratio has little effect to the composite and the interlayer modulus
ratio has a large effect to the composite and could be an important design parameter when

designing novel graphene based nanocomposites.
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CHAPTER 6 - GENERAL CONCLUSIONS AND
FUTURE WORK

6.1 General Conclusions

The use of 2D, ultra-thin graphene as reinforcement fillers has shown great potential for
producing strong composites when used with high aspect ratios and moderate volume
fractions. The design of a novel composite requires the use of accurate, robust models.
Although several theoretical models have been developed for predicting properties of
composite materials reinforced with one-dimensional (1D) fillers, they have yet been
proven to be suitable for 2D, ultra-thin, high aspect graphene fillers. In this work, two
existing composite models (Halpin-Tsai model and the Tandon-Weng model) have been
comprehensively examined in the modeling of graphene-polymer composites. The
composites have been considered for the cases of both aligned fillers and randomly
distributed fillers. Due to the limitations and the lack of consideration for the contributions
of large aspect ratios and Poisson’s ratios from graphene fillers, Halipn-Tsai’s theory is not
adequate for predicting nanocomposites reinforced with 2D, ultra-thin graphene. Tandon-
Weng’s theory produces more consistent predictions with varying aspect ratios, volume
fractions, modular ratios, and graphene orientations (aligned and randomly distributed).
Selecting which method to analyze the composite should be determined based on the aspect
ratio and volume fraction of the filler for the composite. In the instance of graphene having

exceptionally high aspect ratios Tandon-Weng models should be used.

The study of interlayers for composites is very important when achieving the overall
strength a nanocomposite can produce. The reason this is so important is to do the
dispersion process for creating nanocomposites which is one of the common ways of doing
so. When a filler such as graphene is dispersed in to a matrix to form a composite the over
lapping of graphene is present as well as forming tightly packed stacks. The interlayer
material between the sheets of graphene affects the overall strength. Analyzing the material

characteristics in these interlayers as well as the spacing then becomes an important
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modeling parameter. In order to accurately predict the roles of these interlayers the
Arridge’s 2D lamellar model was used to compute the fundamental properties of the
effective filler (the graphene layered stack as one filler). This fundamental effective filler
was then used in Tandon-Weng’s theory to further investigate the roles of interlayers.
Tandon-Weng’s prediction for aligned fillers show that the material properties of the
interlayer effect all elastic properties of the composite. When analyzing the interlayer
effects of a random oriented graphene composite the modulus and the Poisson’s ratio seem
to have little effect to the overall composite strength. When the fibers are aligned the
Poisson’s ratio and the modulus do have a noticeable impact to the overall composite
strength. The interlayer spacing content has a noticeable impact for both the random and
aligned orientations for the fiber. When the interlayer spacing is increased, the overall
composite strength is decreased.

The mechanism of reinforcement by layer graphene fillers has been investigated using the
finite element method. Understanding the roles of interlayers on reinforcement efficiencies
is very important when producing stronger and lighter graphene based composites. The
conventional Shear-Lag theory is accurate for predicting the reinforcement efficiency of
monolayer graphene nanocomposites, but is not applicable to the case of a filler with
multiple layers. The FEM predicts that the interlayer material characteristics play a major
role for the strength of a composite. Increasing the interlayer spacing between each
graphene sheet weakens the overall strength of the composite and validating the predictions
of the align Tandon-Weng theory. This prediction is also valid for the interlayer modulus.
The interlayer Poisson’s ratio did not show a large effect to the overall composite strength

from the FEM and at this time is unclear as to how much the composite would be affected.

6.2 Future Work

The current study shows that there are still some areas for nanocomposites that can be
improved upon. The adequacy of Tandon-Weng model still requires further validation from

other sources, such as the finite element modeling of composites reinforced with 2D
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graphene at various conditions (aspect ratio, volume fraction, modular ratio, and graphene
orientations (aligned and randomly distributed)). The roles of interlayers should be further
investigated for more material aspects that have the ability to weaken the composite.
Further, new analytical models should be made in order to account for the “effective
moduli” effects form interlayers. For more current studies there should be experiments for
the effects of multiple layer stacks of graphene so these theoretical frameworks can be

validated or disproven.
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