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ABSTRACT

Micromechanics Modeling of the Multifunctional Nature of Carbon
Nanotube-Polymer Nanocomposites. (August 2007)
Gary Don Seidel, B.S., Texas A&M University;
M.S., Texas A&M University

Chair of Advisory Committee: Dr. Dimitris Lagoudas

The present work provides a micromechanics approach based on the generalized
self-consistent composite cylinders method as a non-Eshelby approach towards for
assessing the impact of carbon nanotubes on the multi-functional nature of nanocom-
posites in which they are a constituent. Emphasis is placed on the effective elastic
properties as well as electrical and thermal conductivities of nanocomposites con-
sisting of randomly oriented single walled carbon nanotubes in epoxy. The effective
elastic properties of aligned, as well as clustered and well-dispersed nanotubes in
epoxy are discussed in the context of nanotube bundles using both the generalized
self-consistent composite cylinders method as well as using computational microme-
chanics techniques. In addition, interphase regions are introduced into the composite
cylinders assemblages to account for the varying degrees of load transfer between
nanotubes and the epoxy as a result of functionalization or lack thereof. Model pre-
dictions for randomly oriented nanotubes both with and without interphase regions
are compared to measured data from the literature with emphasis placed on assessing
the bounds of the effective nanocomposite properties based on the uncertainty in the
model input parameters.

The generalized self-consistent composite cylinders model is also applied to model



v

the electrical and thermal conductivity of carbon nanotube-epoxy nanocomposites.
Recent experimental observations of the electrical conductivity of carbon nanotube
polymer composites have identified extremely low percolation limits as well as a per-
ceived double percolation behavior. Explanations for the extremely low percolation
limit for the electrical conductivity of these nanocomposites have included both the
creation of conductive networks of nanotubes within the matrix and quantum effects
such as electron hopping or tunneling. Measurements of the thermal conductivity
have also shown a strong dependence on nanoscale effects. However, in contrast,
these nanoscale effects strongly limit the ability of the nanotubes to increase the
thermal conductivity of the nanocomposite due to the formation of an interfacial
thermal resistance layer between the nanotubes and the surrounding polymer. As
such, emphasis is placed here on the incorporation of nanoscale effects, such as elec-
tron hopping and interfacial thermal resistance, into the generalized self-consistent

composite cylinder micromechanics model.
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CHAPTER I

INTRODUCTION AND LITERATURE REVIEW
Nanocomposites are composites which contain one or more phases having a length
scale on the order of nanometers (e.g., nanotubes, nanofibers, nanoclays, etc.). The
interest in nanocomposites comes from the unique properties inherent to the nanoin-
clusions employed, which allows for dramatic changes in composite properties with the
addition of just a small amount of nanoinclusions. One such nanoinclusion receiving

much attention are carbon nanotubes.

A. Carbon Nanotube-Polymer Nanocomposites

Since the discovery of carbon nanotubes (CNTs) by lijima [1], CNTs have become a
subject of much research across a multitude of disciplines. A single-wall carbon nan-
otube (SWCNT) can be viewed as a single sheet of graphite (i.e. graphene), which
has been rolled into the shape of a tube [2]. In addition to SWCNTSs, there are also
multi-wall carbon nanotubes (MWCNTSs) which can similarly be viewed as multiple
graphene sheets stacked and rolled into the shape of tube (see Figure 1). CNTs have
radii on the order of nanometers and lengths on the order of micrometers resulting
in large aspect ratios beneficial to their use in composites [2, 6], especially given the
exceptional properties CNTs are believed to posses. For example, carbon nanotubes
(CNTs) are reported to have a Young’s modulus along the tube axis in the range of
300-1000 GPa, up to five times the stiffness of SiC fibers and with half the density (see
Table I which provides a comparison of CNTs with other common fiber reinforcement

materials), in addition to having a theoretically predicted elongation to break of 30-

The journal model is International Journal of Engineering Science.
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Fig. 1. High resolution TEM images of single- and multi-walled carbon nanotubes.

1(a) A single wall carbon nanotube[3, 4]. 1(b) A multi-walled carbon nanotube

[5]-

40% [7-13]. In addition, CNTs can be either metallic or semi-conducting depending
on the tubes chiral, or roll-up angle, which indicates the orientation of the hexagonal
carbon rings relative to the tube axis [2, 4, 6]'. Metallic CN'Ts have been observed to
conduct electrons ballistically, (with no scattering) having coherence lengths of sev-
eral microns [14] and with a current density measured [15] as high as 109 A/cm? (the
highest of any known material). Similarly, CNT bundles have been observed to have
a measured resistivity of 1E — 3 ohm-cm at 300 K [16], resulting in a conductivity
higher than any other known fiber. Finally, looking at thermal properties, CN'Ts have
now been shown to have a thermal conductivity at least twice that of diamond [17]?.

1Zigzag CNTs (n,0) have a chiral angle of 0° and are typically semi-conducting,
armchair CNTs (n,n) have a chiral angle of 30° and are always metallic, chiral CNTs

(m,n) with angles between 0° and 30° provide a spectrum between semi-conducting
and conducting behavior.[4]

2For a summary of some of the reported values of carbon nanotube properties, see
Section Al of Appendix A



inforcement materials.[12]

Table I. Properties of carbon nanotubes in comparison with other common fiber re-

Fiber Diameter | Density | Tensile Strength Modulus
(um) | (g/em?) (GPa) (GPa)

Carbon 7 1.66 2.4-3.1 120-170

S-glass 7 2.5 3.4-4.6 90

Aramid 12 1.44 2.8 70-170

Boron 100-140 2.5 3.5 400

Quartz 9 2.2 3.4 70

SiC fibers 10-20 2.3 2.8 190

SiC whiskers 0.002 2.3 6.9 -

CNTs 0.001-0.1 ~ 1.33 Up to ~ 50 Up to ~ 1000




Given their unique properties, carbon nanotubes have been proposed as nanoscale
inclusions capable of imparting multifunctionality to composites in which they are a
constituent. For example, one proposed implementation of CNTs is as structural en-
hancement of traditional carbon fiber/epoxy composite laminates, where it is believed
that the selective use of CN'Ts as surface treatments can improve interface strength
between the carbon fibers and epoxy, and thereby improve the fracture toughness of
the composite [18] and indicating a need for multiscale analysis [19, 20]. Another
example of particular interest, nanotubes have been introduced into non-conducting
polymers in attempts to make light-weight® conducting polymer composites which
can serve in structural applications while performing additional functions such as
improving electromagnetic interference shielding efficiency and assisting in meeting
electro-static discharge and grounding requirements for aircraft and spacecraft[22, 23].

Applications for CNTs in engineering systems are likely to focus in the near term
on the enhancement of the mechanical, thermal and electrical properties of materi-
als currently in use. As such, a wide variety of composites containing CNTs have
been manufactured to take advantage of the reported high stiffness (~ 1 TPa [24]),
high strength (~ 150 GPa [25]), as well as high thermal and electrical conductivities
(~ 2000 W/mK [26] and 1000 — 200,000 S/cm [27], respectively) of CNTs. Peigney
et al. [28] have fabricated composites specimens of CNTs embedded in ceramic pow-
ders while Milo et al. [29] have embedded CNTs in poly(vinyl alcohol). Meltmixing
has been used by Potschke et al. [30] to introduce CNTSs into a polyethylene matrix.
Such efforts have identified several key challenges in the fabrication of CNT com-
posites. Adequate dispersion of CNTs within the matrix has been a key issue given
the tendency of CNTs to form bundles due to interatomic forces (van der Waals

3The reported densities of carbon nanotubes are comparable to epoxies[12, 21],
making the increase in weight with the addition of CNTs into epoxies negligible
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Fig. 2. TEM image of CN'T's forming bundles. Image was taken using a JEOL 1200 EX
TEM operating at an accelerating voltage of 100kV at Texas A&M University
(by P. Thakre).

forces)[12, 31-33] (see Figure 2). Adhesion of the CNTs to the surrounding matrix
has been another key issue [34] as has manipulating the orientation of CNTs and
bundles of CNTs within the matrix [35] to form aligned CNT composites.[32, 36, 37].

Efforts to address the adhesion and dispersion issues in particular from a pro-
cessing point of view have identified chemical functionalization of carbon nanotubes
as one solution, leading to an increased importance of the interphase region between
carbon nanotubes and the surrounding matrix[33, 34, 38-41]. Differing forms of car-
bon nanotube functionalization affect both interphase thickness and how the material
properties within the interphase vary through the thickness. The interphase region
in these composites can therefore be modeled as a functionally graded material. An

example of both clustering and interphase regions as observed in TEM imaging is
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Fig. 3. TEM images depicting the presence of clustering and interphase regions
CNT-polymer composites. 3(a) demonstrates regions of clustered bundles of
CNTs. 3(b) demonstrates the presence of an interphase region coating a CNT
which has been exposed on a fracture surface. Both images are for CNTs in

polypropylene and were taken using a JEOL 1200 EX TEM operating at an
accelerating voltage of 100kV at Texas A&M University (by P. Thakre).

provided in Figure 3.

Many efforts have sought to measure the multifunctional properties of nanotube
composites, looking at mechanical (modulus, yield strength, viscosity) plus electrical
or thermal properties[30, 42-47]. For example, enhancements in elastic Young’s mod-
ulus of unfunctionalized CNTs in CNT-epoxy composites of up 20% in tension and
75% in compression have been observed for CNT weight percents of just 5% [36], with
similar increases in the effective modulus of CNT reinforced polystyrene observed to
be on the order of 40% for just 1% weight CNTs[48]. For functionalized CNTs, that
is CNTs which have been chemically altered to better interact with a given matrix,
increases in Young’s modulus of 30% and 60% have been observed at weight per-
cents of 1 and 4%, respectively [33, 49]. A brief review of the mechanical, electrical
and thermal properties of carbon nanotube composites is provided in [50] including

the interfacial bonding properties, mechanical performance, electrical percolation of



nanotube/polymer and nanotube/ceramic composites are also reviewed.?

Experimental measurements of the electrical conductivity of polymer nanocom-
posites have shown substantial increase (seven or more orders of magnitude at 1% wt.)
in conductivity at very low volume fractions of carbon nanotubes [30, 44, 45, 51-53].
A variety of carbon nanotube-polymer nanocomposites have been produced and their
electrical conductivity measured. Some efforts have focused on adding nanotubes to
epoxies [21, 51, 53-55]. Other efforts have looked at carbon nanotubes in PMMA
[22, 42, 56|, polycarbonate [30, 57, 58|, polystyrene [59, 60], PmPV [61, 62], as well
as a wide variety of other polymer matrices [43-45, 52, 63-66].5

A common theme amongst much of the observed electrical conductivity data
for these nanocomposites is what a appears to be a double percolation phenomena
[21, 22, 30, 44, 45, 51, 54, 55, 59, 61, 62, 64, 66|, often at values below the expected
geometric percolation limit [30, 44, 45, 51-53], with a range of typically measured
values for percolation between 0.5 and 1.5% wt. While it is difficult to identify a
unique percolation threshold (see pg. 232 of [67]), many have used models based on
networks of connected fibers or the volume exclusion method in attempts to analyti-
cally identify a contact percolation threshold [21, 55, 64]. Such estimates have placed
the percolation limit between 0.12 and 2.7% wt. Computational estimates for the
percolation limit have focused on random volume filling of sticks and Monte Carlo
random walk modeling [64, 68-70], and have identified a range between 0.74 and 3%
volume.

Some explanations for why percolation is achieved prior to what might be the

4For a summary of some of the reported values of CNT-polymer composite Young’s
moduli, see Section A2 of Appendix A

°For a summary of some of the reported values of CNT-polymer composite elec-
trical conductivities, see Section A3 of Appendix A



geometric limit have centered on electron hopping or quantum tunneling [42, 59, 71],
with [71] indicating that, ”variations in the thickness of the polymer coatings, as
well as nanotube-nanotube separation, varies the tunnel barrier and this fluctua-
tion induced tunneling determines the intertube transport.” [59] suggest two charge
transport mechanisms, ”charge hopping in low MWCNT loadings (0.02-0.6 wt%)
and ballistic quantum conduction in high loadings (0.6-0.9 wt%).” Others have cited
molecular influences on conducting network formation [53]. ©

In contrast to electrical conductivity measurements, efforts to measure the impact
of carbon nanotubes on the thermal conductivity of polymer nanocomposites’ have
not found as significant of an increase in the nanocomposite conductivity (a factor of
three or less at 1% wt.) relative to the neat polymer [72-76].® Some have proposed
that despite the high thermal conductivity of nanotubes, it is a nanoscale effect at the
interface between the nanotube and the polymer which governs the composite thermal
conductivity [77, 78] due to the presence of an interface thermal resistance often
referred to as the Kapitza resistance. As it is difficult to directly probe the interface
between carbon nanotubes and the polymers in which they are embedded in the lab,
some[78-80] have used molecular dynamics simulations to estimate the interfacial
thermal resistance. However, many [73, 79, 81-84] have used the effective medium
approach [85] to estimate the thermal resistance by comparison with nanocomposite

measurements. Such efforts have confirmed that the interfacial thermal resistance

®Du et al.[42] have indicated a tube-tube distance of less than 5 nm results
in nanocomposites becoming electrically conductive based on the electron hopping
mechanism.

"For a summary of some of the reported values of CNT-polymer composite thermal
conductivities, see Section A4 of Appendix A

8This is of interest because, from a continuum point of view, the equations for ther-
mal and electrical conductivity are mathematically analogous. Thus this differences
points to the difference in nanoscale mechanisms between the conductivities.



can have a significant impact on the effective thermal conductivity of CNT-polymer

nanocomposites.

B. Nanocomposite Modeling

Modeling of composites containing CNTs has also received attention in recent years.
One clear challenge to the modeling of nanocomposites is that the nanocomposite is
a macro, continuum scale composite, but the individual phases can range from the
continuum scale down to the nanometer scale, and therefore are approaching discrete
limits. Presently, there are models which address material behavior at the various
length scales.

For example, quantum mechanics (ab initio) modeling is applied on the sub
nanometer scale to obtain electronic structure information of a CN'T using the Schrodinger
equation (see for example Yakobson et al. [86]). Such simulations are in practice
computationally limited to a few hundred atoms, but can be representative of larger
structures using periodic boundary conditions. At the tens to hundreds of nanometers
scale, molecular statics (MS) or molecular dynamics (MD) simulations, which consist
of a statistical energy minimization of atomic conformations using Newtons Second
Law, can be used to model both individual CNTs (see for example Yakobson et al.
[87]) and the interactions between CNTs and the polymer matrix (see for example
references [78, 88]). MS/MD simulations are in practice computationally limited to
tens of thousands of atoms, but can also be representative of larger structures us-
ing periodic boundary conditions. At submicron scales or larger, micromechanics
modeling, which consists of traditional continuum mechanics approaches for passing
information about the influence of smaller scale inhomogeneities up to larger scales

where engineering loads are applied, are used to homogenize nanocomposites con-
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taining large numbers of CNTs distributed in the polymer matrix (see for example
[37, 89-91]). Finally, macroscale continuum modeling (e.g., finite element analysis) is
applied on millimeter and larger scales to reflect useful composite shapes and loads
for desired applications.

Much research in ab initio and MD modeling of carbon nanotubes has been
explored in terms of understanding both mechanical and electrical properties of car-
bon nanotubes [10, 92-96]. Some [88, 97| have used MD to obtain the stress-strain
behavior of CNTs embedded in a polymer matrix. Other researchers have used atom-
istic simulations of epoxy/nanotube composites in order to address nanotube pull-
out from the epoxy [98]. Recently, molecular dynamics simulations have revealed
the presence of a functionally graded interphase even in non-functionalized carbon
nanotube reinforced polymer matrix composites [99-101]. A more recent MD study
has addressed the impact of functionalization on the elastic properties of nanotubes
chemically bonded to an epoxy matrix with various grafting densities [102]. However,
such modeling efforts are computationally limited to modeling either relatively short
nanotubes or to infinitely long nanotubes (through the use of periodic boundary con-
ditions), and typically to time scales on the order of picoseconds for individual carbon
nanotubes [92, 93]. As such, carbon nanotubes, and indeed any composites in which
they are a constituent, seem natural candidates for the development of multiscale
modeling techniques (see for example [103-105]). Computational limitations make it
difficult for quantum mechanics and molecular dynamics simulations to capture in-
teractions through the polymer matrix between multiple CNTs. However, when used
in combination with micromechanics approaches, the resulting multiscale model can
become a powerful modeling tool.

Multiscale models have been applied using both atomistic simulations and mi-

cromechanics to assess the constitutive properties of various functionalized nanotube
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materials [106-111]. Liu and Chen [112] studied the mechanical response in tension of
a single CN'T embedded in polymer via finite element analysis. In a series of papers,
Odegard and Gates [89] and Odegard et al. [113-116] have modeled CNT compos-
ites using the equivalent continuum method in conjunction with the Mori-Tanaka
micromechanics method to obtain the effective elastic constants for both aligned and
misaligned CNTs and found effective elastic moduli to be several times that of the ma-
trix for aligned CN'T's and almost one and a half times the matrix value for misaligned
CNTs at a volume fraction of 1% CNTs with a matrix consisting of a thermoplastic
polyimide LaRC-SI.

Experimentally obtained values for effective Young’s modulus being substantially
lower, other research efforts have sought to include additional aspects of CNT com-
posites in the calculation of effective properties. For example, the effects of nanotube
waviness on the effective composite properties have been studied of polystyrene rein-
forced with carbon nanotubes by Fisher [12] and Fisher et al. [37, 117] using finite
element analysis in conjunction with the Mori-Tanaka method and found to lower the
effective modulus. Buckling of CNTs within an epoxy matrix has been considered by
Hadjiev et al. [118]. Other efforts have focused on the inclusion of less than ideal
CNT adhesion to the matrix in CNT composite modeling [100, 119-121].

Modeling of the thermal and electrical conductivity of nanocomposites has fo-
cused primarily on nanoscale effects such as thermal interface resistance and low
volume fraction percolation. Gang and Li [122] have studied the dependence of ther-
mal conductivity of single walled nanotubes on chirality and isotope impurity by
nonequilibrium molecular dynamics and found that, contrary to electronic conductiv-
ity, the thermal conductivity is insensitive to the chirality. As it is difficult to directly
probe the interface between carbon nanotubes and the polymers in which they are

embedded in the lab, some[78, 79] have used molecular dynamics simulations to esti-
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mate the interfacial thermal resistance. However, many [73, 77, 79, 81-84, 123| have
used the effective medium approach [85] or derivatives thereof [124] to estimate the
thermal resistance by comparison with nanocomposite measurements. Others [53, 90]
have employed a Mori-Tanaka approach proposed by Hatta and Taya to model the
effective thermal conductivities of nanotubes nanocomposites both with and with-
out interfacial thermal resistance. Still others [74] have used the Nielsen model in
comparing with experimental observations of nanocomposite conductivity. A control
volume finite element method was employed by Song and Youn [72] to obtain the
effective thermal conductivity of nanocomposites.

However, as the electrical conductivity results for nanocomposites are dominated
by a percolation behavior, the majority of the nanocomposite modeling efforts have
focused on traditional percolation theory. The post-percolation increase in conduc-
tivity is often modeled by the relationship described by the equation o = A(c; — c?)t
where o is the conductivity of the composite, c; is the volume fraction of the inclusion
in the composite, c? is the critical volume fraction (volume fraction at percolation),
and A and ¢ are fitted constants [64, 125], assuming the source of the percolation is a
conducting network. Others [126] have attempted simple models of sticks in series to
describe the conductive network conductivity. However, there is a shortage of models

to describe the pre-percolation behavior of nanocomposites.

C. Micromechanics Models for Elastic, Electrical and Thermal Properties of Com-

posites

1.  Micromechanics Techniques for Elastic Properties

As will be discussed in greater detail in Chapter II, many micromechanics approaches

center on volume averaging to determine the effective properties of composites through
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the use concentration tensors. There are a variety of approaches for determining the
stress or strain concentration tensors for use in determining the effective properties
of composite materials. One of the most widely used approaches is the Mori-Tanaka
method (see Section C Part 2 of Chapter II) [127-129], followed by the self-consistent
method [129, 130]. These approaches take advantage of the Eshelby solution [131] in
individually determining the stress and strain concentration tensor for each ellipsoidal
homogeneous inclusion in the composite, with the key difference being between the
two approaches being the selection of the embedding material in the application of
the Eshelby solution. The Mori-Tanaka method takes as the embedding material the
matrix material of the composite perturbed by an additional amount of stress/strain
to account for inclusion interactions in determining the dilute concentration tensors
from which the total concentration tensor is defined. In contrast, the self-consistent
method (see Section C Part 1 of Chapter II) [130] accounts for inclusion interactions
by taking as the embedding material the unknown effective in determining total con-
centration factors and therefore makes the solutions for the effective properties a set
of nonlinear equations.

The success of the Mori-Tanaka and self-consistent methods have lead to efforts
to extend them to include non-ellipsoidal and non-homogeneous inclusions. For ex-
ample, Benveniste et al. [132] applied the composite cylinders method in a two-step
process in the determination of dilute stress concentration tensors for use in a Mori-
Tanaka method for determining the effective thermoelastic properties of coated fiber
composites. Dasgupta and Bhandarkar [133] followed a similar approach as Ben-
veniste et al. in the determination of dilute stress concentration tensors, but instead
made use of the generalized self-consistent composite method. Finite element cal-
culations were employed by Fisher et al. [117] to calculate the Young’s modulus of

wavy fibers which was then used to determine strain concentration tensors via the
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Mori-Tanaka method. Other efforts have focused on what could be referred to as
non-Eshelby approaches towards determining stress and strain concentration tensors.
For example, Bradshaw et al. [134] have used the finite element method in a Mori-
Tanaka approach where the dilute strain concentration factor is determined directly
from finite element results as opposed to through the use of the Eshelby solution.

The effects of interphase regions on the effective properties of composites have
been approached using a variety of techniques, mostly in the context of coated fiber
inclusions[91, 132, 133, 135-140]. Others have identified methods which have been
applied in determining the effective properties of composites containing fibers coated
with graded interphase regions. Achenbach and Zhu [141] applied the boundary
element method for obtaining marcomechanical behavior for transverse loading of
hexagonal array of fibers with an interphase region represented by a spring layer.
Sancaktar and Zhang [142] made use of a differential scheme for determining stresses
and strains in a single fiber composite with nonlinear viscoelastic interphase. The
method of cells was used by Gardner et al. [143] and by Low et al. [144] to determine
the effective elastic properties of coated fiber composites. A good summary of the
analytical interphase modeling approaches prior to 1993 was provided by Jayaraman
et al. [145]. More recent efforts have relied on finite element modeling [91, 146]
and even on a Cosserat shell model [147] to determine effective properties of graded
interphase fiber composites.

A number of research efforts have sought to ascertain the effects of clustering
on the effective elastic properties of composites. Many research efforts have used
tessellation techniques to identify what constitutes a clustered arrangement as well
as to delineate different amounts of clustering [148-153]. Ghosh and Moorthy [154]
and Ghosh et al. [150] used the Voronoi cell finite element method to obtain the

stress-strain response for clustered fiber reinforced composites and observed increases
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in the transverse stress as a result of clustering. Tszeng [155] studied the elastoplastic
response of clusters of spherical particles in metal matrix composites using and equiv-
alent inclusion approach and found no significant effect of clustering on the effective
modulus. Boyd and Lloyd [156] used FEA analysis to study the effects of particle
clustering on the fracture toughness in metal matrix composites. Bhattacharryya and
Lagoudas [153] derived a form of the self-consistent model for the effective properties
of clustered fiber reinforced composites based on local volume fraction distributions
and applied it to bimodal distributions where increases in transverse elastic properties
for clustered distributions were found. For aligned short fiber composites, Kataoko
and Taya [157] obtained the effect of clustering on the local stress-strain response,
but surprisingly found a decrease in the effective axial stiffness?. It should be noted
that these previous efforts were more focused on the stress-strain response as opposed
to the effective properties, and generally observed the effects of clustering at a single
global volume fraction for more traditional composite systems such as carbon fiber

reinforced and metal matrix composites.

a. The Composite Cylinder Method

Many micromechanics efforts focused on the estimation of the effective properties of
aligned fiber composites have made use of what came to be known as the Composite
Cylinders Model, or Method. The Composite Cylinders Model was originally pro-
posed by Hashin and Rosen [158] in an effort to determine bounds on and expressions
for the effective elastic properties of aligned, circular fiber reinforced materials. The
model made use of the direct strain energy equivalency between the effective material
response and the response of a composite cylinder assemblage consisting of concentric

9This is a surprising result as it is generally expected and observed that the axial
stiffness tends to follow the rule of mixtures and therefore is unaffected by clustering
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circular cylinders of fiber and matrix which was taken as representative of aligned
fibers randomly dispersed in the matrix. Five sets of both traction and displacement
boundary conditions were applied to the composite cylinder assemblage in order to
determine a set of five independent elastic constants for the effective material: the
longitudinal Young’s modulus, the longitudinal stiffness, the plane strain bulk modu-
lus, the longitudinal shear and the transverse shear. In all but one case, the transverse
shear, the application of the boundary conditions resulted in coincident bounds and
as such, an expression for the effective property.

In an effort to determine coincident bounds, and therefore, an expression for
the shear modulus of spherical particles in a matrix, Christensen and Lo [159] pro-
posed a generalized self-consistent approach. In this approach, a composite sphere
assemblage consisting of the spherical inclusion and the matrix was embedded in a
third phase, the material properties of which were taken to be those of the effective
material, and which could be taken to extend to infinity. The Eshelby strain energy
equivalency between the assemblage and effective material is then invoked which, as a
result of the third phase being the effective material, leads to an expression in which
the interaction energy for the assemblage must be zero. The bounds determined for
the shear modulus of the generalized self-consistent composite sphere were observed
to be coincident, and, given the relative similarity between the solutions of the two
problems, Christensen and Lo were able to use the same approach to develop an ex-
pression for the transverse shear modulus of a generalized self-consistent composite
cylinder assemblage. In a much later work, Christensen [160] compares the results of
this generalized self-consistent composite cylinder approach to obtaining the effective
transverse modulus with other micromechanics approaches and notes good agreement
with the Mori-Tanaka method [127, 128] which the present authors also observed in

addition to good agreement with finite element simulations [161, 162]. While Chris-
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tensen and Lo acknowledge the differences between the generalized self-consistent
composite cylinders approach and Hashin and Rosen’s original composite cylinders
approach, others, including Hashin, sought to use both approaches in a unified effort
towards determining a set of five independent elastic constants for the effective prop-
erties of aligned fiber composites [163-165]. This resulted in a multi-layer composite
cylinders method where four of the five elastic constants are determined from the
Hashin and Rose method and the fifth from Christensen and Lo’s approach.

In an effort to determine the effective thermoelastic properties of graphitic car-
bon fibers, Hashin [163] employed the composite cylinders method [158] to determine
the axisymmetric elastic properties, the axial shear modulus, the coefficient of ther-
mal expansion, and the thermal conductivity, while using a generalized self-consistent
composite cylinder approach [160] to determine the transverse shear modulus, trans-
verse Young’s modulus, and transverse Poisson’s ratio. In a later work, Hervé and Za-
oui [165] proposed to use the generalized self-consistent composite cylinders approach
in determining all of the effective elastic constants of composite cylinder assemblages
consisting of N- concentric phases, thereby making the effective material the (N +1)
phase. For two phase composite cylinder assemblages (i.e., N = 2), they were able to
argue that an approach like the one taken by Hashin for graphitic carbon fibers was
consistent in that the generalized self-consistent composite cylinder method would
yield identical elastic constants as the original composite cylinders method for those
properties identified to have coincident bounds.

The replacement of interphase by an interface in determining the effective ther-
moelastic properties of coated carbon fiber composites was investigated by Hashin
[140, 166] through the incorporation of jump discontinuities in traction and displace-
ment across the fiber-matrix interface in the composite cylinder assemblage.

Additional efforts have focused on the development of composite cylinders mod-
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els to capture the effects of graded interphase regions. Jayaraman and Reifsnider
[167] developed a solution for a graded interphase region having a radial power varia-
tion in Young’s modulus (constant Poisson’s ratio) in determining the thermoelastic
radial and hoop stresses of coated carbon fibers composites. Jasiuk and Kouider
[168] investigated the use of infinite series solutions in composite cylinders models for
determining the effective elastic properties of coated fibers having graded interphase
regions with radial linear variation in both Young’s modulus and Poisson’s ratio. Lutz
and Ferrari [169] also developed an infinite series solution for a graded interphase re-
gion where the variation in both Lamé constants is a truncated power function plus a
constant. In an alternative approach, the composite cylinders method has been used
by Huang and Rokhlin [170] as part of an iterative process towards modeling a graded
interphase region which they term the transfer matrix method (see also [132, 133]).

Several efforts have used the composite cylinders approach in determining the
thermo-elastic stress distributions in fiber reinforced composites. In [136, 138, 167,
171], composite cylinders approaches are applied to obtain the thermal stresses (axial
and hoop) in a fiber and matrix with and without an interphase region. Other efforts
[169, 170, 172] have focused on modeling functionally graded interphase regions in
fiber reinforced composites. Recently [161], multi-layer composite cylinders models
have been applied to CNT reinforced epoxies wherein CNTs have been treated as
continuum sheets of rolled graphene surrounded by interphase layers to simulate dif-
fering amounts of load transfer as a result of functionalization, but have lacked direct
MD coupling.

Applications of the composite cylinder method have centered around the deter-
mination of the effective thermoelastic properties of aligned coated fiber composites.
Nairn [171] employed a composite cylinders approach to determine axial and hoop

stresses in response to thermal loads for carbon fiber composites with and without an
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interphase region; work which Wagner [136, 138] later followed to estimate fiber break
lengths due to residual stresses. Pagano and Tandon [173] made use of the composite
cylinders method in a parametric study on the effects of an interphase region and
of orientation on the thermoelastic properties of coated fiber composites. Carman
et al. [164] used the composite cylinders method as part of an approach towards
designing optimal interphase thermoelastic properties. Recently [161], multi-layer
composite cylinders models have been applied to carbon nanotube reinforced epoxies
wherein carbon nanotubes have been treated as continuum sheets of rolled graphene
surrounded by interphase layers to simulate differing amounts of load transfer as a

result of functionalization.

2. Micromechanics Techniques for Thermal and Electrical Properties

Continuum micromechanics models have long been used to determine the effective
electrical conductivities of composites with well dispersed inhomogeneities. Begin-
ning with single particle [174, 175] and arrays of particles [176] embedded in a matrix
material, continuum mechanics descriptions for the effective conductivity of compos-
ites were developed, generally with the assumption that the inhomogeneity is fully
enveloped by the matrix or an effective material. Based on the assumption that
each crystal acts as if surrounded by a homogeneous medium whose properties are
those of the mixture, Landauer [174] proposed a theory for predicting the electrical
conductivity of a binary random mixture of metals having spherical grains. Kerner
[175] extended this result for coated spheres. Later work was aimed at using varia-
tional principles to establish bounds on the effective composite properties [177-180],
generally by mathematical analogy with other properties like magnetic permeability,
effective dielectric constants, or elastic properties.

Subsequent micromechanics models were driven by effective medium approaches
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[181-184] and the development of the differential scheme, the self-consistent method,
and the Mori-Tanaka method for effective conductivity (noting again that many of
these developments were for mathematically analogous properties) [183, 185-188]
whose mechanical analogs form the backbone of micromechanics approaches for ef-
fective elastic properties. Some of these methods relied on Eshelby-like approaches,
leading to equivalent inclusion methods!® for incorporating coatings or interphase
layers [53, 182, 183, 185, 187, 189-192]. Other methods have relied on computational
micromechanics in the form of finite element [193] or finite difference [194] methods
in addition to other theories (Halpin-Tsia, polarization) [72, 123] to determine the
effective conductivity. Still other methods relied on the development of composite
sphere or cylinder solutions to determine the effective conductivities coated spheres
and fibers [163, 185, 186, 195, 196], at times to model functionally graded material
regions. It is the latter which will be the focus of the modeling efforts in the present
study using the multi-layer composite cylinder method to determine the concentration

tensors.

D. Objectives and Outline of the Present Research

The present work seeks to investigate the development and application of microme-
chanics techniques for use in multiscale models for CNT-polymer composites. As a
result of the hollow nature of CNTs and the presence of interphase regions, microme-
chanics methods which make use of the Eshelby solution, like the Mori-Tanaka and
self-consistent methods, can not be used. As such, emphasis is placed on the com-

The term equivalent inclusion method is traditionally used in describing the
equivalency between a homogeneous inhomogeneity and an inclusion with an un-
known eigenstrain. However, here it is meant that the inhomogeneous inhomogeneity

(inhomogeneity plus the interphase) is replaced by and effective inhomogeneity prior
to the application of the traditional equivalent inclusion method.
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posite cylinders model as a non-Eshelby approach in the determination of effective
CNT-polymer properties. Specifically, we seek to establish connections between gen-
eral micromechanics averaging philosophy with generalized self-consistent composite
cylinder modeling of hollow fibers coated with graded interphase regions as an ap-
proach to continuum level modeling of carbon nanotube enriched polymer composites,
and to validate these models by comparison with equivalent inclusion Mori-Tanaka
and self-consistent approaches as well as with computational micromechanics finite
element simulations. Efforts are also made to use the composite cylinders model and
computational micromechanics approaches to assess the impact of clustering, both
with and without interphase regions, on the effective nanocomposite properties. In
addition, the multifunctional nature of CNT-polymer composites are investigated us-
ing the multi-layer composite cylinders model to introduce nanoscale effects. Finally,
as part of the multiscale model, connections to lower length scale modeling efforts,
such as MD simulations, are made in the validation of CNT representations and in the
determination of interphase geometry and properties which are then used to calculate
effective nanocomposite properties for use in higher length scale models.

The multi-layer composite cylinders method is used to directly calculate the total
stress concentration tensors at finite volume fractions. This approach is provided
as a means to determining the effective elastic properties of composites containing
multiple types of coated fibers and of composites with partially aligned or randomly
oriented coated fibers through the use of general averaging methods. For CN'Ts and
for CNTs with interphase regions the composite cylinders solutions can be used to
obtain the components of the concentration tensors through volume averages of the
stress and strain in the composite cylinder layers. Concentration tensors for CNT's
with different functionalizations can then be obtained and averaged together to get

the effective properties for epoxies containing a mixture of CNT types. Similarly, the
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concentration tensors can then be used to introduce the effects of random orientation
by considering each orientation of CNTs as a separate phase. The effective properties
are then obtained by averaging over all possible orientations. However, with the
concentration tenors determined directly from the composite cylinders approach, the
random orientation averaging can take place without using the Mori-Tanaka method,
and thereby allows for a more direct accounting for the presence of interphase regions.

The effects of interphase regions due to functionalization and polymer entan-
glement on the effective elastic properties are also investigated using a multi-layer
composite cylinders approach. Herein the effects of interphase regions are modeled
by taking advantage of the generalize self-consistent composite cylinder method. In
the present work, the multi-layered, generalized self-consistent composite cylinders
model is used to model a functionally graded interphase region with an increasing
number of piecewise continuous subregions. The objective is to obtain the effective
elastic constants of carbon nanotube reinforced composites from the micromechanical
model, but to refine the number and properties of the subregions to approximate the
density variations observed in the molecular structure. The generalized self-consistent
composite cylinders technique is also used to model the graded interphase regions as
continuous functions which will be compared to piecewise continuous solutions. For
complicated variations in material properties, multiple layer sequences of continuous
varying regions are explored.

Efforts are also made in the present work to elucidate the effects of clustering of
carbon nanotubes within a polymer matrix on the effective elastic properties of such
composites. TEM images have shown that within a given cluster, bundles of CNT's
are often observed to have a high degree of alignment. As such, clustering of CNTs
in a polymer matrix is modeled herein in the context of aligned CNT bundles. Both

the independent and combined effects of interphase regions and clustering of high-
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stiffness hollow fiber composites representing CNTs are studied using computational
micromechanics techniques in the form of continuum finite element analysis (FEA).
Finite element results are then compared to the corresponding results obtained by
analytic micromechanics methods. In the analytic approach, a tessellation procedure
to quantify clustering and the effects of clustering on the effective properties of CNT
composites are modeled using a multi-layered composite cylinder method which is
coupled to a multi-phase Mori-Tanaka approach to obtain the effective properties
of aligned clustered fiber reinforced composites for a wide range of global volume
fractions.

In assessing the multifunctionality of CNT-polymer nanocomposites, continuum
micromechanics models are used to predict the pre-contact percolation behavior of
carbon nanotube reinforced composites, with the nanoscale effects such as electron
hopping modeled through the use of interphase zones. In the present work, a contin-
uum micromechanics method in the form of a composite cylinders model is used to
obtain the effective electrical conductivity of carbon nanotube-polymer composites,
incorporating the nanoscale effects observed in the macroscale measurements of the
effective electrical conductivity, namely premature percolation and a double percola-
tion limit, through the incorporation of multiple interphase layers. ' The composite
cylinders method is used in determining non-dilute electric flux concentration tensors
for use in micromechanics orientation averaging in modeling the carbon nanotube-
polymer composites as a well-dispersed system of randomly oriented nanotubes.

In addition to assessing the multifunctionality of CNT-polymer composites in
terms of electrical conductivity, a micromechanics approach based on the composite

HUsing different interphase layers to represent various mesoscale electrical phe-

nomena has also been applied by [197] for concentric spheres in what was termed a
multi-core model.
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cylinders model is applied as an alternate approach for assessing the impact of an
interfacial thermal resistance on the effective thermal conductivity of nanocompos-
ites. The composite cylinders assemblage is used to introduce the Kapitza layer and
additional interphase layers in a manner which enforces concentric heat flux through
each layer and accounts for the hollow interior of the nanotube. The lateral effects of
the interfacial thermal resistance are readily introduced using interphase layers. In
addition, we seek to introduce anisotropy into the carbon nanotubes by reducing the
axial conductivity of the carbon nanotube in order to account for end effects. The
degree of anisotropy is introduced in our model as an effect of the Kapitza layer by
constructing a composite bar in series solution for the effective axial conductivity of
the nanotube. In addition, the composite cylinders assemblage is used to directly
determine concentration tensors for use in incorporating the effects of random orien-
tation.

As part of the multiscale modeling effort, we seek to address phenomena oc-
curring in the bulk polymer and attributed to the presence of nanotubes and their
surrounding interphases. Evidence from MD simulations has indicated a region of
perturbed polymer extending radially outward from the CNT surface, the thickness
of which can be on the order of the CNT radius even for unfunctionalized CNTs.
This thickness can be larger than the van der Waals cut-off radius used in MD sim-
ulations, and therefore is considered a long range interaction. It is postulated that
this long range interaction can be best represented in the composite cylinders mod-
els as a separate phase between the CNT and undisturbed matrix defined as the
interphase. At present MD simulations can identify the presence of the interphase
in the form of disturbances in the density distribution in the surrounding polymer,
but cannot identify the elastic properties of this region. Molecular dynamics (MD)

simulations of unfunctionalized and functionalized CNTs embedded in a polymer ma-
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trix will be used to calibrate micromechanics modeling efforts in the determination of
appropriate interphase thicknesses and properties. Initial coupling between MD and
composite cylinders solutions has relied on a postulated correspondence between den-
sity and stiffness [99]. Unfortunately, current MD simulations cannot directly probe
the interphase region. As such, a more direct coupling between MD and the compos-
ite cylinders method is obtained here which uses the composite cylinders method in
conjunction with MD simulations to ascertain appropriate elastic constants for the
interphase region. MD simulations provide the interphase thickness based on density
variations observed in the polymer. In addition, MD simulations will provide the
effective properties for the CNT-polymer system from which the interphase proper-
ties in the composite cylinders solution are solved using the volume averaged strain
energy equivalency. These interphase properties can then be used in the subsequent
composite cylinders solutions to predict the local effective properties at volume frac-
tions which would result in atomistic simulation boxes currently too large for MD
simulations.

The remainder of this work is presented as follows. Chapter II provides a review
of the general micromechanics averaging approaches based on energy equivalency
and averaging methods. Focused is placed on the self-consistent and Mori-Tanaka
methods in order to place the generalized self-consistent composite cylinders method
employed herein into context. In addition, the general approach towards orientational
averaging is presented. Chapter III provides a detailed description of the generalized
self-consistent composite cylinders method. Chapter IV provides results for the ef-
fective elastic properties of nanocomposites as well as a description of the methods
used and results obtained from interphase and cluster modeling using both analytic
and computational micromechanics approaches. In addition, comparisons of the ef-

fective properties obtained with these micromechanics approaches with measured ex-
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perimental data are provided. Chapter V provides results for the effective electrical
conductivities of nanocomposites and provides a discussion on possible mechanisms
leading to the observed early percolation behavior in the process of comparing pre-
dicted conductivities below the contact percolation limit with measured experimental
data. Chapter VI provides results for the effective thermal conductivities of nanocom-
posites. A description of the methods for including both the lateral and end effects
of the interfacial thermal resistance is provided and discussed in the context of com-
parisons with measured experimental data for nanocomposite thermal conductivity.
Finally, Chapter VII summarizes the conclusions and discusses some future challenges

for modeling of CNT-polymer nanocomposites.
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CHAPTER II

REVIEW OF CLASSICAL MICROMECHANICS METHODS
This chapter provides a review of classical micromechanics, beginning with the iden-
tification of the relationship between the macroscale boundary value problem and the
microscale representative volume element (RVE) in terms of the governing differential
equations for elasticity and electrical and thermal conductivity and a discussion on
volume averages in determining effective properties of composites. This is followed
by descriptions of the self-consistent and Mori-Tanaka methods for elastic properties
and thermal conductivities, and a discussion on orientational averaging. The chapter
concludes with a discussion on the use energy of equivalencies as a preface to the
discussion of the generalized self-consistent composite cylinder method of the follow-
ing chapter. Throughout this and the remaining chapters of this work, the following
notation conventions will be adopted: Extensive use of the summation convention
for indicial notation will be used to clarify tensor products and order. In addition,
fourth order tensor will be denoted by capital Latin letters. Second order tensor will
be denoted with lower case Greek letters unless indicated otherwise, and vectors will
be denoted by lower case Latin letters unless indicated otherwise. For clarity, defini-
tions and derivations involving derivatives with respect to space expressed using the

summation convention will be presented assuming a Cartesian coordinate system.
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A. Identification of RVE and Governing Equations

1. RVE and Governing Differential Equations for Linear Elasticity

Much of the philosophy in micromechanics approaches! is centered around determin-
ing effective properties for composites containing microstructure for use in macroscale
simulations of composite response to engineering loads. Effective properties are typ-
ically obtained by establishing an equivalency between the microscale RVE of the
composite and a representation of that RVE as an effective homogeneous medium as
shown schematically in Figure 4. For composites consisting of linear elastic materials,
the governing differential equations for the macroscale and for the microscale RVE
consist of the linearized elasticity equations?. It can be shown through the theory of
multiple scale expansion (see for example the work of Jansson [202]) that, for linear
materials and an asymptotic expansion of the displacement of order 62, where § < 1
is the scaling factor between the macro and microscales such that x; = X;/0, that
the macroscale and microscale can be related to one another through the definition
3

of the effective stiffness tensor?, L?ﬁ;z' As such, the static equilibrium equations at

the macroscale can be expressed as

'Many texts on micromechanics provide the following equations. In particular,
Mechanics of Composite Materials by Richard M. Christensen [198] and Fundamentals
of Micromechanics of Solids by Qu and Cherkaoui [199] are provided as a references.

2Many texts on continuum mechanics and elasticity provide the following equa-
tions. In particular, The Linearized Theory of Elasticity by William S. Slaughter
[200] and Introduction to Continuum Mechanics by Lai, Rubin and Krempl [201] are
provided as references.

3In micromechanics literature, it is common to use L;;1; for stiffness instead of Cjjp
which is commonly used in many texts on elasticity. As this chapter will be referencing
the classical micromechanics literature, we will use the so-called Hill notation [203]
and use L;ji; for stiffness.
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Effective Properties for

Microscale RVE
g Microscale RVE

~ Applied in Macroscale
Constitutive Equation

J— Fay

U =u

Macroscale Boundary Value Problem

Fig. 4. General schematic representing the relationship between the macroscale bound-
ary value problem and its corresponding microscale RVE from which effective
elastic properties are determined. The microscale RVE is noted to be subjected
to homogeneous displacements or tractions in terms of the macroscale average
strain or stress which is depicted for a general composite microstructure having

an assortment of irregularly shaped inhomogeneities.
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where ;5 is the macroscale Cauchy stress, f; is the body force, and &;; ; denotes the
divergence of the stress tensor in terms of the X; coordinate system. The boundary
conditions at the macroscale can be either specified tractions, t; = ojin; = t; (where n;
is the unit outward normal of the macroscale boundary), or specified displacements,
u; = U;, or a nonintersecting combination of the two. The macroscale kinematic
relations are expressed in terms of the linearized strain-displacement equations given

by

(@, 5 +15,4) (2.2)

N —

gz‘j =
where &;; is the infinitesimal strain tensor on the macroscale, ; is the displacement
vector of a macroscale material point, and #; ; denotes the gradient of the displace-

ment vector in terms of the macroscale X; coordinate system. The macroscale con-

stitutive relation can be identified as
Oij = Lfﬂﬁkl (2.3)

where the effective stiffness is obtained from the microscale RVE and is therefore a
function of the microscale z; coordinate system. It can further be shown that Eqn. 2.3

can alternatively be expressed as
(035) = L em) (2.4)

where (0;;) and (g;;) denote the volume averages of the stress and strain, respectively,
over the microscale RVE, i.e.
1
== av 2.5
@ =1 (25)

7
where V' is the volume of the RVE in the x; coordinate system.
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For the microscale RVE, the static equilibrium equations are expressed as
Oij, j = 0 (26)

where o;; is the microscale Cauchy stress and o;; ; denotes the divergence of the
stress tensor in terms of the x; coordinate system.* It is noted that the body force
is not included in Eqn. 2.6 as it can be observed from the theory of multiple scale
expansion that the body force need not be considered in the microscale equilibrium
equations. The microscale kinematic relations are expressed in terms of the linearized

strain-displacement equations given by

1
€ij = 5 (ui, j + uj, i) (2.7)

where €;; is the infinitesimal strain tensor on the microscale, u; is the displacement
vector of a material point, and u; ; denotes the gradient of the displacement vector
in terms of the microscale x; coordinate system.

Assuming that all of the materials in the composite are linear elastic, the Cauchy
stress is related to the infinitesimal strain tensor on the microscale through the con-

stitutive relations given by

0ij = Lijricn (2.8)

where L;j; is the fourth order stiffness tensor which varies in x; depending on the
microstructure of the composite. The inverse of the stiffness tensor is defined to be

the compliance tensor, M;;x;, so that Eqn. 2.8 can alternatively be expressed as
€ij = Mijklakl (2'9)

1t is noted that in the absence of body moments, the conservation of angular
momentum indicates that the Cauchy stress is symmetric, i.e. 0;; = 0.
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It is well known that, in general, a fourth order tensor has 81 independent components.
However, since the infinitesimal strain tensor is symmetric, the number of independent
components of the stiffness tensor is reduced to 54. Further, if the stress tensor is
also symmetric, the number of independent components is reduced to 36. Finally, for
linear elastic materials®, the number of independent components of the stiffness tensor
is reduced to 21. Additional assumptions regarding material symmetry can further
reduce the number of independent components of the stiffness tensor. Of particular
interest to the present work are orthotropic (9 independent components), transversely
isotropic (5 independent components), and isotropic (2 independent components)

6

material symmetries®. For example, the stiffness tensor for an orthotropic material

can be expressed in engineering notation as

( 3 B N ( )
011 Lllll L1122 L1133 0 0 0 €11
022 L1122 L2222 L2233 0 0 0 €922
033 L1133 L2233 L3333 0 0 0 €33
= (2.10)
0923 0 0 0 L2323 0 0 2823
013 0 0 0 0 L1313 0 2813
012 0 0 0 0 0 L1212 2812
\ Y, L 4\ Y,

°The more general requirement is that the material be hyperelastic, i.e. that
the strain energy density, w(e;;), which is given by w(e;;) = 08” o;j de;;, is path
independent in strain space.

6Orthotropic materials have three orthogonal planes of material symmetry, trans-
versely isotropic material are symmetric with respect to an arbitrary rotation about
the axis of material symmetry, and isotropic materials are symmetric with respect to
all orthogonal transformations
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or inverted and expressed in terms of the components of the compliance tensor as

1 Vo1 V31
( - — — 0 0 0
€11 Ell E22 E33 011
_ N2 L _ Vs 0 0 0
€22 Ey By ?33 022
V13 Va3
_ - — 0 0 0
€33 En Es  Es 33 (2.11)
2823 O 0 0 @ 0 0 0923
2e13 0 0 0 0 L 0 013
H13
1
| 2512 | 0 0 0o o o0 — |72
L Hi2 A

where the E’s, v’s, and u’s denote the Young’s moduli, Poisson’s ratios, and shear

. . . . V21 Vig V31 V13
moduli, respectively, and where material symmetries indicate that — = — — = —,
Ey  En Bz En
and Vz2 Va3
E33  Eo

In light of the constitutive equations, the equilibrium equations for the microscale

RVE can be expressed as

(Lijkien), j = Lijki, j €k + Lijri€r, j = 0 (2.12)

where for homogeneous materials, L;jy ; is identically zero” so that through the

strain-displacement relations, the equilibrium equations become

1
—[Lijki e, 1j + Lijrawi, k5] = 0 (2.13)

2

which for isotropic materials reduces to the familiar Lamé-Navier equations (for no

inertial and no body forces), i.e.

(A + p)ug, gi + pug, 5 =0 (2.14)

"In Chapters III and IV applications involving functionally graded materials, i.e.
materials where L;;; ; 7 0, will be discussed. For these functionally graded materials,
solutions of the equilifarium equations will be dependent on the functional form of the
material property gradation.
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where 4 and A are the Lamé constants.
On the boundary of the microscale RVE, it can be shown from the theory of mul-
tiple scale expansion that the traction or displacement conditions® are homogeneous

and consistent with the stress or strain at the macroscale, i.e.
ti = 0j4iNn; = 5']'1‘%]‘ (215&)

where n; is the unit outward normal on the RVE surface. It can further be shown
that, for linear materials and expansion of order 62, the multiple scale expansion is
synonymous with equating the strain energy of the RVE with that of the homogeneous
effective material.

For example, the strain energy density of the RVE is given by
1
w = iaijgij (216)
so that the volume averaged strain energy in the RVE is defined as
RVE _
W = §<Uij€ij> (217)
which by the Hill-Mandel theorem (see for example [199]) can be expressed as
RVE _ |
W = Sloi e (2.18)

Assuming the RVE is subject to the applied homogeneous displacement of Egn. 2.15b,

8The theory of multiple scale expansion as presented by Jansson [202] discusses the
boundary conditions on the microscale RVE in terms of periodic boundary conditions.
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it can be shown by use of the divergence theorem? that
RVE _ 1 -
W = §<0-ij>5ij (219)

Similarly, the volume averaged strain energy of the effective homogeneous material is
defined as

€ 1 € €: 1 € €
wet = §<Uigﬁgigﬁ> = §<Uigﬁ><5igﬁ> (2.20)

where aff and 55‘? are the stress and strain in the effective homogeneous material
having stiffness L?ﬁl and assumed applied displacements also given by Eqn. 2.15b, so
that

1

weft = iLffkléklaj (2.21)

Equating the volume averaged strain energy of the RVE with that of its effective
homogeneous material'?, i.e.,

JWRVE — jyeft (2.22)

it is noted that

(0ij) = L = L (en) (2.23)

which is equivalent to Eqn. 2.4.

Finally, it is noted that, while the constituents of the microscale RVE may have
a variety of material symmetries, the resulting effective properties of the composite
will depend both on the material symmetries of the constituents and on the their
arrangement in the microscale RVE. For example, a composite with aligned fibers
which have either isotropic or transversely isotropic material symmetry will have

effective properties which are transversely isotropic. In contrast, if those same fibers

9The divergence theorem is also known as the Gauss theorem.

9The equivalency of strain energy is rooted in minimum energy principles and is
related to the equivalency of internal energy. See for example [198].
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Fig. 5. General schematic representing the relationship between the macroscale bound-
ary value problem and its corresponding microscale RVE from which effective
electrical conductivity is determined. The microscale RVE is noted to be sub-
jected to homogeneous potentials or electric flux in terms of the macroscale
average electric field or electric flux which is depicted for a general composite

microstructure having an assortment of irregularly shaped inhomogeneities.

are randomly oriented, the effective properties will be isotropic. These two cases
are noted as they are relevant to CNT-polymer nanocomposites and as such, will be

discussed in greater detail in the subsequent chapters.

2. RVE and Governing Differential Equations for Electrical Conductivity

As was the case with the effective elastic properties, the effective electrical conduc-
tivity is typically obtained by establishing an equivalency between the microscale
RVE of the composite and a representation of that RVE as an effective homogeneous

medium as shown schematically in Figure 5. The governing differential equations for
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the macroscale and for the microscale RVE are obtained from the theory of electro-
magnetism of continuous media!l. It can analogously be shown through the theory
of multiple scale expansion that, for linear materials and an asymptotic expansion

of the potential of order ¢2, that the macroscale and microscale can be related to

~eff

one another through the definition of the effective electrical conductivity tensor, o7},

where the inverted chevron is used to distinguish the electrical conductivity tensor
from the Cauchy stress. As such, the steady state conservation of charge equation at

the macroscale can be expressed as

)

where J; is the macroscale electric flux vector'? and jl ; denotes the divergence of the
electric flux vector in terms of the X; coordinate system'®. The boundary conditions
at the macroscale can be either specified electric flux, Jn; = jznz where n; is the
unit outward normal of the boundary, or specified potential, ¢ = ¢2, or a noninter-
secting combination of the two. The macroscale electric field vector, FE;, is taken as
irrotational, i.e

Ej7 i€ijk = 0 (225)

where e;j; is the permutation symbol with the left hand side of Eqn. 2.25 denoting

the curl of the electric field in terms of the macroscale X; coordinate system. As

HMany texts on electromagnetism of continuous media provide the following equa-
tions. In particular, Electromagnetism of Continuous Media by Fabrizio and Morro
[204] is provided as a reference. (see also [205])

'2J; is also referred to as the current density vector where the current, i, is the
charge per unit area per unit time and is related to the current density vector by
iy, = Jjn; where 7i; is the unit outward normal of the surface through which the
current is flowing.

131t is noted that the forced current density Jif is assumed to be zero.

4This corresponds to the local form of Faraday’s law in steady state.
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such, it is implied that the macroscale electric field can be described in terms of the

gradient (with respect to the macroscale coordinate system) of a scalar potential, ¢,
by

The macroscale constitutive relation describing the electric flux in terms of the electric

field is identified by Ohm’s law as
Ji =65 E; (2.27)

where the effective electrical conductivity is obtained from the microscale RVE and
is therefore a function of the x; coordinate system. It can further be shown that

Eqn. 2.27 can alternatively be expressed as
(i) = 657 (E) (2.28)

where (J;) and (£;) denote the volume averages of the electric flux and field, respec-
tively, over the microscale RVE.

For the microscale RVE, the steady state conservation of charge for a continuum
is expressed as

Jii=0 (2.29)

where J; is the microscale electric flux vector and J; ; denotes the divergence of electric
flux in terms of the x; coordinate system. The microscale electric field vector, F;, is
also taken as irrotational, i.e.

ij7 i€ijk = 0 (230)

with the left hand side of Eqn. 2.30 denoting the curl of the electric field with respect

to the microscale x; coordinate system, with the electric field described in terms of
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the gradient of a scalar potential, ¢ by
j— (2.31)

Assuming that all of the materials in the composite are governed by Ohm’s law,

the microscale constitutive relation is expressed as

where 7;; is the second order electrical conductivity tensor which varies in z; depend-
ing on the microstructure of the composite. The inverse of electrical conductivity is
defined to be the electrical resistivity tensor, p;;, so that Eqn. 2.32 can alternatively
be expressed as

Bi = i, (2.33)

As the electrical conductivity and resistivity are second order tensors, there are at
most 9 independent tensor components. The number of independent components can
be reduced by considering material symmetries. Again, of particular interest to the
present work are orthotropic (3 independent components), transversely isotropic (2
independent components), and isotropic (1 independent component) material sym-
metries. For example, the electrical conductivity tensor for an orthotropic material

can be expressed in engineering notation as

<]1 6-11 O 0 E1
J2 - 0 6'22 0 E2 (234)
J3 0 0 o33 Es

Thus, substituting the constitutive relation (Eqn. 2.32) and definition of the

electric field (Eqn. 2.31) into Eqn. 2.29, the conservation of charge equation for the
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microscale RVE can be written as
(035 Ej), = 640,45+ &,i 0ji, 5 = 0 (2.35)
which for homogeneous materials reduces to
Gij ¢,i5 =0 (2.36)

so that for isotropic materials the potential is obtained from the solution of Laplace’s
equation. On the boundary of the microscale RVE, it can be shown from the theory
of multiple scale expansion that the electric flux or electric potential conditions are
homogeneous and consistent with the electric flux or electric field at the macroscale,
ie.

¢ = o, (2.37b)
where n; is the unit outward normal to the microscale RVE boundary. It can further
be shown that, for linear materials and expansion of order 4%, the multiple scale

expansion is synonymous with equating a scalar function, analogous to the strain

energy in elasticity, of the RVE to that of the homogeneous effective material, i.e.

JWRVE _ ppreft (2.39)
where
1 1
WHVE = (w) = §<JZEZ> = §<Jz><Ez> (2.39a)
1 1
W = (wf) = S(JET) = SUNET (2:39b)

where J and E°T are the electric flux and field, respectively, in the effective ho-

mogeneous material subject to boundary conditions as in Eqn. 2.37. For example,
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assuming the RVE and effective homogeneous material are subject to the homoge-

neous potential in Eqn. 2.37b, then Eqn. 2.38 reduces to

(Ji) = 657 B = 53] () (2.40)

ij

which is equivalent to Eqn. 2.28.

3. RVE and Governing Differential Equations for Thermal Conductivity

As was the case with the effective elastic properties and electrical conductivity, the
effective thermal conductivity is typically obtained by establishing an equivalency
between the microscale RVE of the composite and a representation of that RVE as
an effective homogeneous medium as shown schematically in Figure 6. The governing
differential equations for the macroscale and for the microscale RVE are obtained
from general continuum theory for heat transfer in solids '° in the form of the steady
state heat conduction equation'®. It can analogously be shown through the theory of
multiple scale expansion that, for linear materials and an asymptotic of order 2, that
the macroscale and microscale can be related to one another through the definition
of the effective thermal conductivity tensor, kfjﬂ . As such, the steady state heat

conduction equation at the macroscale can be expressed as
G,i =0 (2.41)

15Many texts on continuum theory and heat transfer in solids provide the following
equations. In particular, Mechanics of Composite Materials by Richard M. Chris-
tensen [198] and the work by Hashin [178] are provided as references.

16The local form of the conservation of energy (i.e., the first law of thermodynamics)
can be written as p(z—g = 0y;di; + p T — ¢ i, where p is the density, U is the internal
energy per unit mass, or the specific internal energy, o;; is the stress tensor, d;; is the
rate of deformation tensor, r is the heat source/sink per unit mass, and g¢; is the heat
flux vector. Under the assumptions of steady state conditions, no thermo-mechanical
coupling, and no heat sources/sinks, the conservation of energy reduces to ¢; ; =0
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T =Hj.xj. oo GH =gn

Effective Properties for

Microscale RVE
g Microscale RVE

Applied in Macroscale
T — A Constitutive Equation
ant. = qt.n.

Macroscale Boundary Value Problem

Fig. 6. General schematic representing the relationship between the macroscale bound-
ary value problem and its corresponding microscale RVE from which effective
thermal conductivity is determined. The microscale RVE is noted to be sub-
jected to homogeneous temperature or heat flux in terms of the macroscale
average heat intensity or heat flux which is depicted for a general composite

microstructure having an assortment of irregularly shaped inhomogeneities.
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where g; is the macroscale flux vector and ¢; ; denotes the divergence of the heat
flux vector in terms of the X, coordinate system. The boundary conditions at the
macroscale can be either specified heat flux, g;n; = ¢;n; where n; is the unit outward
normal of the boundary, or specified temperature, T' = T, or a nonintersecting com-
bination of the two. The macroscale heat intensity vector, H;, is defined in terms of
the gradient (with respect to the macroscale coordinate system) of the temperature,
T, by

Hi=-T, (2.42)

so that the heat intensity is also irrotational. The macroscale constitutive relation

describing the heat flux in terms of the heat intensity is identified by Fourier’s law as
— _ eff g
qi = kij Hj (2.43)

where the effective thermal conductivity is obtained from the microscale RVE and
is therefore a function of the x; coordinate system. It can further be shown that

Eqn. 2.43 can alternatively be expressed as
(@) = ki (Hj) (2.44)

where (¢;) and (H;) denote the volume averages of the heat flux and heat intensity,
respectively, over the microscale RVE.

For the microscale RVE, the steady state heat conduction equation is expressed
as

¢,i =0 (2.45)

where ¢; is the microscale heat flux vector and ¢; ; denotes the divergence of the heat
flux in terms of the z; coordinate system. The microscale heat intensity vector, H;, is

defined in terms of the gradient (with respect to the microscale ; coordinate system)
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of the temperature, T', by
H;=-T; (2.46)

Assuming that all of the materials in the composite are governed by Fourier’s

law, the microscale constitutive relation is expressed as
¢ = kijH,; (2.47)

where k;; is the second order thermal conductivity tensor which varies in x; depending
on the microstructure of the composite. The inverse of the thermal conductivity is
defined to be the thermal resistivity tensor, &;;, so that Eqn. 2.47 can alternatively

be expressed as

H; = &jq4 (2.48)

As with the electrical conductivity and resistivity tensors, the thermal conductivity
and resistivity are second order tensors, which can have orthotropic, transversely
isotropic, and isotropic material symmetries which are of interest to the present study.
Thus, similar to Eqn. 2.34, the thermal conductivity tensor for an orthotropic material

can be expressed in engineering notation as

q1 ki 0 0 H,
P = 0 koyy O Hy (2.49)
q3 0 0 ka3 Hs

Thus, substituting the Fourier’s law (Eqn. 2.47) and the definition of the heat
intensity (Eqn. 2.46) into Eqn. 2.45, the steady state heat conduction can be written

as

(kijHj), i = ki T iy + T i kji,j =0 (2.50)
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which for homogeneous materials reduces to

kij T, ij =0 (2.51)

so that for isotropic material the temperature is obtained from the solution of Laplace’s
equation. On the boundary of the microscale RVE, it can be shown from the theory
of multiple scale expansion that the heat flux or heat intensity conditions are homo-

geneous and consistent with the heat flux or thermal intensity at the macroscale, i.e.

qing = qin; (2.52a)
T =Tz, (2.52Db)

where n; is the unit outward normal to the microscale RVE boundary. It can further
be shown that, for linear materials and expansion of order 6%, the multiple scale
expansion is synonymous with equating a scalar function, analogous to the strain

energy in elasticity, of the RVE to that of the homogeneous effective material, i.e.

WRVE — ppreff (2.53)
where
1 1
WE = (w) = §<%‘Hz‘> = §<Qi><Hz‘> (2.54a)
1 1
W = () = 2 (g HET) = g () (254)
where ¢ and HFT are the heat flux and heat intensity, respectively, in the effective

homogeneous material subject to boundary conditions as in Eqn. 2.52. For example,
assuming the RVE and effective homogeneous material are subject to the homoge-

neous potential in Eqn. 2.52b, then Eqn. 2.53 reduces to

(qi) = k5§ H; = kST (H,) (2.55)
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which is equivalent to Eqn. 2.44.

Finally, from Eqns. 2.29, 2.31, 2.32, 2.36, 2.37, and 2.38 describing the microscale
electrical conductivity and from Eqns. 2.45, 2.46, 2.47, 2.51, 2.52, and 2.53 describing
the microscale thermal conductivity, it is noted that the sets of equations are mathe-
matically analogous. Hence, in some of the derivations which follow, only the thermal
conductivity equations will be derived with the understanding that the subsequent
derivations will be analogously applicable to the electrical conductivity. However,
it is noted that the physical mechanisms of thermal and electrical conduction are
observably different at the nanoscale!”, and thus may have, in addition to different
conductivities, important nanoscale effects which become significant for nanoscale

inhomogeneities.

B. General Averaging Methods for Effective Properties

It has been noted in Section A of this chapter that the effective properties of the
composite can be expressed in terms of volume averages over the microscale RVE, i.e.

for elastic stiffness and compliance
(035) = Lij(em) (2.56a)

(eij) = M (ow) (2.56D)

and for thermal conductivity and resistivity
(a:) = k5 (Hj) (2.57a)
(Hi) = &5 (a;) (2.57b)

"For example the scattering behaviors of phonons and electrons can be different.
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It is further noted that, for composites containing materials with linear constitutive
response'®, the effective properties are independent of the macroscale boundary condi-
tions and geometry, i.e. the effective properties are not dependent on the variation of
the macroscale stresses or displacements. As such, the focus in determining effective
properties can be placed solely on the microscale RVE.

Within the microscale RVE, subsets of volume, V; of the total RVE volume,
V', corresponding to the separate phases identified in the RVE are used to define a

volume fraction for that phase as

Cj = — (258)

such that for N phases

= iCJ (2.59)

J=1
An explicit definition for what constitutes a phase within the RVE will be provided

shortly. For the present discussion, the simplest assumption is made wherein each
inhomogeneity in the RVE and the matrix in which the inhomogeneities are embedded
are all considered to be separate phases. Thus, the volume averages of the stress and
strain and the heat flux and heat intensity in the RVE can be expressed in terms of

the volume averages of these quantities in each phase by

(05;) :% Z / T v (2.60a)
(ei7) % Z% / (2.60D)
W=7 |5 [ & (2.60¢)

18Tt is also noted that it is assumed that there is no damage evolution at the
microscale.
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H) = — — HS dV 2.60d
() = ¢ ; v ) ( )
which can be written as
N
(o) =Y _cslo)) (2.61a)
J=1
N
(i) = calel) (2.61D)
J=1

@)= eslal) (2.61c)

(Hi) = cs(H]) (2.61d)

where the superscript J denotes value of the quantity within the J'" phase. Applying
the constitutive relations in Eqns. 2.8 and 2.9 and in 2.47 and 2.48, the volume

averages of these quantities in the RVE given in Eqn. 2.61 can be written as

{0ij) ZCJ z]klgkl (2.62a)
J=1
N
(i) = Y s (Mol (2.62b)
J=1
N
(qi) =Y ek HY) (2.62¢)
J=1
N

(Hi) = ZCJ< 0 (2.62d)

J=1
Assuming each phase is homogeneous, these volume averaged can further be written

as

N

(€i) = ZCJMjkz< > (2.63b)

J=1
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(@) =Y cskij(HY) (2.63¢)
(Hi) = ZCJfé]j<q;-]> (2.63d)

The concentration tensor is now defined as the tensor that transforms the average

quantity (stress, strain, heat flux, and heat intensity) into a phase averaged quantity,

(07)) = Bijulom) (2.64a)
(el) = Alwles) (2.64b)

(a]) = Bij{a;) (2.64c)
(H;) = A} (H;) (2.64d)

where in indicial notation it is clear that the concentration tensors in the context of
elasticity are fourth order tensors where as in the context of heat conduction, they
are second order tensors. It is also of interest to note that from Eqn. 2.64 and the

definition of the volume average quantities in Eqn. 2.61 one can, for example, write

(i) = Y csAly (en) (2.65)

so that the following useful identities, known as the consistency conditions, are ob-

tained as
N
Liji = Z CJA;]jkz (2.66a)
J=1
N
Lju =Y csBjy (2.66b)
J=1
N
Iij = Z CJA;]j (266C)

J=1
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N
Lj=> c;B] (2.66d)

where I;;i; and [;; are the fourth and second order identity tensors, respectively.
Substituting the definitions of the concentration tensors in Eqns. 2.64 into Eqns. 2.63,

one can obtain

N
O-U Z CJszk:lAklmn 5mn> (267&)
J=1
N
(i) Z CJM{jkl Blin{Omn) (2.67b)
J=1
N
(¢:) = Z crk AT (Hp) (2.67c)
J=1
Z i€ B (g (2.67d)

Therefore, from the definitions of the effectlve properties in Eqns. 2.56 and 2.57, it is

observed from Eqn. 2.67 that the effective properties can be obtained as

N

ijﬁmn Z CJL;']jklAilmn (2683)
J=1

Mzgmn Z CJMz]leklmn (268b)
J=1
N

kR = ek AL, (2.68¢)
J=1

Z ;€87 (2.68d)

In light of the consistency cond1t10ns in Eqn. 2.66, one can choose to rewrite
Eqns. 2.68 without using one of the concentration tensors. Assuming one wants to

discriminate against the matrix phase (phase N), one can rewrite the consistency



conditions as
N-1

N _ 7 J
CNAz‘jk:l_ ijkl E:CJAijkl

J=1
N-1
N _ J
CNBZ-W = Lijn — E CJBz'jkl
J=1

N-1
CNAZJ-}[ = Iz — ZCJA;-]]-
J=1
N-1
enBY =Ti; =) ¢)B]
J=1
Substituting Eqns. 2.69 into Eqns. 2.68, e.g.

. N—1 N—1
off _ CN,N 7 Joad
Liimn = aLijkl Tytmn — E CrAitmn | + E s L Akimn

J=1 J=1

the effective properties can be written as

N-1

eff _ TN J N J

Liimn = Lijmn + E cr(Lija = Lijra) Akimn

J=1
N-1

eff _ N J N J

Mz]mn - Mijmn + § CJ(Mijkl - Mijkl)Bklmn

J=1

F

cJ(k;’j — kgj. )Ajm

5o
ER=
I
e
3=
+
"M

z
L

Eim = Eim + D ca(&) — &5)Bim

<
Il
—

o1

(2.69a)

(2.69b)

(2.69¢)

(2.69d)

(2.70)

(2.71a)

(2.71b)

(2.71c)

(2.71d)

From the effective properties as expressed in Eqns. 2.71 one can see that, for a

given RVE, inhomogeneities having the same material properties and concentration

tensors can be considered a single phase, so that their individual volumes combine

in determining the volume fraction of that phase. Whether or not a set of inho-

mogeneities in the RVE constitutes a single phase is therefore influenced by factors

such as the shapes of the inhomogeneities, relative geometric orientation of the in-
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homogeneities within the RVE, and orientation of the material symmetry within the
inhomogeneities, among others. For example, for an RVE consisting of well-dispersed
spheres with the same isotropic material properties (though perhaps of differing radii),
the spheres would constitute a single phase. If however, these spheres had the same
non-isotropic material property, then each distinct orientation of the material sym-
metry relative to the RVE coordinate system would constitute a separate phase. As
another example, for an RVE consisting of well-dispersed self-similar ellipsoids with
isotropic material properties, the ellipsoids can be considered a single phase if the
ellipsoids are all aligned, or a separate phase for each orientation if the ellipsoids have
different orientations relative to the RVE coordinate system. In the first example,
both the material properties and concentration tensors are noted to differ between
the two cases. In the second example, only the concentration tensor differs between
the two cases. As the material properties for all of the phases are given, the emphasis
is then on the determination of the concentration tensor for each phase.

In order to sufficiently represent all of the salient features of the microstructure,
an RVE may contain a large number inhomogeneities. In some cases, a solution to the
microscale RVE boundary value problem may be obtainable using periodic boundary
conditions. In such cases, the effective properties are able to be determined through
direct implementation of the multiple scale expansion theory, typically in a finite ele-
ment model, and there is no need to determine concentration tensors. In other cases,
for example when an RVE becomes too computationally intensive, it is common prac-
tice to take advantage of the grouping of inhomogeneities into phases and use either
closed form solutions or approximate solutions (some of which may also involve fi-
nite element modeling) to approximate the concentration tensors for each phase for
use in Eqn. 2.71. These approximations consider individual inhomogeneities (or even

in small collections of inhomogeneities as in bundles or clusters) in determining the
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concentration tensor(s) for a given phase, where the focus of the approximation is on
how to account for the interactions of the individual inhomogeneities with all other
inhomogeneities within the RVE. Three such approximations are the self-consistent
method, the Mori-Tanaka method, an the generalized self-consistent method shown
schematically in Figure 7 as applied towards determining the effective elastic proper-
ties.

In the self-consistent method [130, 206], the J™ inhomogeneity is embedded
in an infinite medium'® having the same material properties as the effective prop-
erties that are sought for the microscale RVE, e.g. L?ﬁl, and subject to far field
homogeneous displacements or tractions equivalent to those identified for the mi-
croscale RVE. As the concentration tensor used to calculate the effective properties
will therefore be a function of those same effective properties, Eqns. 2.71 becomes
nonlinear in the self-consistent approximation. Interactions are therefore taken into
account in the self-consistent method in the solution of the nonlinear equations as a
result of the consistency conditions (Eqn. 2.66). In the Mori-Tanaka approximation
[127, 128, 207], the J'" inhomogeneity is embedded in an infinite medium having the
same material properties as the matrix, e.g. Lgkl. In this case, the far field homo-
geneous displacements or tractions are taken as equivalent to those identified for the
microscale RVE plus a perturbation (denoted by the tilde in Fig. 7(b)) which accounts
for interactions in the application of the consistency conditions. In the generalized
self-consistent [159, 178, 186], the J™ inhomogeneity is embedded in a small amount
of matrix material??, and this ensemble is then embedded in the effective medium.

19 Approaches using closed form solutions often consider the inhomogeneity as em-
bedded in an infinite medium. Computational approaches use finite sized compu-

tational domains with various criteria to identify how large is large enough to be
effectively infinite.

2The question naturally arises as to how much matrix is needed in constructing
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Fig. 7. Approximations applied in determining phase concentration tensors by consid-

ering inhomogeneities individually in an infinite medium.
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Thus, the far field displacements or tractions applied are equivalent to those applied
in the self-consistent approximation.

Each of these three approximations can be carried out using closed form or
approximate computational techniques. For complicated irregular shapes or distribu-
tions of inhomogeneities where detailed interactions are important such as in clusters

or bundles, computational approaches may be preferable.?!

However, some shapes
have convenient closed form solutions (e.g. homogeneous ellipsoidal shapes or het-
erogeneous shapes of special geometries like spheres and circular cylinders in regards
to coated inhomogeneities) which can be taken advantage of in determining concen-
tration tensors. For ellipsoidal inhomogeneities, the self-consistent and Mori-Tanaka
approaches are readily applied through the use of Eshelby’s equivalence principle??

[131] making use of the Eshelby solution [131] for an ellipsoidal inclusion in an infinite

matrix.

C. Closed Form Methods for Concentration Tensor Approximation

1. The Self-Consistent Method

The following equations provide a summary of the closed form approach to approx-
imating the concentration tensors using the self-consistent method for determining
both the effective elastic properties and effective conductivities. The summary follows

the original derivation provided by Hill [130].

the generalized self-consistent model. This will be discussed in greater detail in the
subsequent sections.

21Tt is noted that from a computational stand point, the Mori-Tanaka provides a
more convenient implementation as compared to the self-consistent and generalized
self-consistent approaches which are inherently nonlinear.

2This is sometimes referred to as the Eshelby equivalent inclusion method.
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a. The Self-Consistent Method for Elastic Properties

To calculate the strain concentration tensor (or the stress concentration tensor) for
homogeneous ellipsoidal inhomogeneities in a linear elastic matrix, one can take ad-
vantage of Eshelby’s equivalence principle and the Eshelby solution by individually
embedding each inhomogeneity into the effective medium subject to far field displace-
ments or tractions consistent with those applied to the boundary of the microscale
RVE, which are reflective of the average macroscale strain/strain (see Fig. 8).
Consider the J™ inhomogeneity embedded in an infinite body whose material
properties are those of the unknown effective material (as shown in Figure 8), where
the applied homogeneous displacement at infinity is reflective of the homogeneous
displacement field applied to the boundary of the microscale RVE, i.e. the uniform
strain in the applied displacement is 5{} = &;; where it is recalled that &;; = (g;;).
From the equivalence principle, the stress in the J™ inhomogeneity is related
to the stress in an inclusion within the embedding material which is subject to an

unknown eigenstrain, and is therefore given as

Uijj = L%]jkl(%cz +ep) = ngkz(’fkl + & — Ep) (2.72)

where the strain in the inhomogeneity is €7, = €5 + 3. Solving Eqn. 2.72 for the

unknown eigenstrain for the J™ inhomogeneity, €7,, one obtains

Lijwets = Lijuein — Lijucn (2.73)
so that
Lf]ffklg%} - (Lz]k:l L%]jkl>€gl (274)

and thus one obtains the eigenstrain as

Mjkl(Lk:lmn Lglmn)gJ (275)

1, mn
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Fig. 8. Self-Consistent Approximation for Elastic Properties: the inhomogeneity is em-
bedded in an infinite body whose material properties are those of the unknown
effective material with far field homogeneous displacement applied consistent

with the average strain in the RVE.
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Since the strain in the inhomogeneity can be expressed as

el = €k + En (2.76)
and using the Eshelby solution for homogeneous ellipsoids®, i.e. eicj = ijklafl, the
strain in the inhomogeneity becomes

8;]]» = Sijklgz;l + Eij (277)
so that upon substitution of Eqn. 2.75 into Eqn. 2.77 one obtains
J i i J J | =
€ij = ijklMlslmn(Limnpq - Lmnpq>€pq + €ij (278)
which leads to
eff J eff J =
[Iiqu + Sijklelmn(Lmnpq - Lmnpq)]gpq = &ij (279)

Thus one may write the strain in the inhomogeneity in terms of the average strain in
the RVE as
€ng = Wijpa + SigtaMifn (Linnpg = Linnpa)) '€ (2.80)

pq mnpq mnpq

One can define a tensor SCTZ-‘]]-M relating the strain in the J™ inhomogeneity to
the uniform strain in the far field applied displacement, i.e. eg‘} which in this case is

the average strain in the RVE, such that

), = SCTpgijéij (2.81)

SCTJ

Therefore, from Eqn. 2.80, one can identify the tensor gij @S being given by

SCTPJ = [Lijpg + Sz’jkzMeff (LJ — L )]71 (2.82)

qij klmn\"“mnpq mnpq

23Now the strain in the inhomogeneity becomes uniform. Also it is noted that the
Eshelby tensor, S;jxi, depends on the shape of the inclusion and the material properties
of the material in which the inclusion is embedded, here the effective material.
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Recalling the definition of the strain concentration tensor from Eqn. 2.64b, and noting
that the strain in the ellipsoidal inhomogeneity is uniform, the concentration tensor

is therefore identified in the self-consistent method from Eqn. 2.81 as

SC AJ _ SCmJ
quij - quij

(2.83)

The stress concentration tensor for the self-consistent method is obtained by
the application of constitutive relations to Eqn. 2.81 so that the stress in the J™

inhomogeneity is given by
J J o _J J  SCmpJ =
05 = Lijkﬁkl = Lz‘jkl TimnEmn (2.84)
However, from the definition of the effective compliance in Eqn. 2.56b, one can write

En = M G (2.85)

so that the stress in the J™ inhomogeneity becomes

O-%]j = L;]jkl SOTk(:Jlmn]weff 6pq (286)

One can define a tensor SCPZ-‘]J-M relating the stress in the J™ inhomogeneity to the

uniform stress in the far field applied traction, i.e. 0;‘} which in this case is the average

stress in the RVE, such that

o) — SCpl 5 (2.87)

iJ szqapq

so therefore from Eqn. 2.86 one obtains

SC pJ
Piqu

= L;’jkl sery Mt (2.88)

Recalling the definition of the stress concentration tensor from Eqn. 2.64b, and noting

that the stress in the ellipsoidal inhomogeneity is uniform, the concentration tensor
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is therefore identified in the self-consistent method from Eqn. 2.87 as

SC npJ _ SCpJ
Biqu_ Piqu

(2.89)

It is noted that self-similar ellipsoidal inhomogeneities, i.e. ellipsoidal inhomo-
geneities with the same material properties, with proportional geometry, and with
the same geometrical and material symmetry axes, will have the same concentration

tensor.

b. The Self-Consistent Method for Thermal Conductivities

To calculate the heat intensity concentration tensor (or the heat flux concentration
tensor) for homogeneous ellipsoidal inhomogeneities in a matrix material with linear
constitutive behavior, one can apply the thermal equivalent to Eshelby’s equivalence
principle by individually embedding each inhomogeneity into the effective medium
subject to far field temperature or heat flux consistent with those applied to the
boundary of the microscale RVE, which are reflective of the average macroscale heat
flux/intensity (see Fig. 9).

Consider the J™ inhomogeneity embedded in an infinite body whose material
properties are those of the unknown effective material (as shown in Figure 9), where
the applied homogeneous temperature at infinity is reflective of the homogeneous tem-
perature applied to the boundary of the microscale RVE boundary, i.e. the uniform
intensity in the applied temperature is H* = H; where it is recalled that H; = (H;).
Further, it is noted that, in an analogy with the total and elastic strains, the to-
tal intensity is decomposed into two parts, the intensity from the thermal gradient
governed by Fourier’s law and the intensity which results from an "eigen thermal

gradient” [178], i.e. H°w = fFowier 1 HT where H] is the ”eigen thermal gradient”.
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Fig. 9. Self-Consistent Approximation for Thermal Properties: the inhomogeneity is
embedded in an infinite body whose material properties are those of the un-
known effective material with far field homogeneous temperature applied con-

sistent with the average heat intensity in the RVE.
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From the equivalence principle, the heat flux in the J* inhomogeneity is related
to the heat flux in an inclusion within the embedding material which is subject to an

unknown eigen thermal gradient, and is therefore given as
¢ =k (HY + H) = kT (HY + H — H) (2.90)

where the thermal gradient in the inhomogeneity is H = H{' 4+ H;*. Solving Eqn. 2.90

for the unknown eigen thermal gradient for the J* inhomogeneity, HjT, one obtains
Jrrd _ qpeff r7J eff 17T
ki H; = ki H — kij H; (2.91)

so that

kTH! = (kS — k) HY (2.92)

and thus one obtains the eigen thermal gradient as

HT = (sl — k)] (2.93)

(2

Since the thermal gradient in the inhomogeneity can be written as
H] = HS + O, (2.94)

and using the thermal equivalent to the Eshelby solution®, ie. H{ = S;;H, the

thermal gradient in the inhomogeneity becomes
H} = S;H! + H, (2.95)
so that upon substitution of the eigen thermal gradient from Eqn. 2.93 into Eqn. 2.95

24From the Eshelby solution it is observed that the thermal gradient in the ellip-
soidal inhomogeneity is uniform. It is also noted that the Eshelby tensor, S;;, depends
on the shape of the inclusion and the material properties of the material in which the
inclusion is embedded, here the effective material.
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one obtains

H = Si&n (ki — ki) H + H; (2.96)

7

which leads to

(L + Sii&5h (ki — ki )| H = H; (2.97)

Thus, one may write the thermal gradient in the inhomogeneity in terms of the average

thermal gradient in the RVE as
H = [Iy + Si€5k (ki — ki)™ H, (2.98)

One can define a tensor SCT;; relating the intensity in the J* inhomogeneity to
the uniform intensity in the far field applied temperature, i.e. H/* which in this case

is the average intensity of the composite, such that
H = *°T} O, (2.99)

Therefore from Eqn. 2.98, one can identify the tensor ¢7T;/

as being given by
Ty = [+ Si&5 (ki — kg1 ™! (2.100)

Recalling the definition of the intensity concentration tensor in Eqn. 2.64d, and noting
that the heat intensity in the ellipsoidal inhomogeneity is uniform, the concentration

tensor is therefore identified in the self-consistent method from Eqn. 2.99 as
Ol = 0T (2.101)

The flux concentration tensor for the self-consistent method is obtained by the
application of the constitutive relations to Eqn. 2.99 so that the heat flux in the J*

inhomogeneity is given by

¢ = k,H] =k}, T 0, (2.102)
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However, from the definition of the effective resistivity in Eqn. 2.57b, one can write
Hy = & a (2.103)

so that substituting Eqn. 2.103 into Eqn. 2.102 the heat flux in the J%" inhomogeneity
becomes

i = K, TN (2.104)

One can define a tensor ““ P/ relating the heat flux in the J*™ inhomogeneity to the
uniform heat flux in the far field applied heat flux, i.e. ¢/ which in this case is the

average heat flux in the RVE, such that
¢ = “°Pg; (2.105)

so therefore from Eqn. 2.104 one obtains
SCp] — k) ST (2,106

Recalling the definition of the flux concentration tensor from Eqn. 2.64c, and noting
that the heat flux in the ellipsoidal inhomogeneity is uniform, the concentration tensor

is therefore identified in the self-consistent method from Eqn. 2.105 as

SCps = S°pd (2.107)

2. The Mori-Tanaka Method

The following equations provide a summary of the analytic approach to approximating
the concentration tensors using the Mori-Tanaka method for determining both the
effective elastic properties and effective conductivities. The summary follows the
original derivation provided by Mori and Tanaka[127] and the subsequent derivation

by Benveniste[128].
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a. The Mori-Tanaka Method for Mechanical Properties

To calculate the strain concentration tensor (or the stress concentration tensor) for
homogeneous ellipsoidal inhomogeneities in a linear elastic matrix, one can take ad-
vantage of Eshelby’s equivalence principle and the Eshelby solution by individually
embedding each inhomogeneity into the matrix material subject to far field displace-
ments or tractions consistent with those applied to the boundary of the microscale
RVE, which are reflective of the average macroscale stress/strain, plus some pertur-
bation which accounts for interactions (see Fig. 10).

Consider the J™ inhomogeneity embedded in an infinite body whose material
properties are those of the matrix material (as shown in Figure 10), where the applied
homogeneous displacement at infinity is reflective of the homogeneous displacement
field applied to the boundary of the microscale RVE plus an unknown perturbation
which accounts for interactions amongst the inhomogeneities, i.e. the uniform strain
in the applied displacement is 5{} = &;; + €;; where it is recalled that &;; = (¢;;) and
noted that the perturbation strain is defined as &;; = % fVN et — gy dV.

From the equivalence principle, the stress in the J™ inhomogeneity is related

to the stress in an inclusion within the embedding material which is subject to an

unknown eigenstrain, and is therefore given as

o = Ll(eq +ef) = L (e +em — €h) (2.108)

where the strain in the inhomogeneity is €, = €5 + 3. Solving Eqn. 2.108 for the

unknown eigenstrain for the J™ inhomogeneity, €};, one obtains

J _J _ N _J N T
Lz‘jkz’fkl = Lijkl’fkl - Lz‘jkz%z (2.109)
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Fig. 10. Mori-Tanaka Approximation for Elastic Properties: the inhomogeneity is em-
bedded in an infinite body whose material properties are those of the matrix
material with far field homogeneous displacement applied which is consistent

with the average strain in the RVE plus a perturbation.
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so that
Liwen = (L — Liw)en (2.110)

v

thus one obtains the eigenstrain as

€5 = M5 (Litmn = Liimn )€ (2.111)

klmn mn

Since the strain in the inhomogeneity can be expressed as
e = € + &+ En (2.112)

and using the Eshelby solution for homogeneous ellipsoids®®, i.e. €f =

T

strain in the inhomogeneity becomes

8;]]- = Sijklggl + gij + éij (2113)

so that upon substitution of Eqn. 2.111 into Eqn. 2.113 one obtains

which leads to
[Iiqu + Sijklle:\l[mn(L;g%npq - L%npq)]gp{q = (5_2']' + ém) (2115)

Thus one may write the strain in the inhomogeneity in terms of the of the uniform

strain in the applied far field displacement as

MTpJ

One can define a tensor, ik Telating the strain in the J*™ inhomogeneity

2Now the strain in the inhomogeneity becomes uniform. Also it is noted that the
Eshelby tensor, S;jx, depends on the shape of the inclusion and the material properties
of the material in which the inclusion is embedded, here the matrix material.
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to the uniform strain in the far field applied displacement, i.e. 5{} which in this case

is the average strain in the RVE plus a perturbation, such that

J MTpJ A _ MTpJ ~
€pq = Thiscis = T5ii(Eij + Eij) (2.117)
Therefore, from Eqn. 2.116, one can identify the tensor TTp{m as being given by?¢
MTTP{]U - [[iqu + Sijkllez\lfmn(Limnpq Lr]\rgnpq)]il (2118)

Though the strain in the ellipsoidal inhomogeneity in the Mori-Tanaka method is
again noted to be uniform, in comparing Eqn. 2.117 with the definition of the strain
concentration tensor in Eqn. 2.64b it is observed that, unlike the self-consistent

method, M*T .. is not equivalent to the strain concentration tensor, i.e. 7T/ . #

MT pAJ
AP‘]ZJ

MTTJ

vqi; and the strain concentration

In order to identify the relationship between
tensor, it is necessary to identify the uniform matrix perturbation strain in terms
of the average strain in the RVE. Recalling that &;; = (¢;;), and that the strain

in the matrix is taken as the average strain in the RVE plus a perturbation, i.e.

(eiy) = &ij + €ij, Eqn. 2.61b can be written as

N-1
(i) = & = en (& + &) + D> s M0 (Epg + Epg) (2.119)
J=1
which can be simplified as
_z'j = CNIz]kl + Z Cj T zgkl 5kl + ékl) (2,120)

Solving Eqn. 2.120 for the perturbation strain, which is equivalent to enforcing the

ZNote that applying Eqn. 2.118 to the matrix phase, we observe that MTTY

ijkl is
identity by definition in the Mori-Tanaka method.



69

consistency condition, one obtains

N-1 -1
Ex = [CNIijkl + Z Cj MTT{j]»kl — Iklij 6_1‘3‘ (2.121)
J=1

Substitution of Eqn. 2.121 into Eqn. 2.117 allows one to express the average strain in

the J™ inhomogeneity in terms of the average strain in the RVE as

-1

N-1

J _ MTmJ E : MTrmJ =

€ij = T'ijkl CNImnkl+ Cjy Tmnkl Emn (2122)
J=1

Therefore from the definition of the strain concentration tensor in Eqn. 2.64b, one
observes that the concentration tensor is identified in the Mori-Tanaka method from

Eqn. 2.122 as?”

-1

N-1
MTA;']jmn = MTer‘i’k:l CNImnk:l + Z CJy MTT;’]mkl (2123)
J=1

The stress concentration tensor for the Mori-Tanaka method is obtained by ap-
plication of constitutive relations to Eqn. 2.117 so that the stress in the J*" inhomo-

geneity is given by

However, noting that (£,,, + &) denotes strain in the matrix, with the substitution
of the constitutive relation for the compliance of the matrix into Eqn. 2.124 one can

write the stress in the J* inhomogeneity as

O-i]j = LZJ]kl MTTI;:]lmnMN (5pq + 5-pq) (2125)

MTP;]

One can define a tensor, ik relating the stress in the J™ inhomogeneity to

*"Note that applying Eqn. 2.123 to the matrix phase, we observe that " AN, is
identity by definition in the Mori-Tanaka method.
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the uniform stress in the far field applied traction, i.e. ag which in this case is the

average stress in the RVE plus a perturbation, such that

oy = MTPz'}]'klUI?l = " P(aw + a) (2.126)

so therefore from Eqn. 2.125 one observes that

MT pJ
Piqu

= L;’jkl MTpl MY (2.127)

In comparing Eqn. 2.126 with the definition of the stress concentration tensor in

Eqn. 2.64a it is again observed that M7 P/

ik 18 not equivalent to the stress concen-

tration tensor, i.e. MTPj, # MTBJ,. Again, in order to identify the relationship

MT p‘J

between ik and the stress concentration tensor, it is necessary to identify the

uniform matrix perturbation stress in terms of the average stress in the RVE. Recall-
ing that 7,; = (0;;), and that the stress in the matrix is taken as the average stress
in the RVE plus a perturbation, i.e. (af}’) = 0,j + 045, Eqn. 2.61a can be written as
N-1
(035) = 355 = ex (045 + Gi5) + > 1 M P (Gpg + Gpg) (2.128)
J=1

which can be simplified as

N-1
0ij = [CNIijkl + Z c; "M Py | (Or 4 0m) (2.129)

J=1

Solving Eqn. 2.129 for the perturbation stress, which is equivalent to enforcing the

consistency condition, one obtains

-1

N-1
Okl = [CNIijkl + Z cy MTPZ-‘]]-M — Ty ¢ 0 (2.130)
J=1

Substitution of Eqn. 2.130 into Eqn. 2.126 allows one to express the average stress in
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the J™ inhomogeneity in terms of the average stress in the RVE as

-1

N-1
J MT pJ E MT pJ —
J=1

Therefore from the definition of the stress concentration tensor in Eqn. 2.64a, one
observes that the concentration tensor is identified in the Mori-Tanaka method from

Eqn. 2.131 as®®

-1

N-1
MTBimn = MTPi(]]'kl CNImnkl + Z CJ MTPn{mkl (2132)
J=1

b. The Mori-Tanaka Method for Thermal Conductivities

To calculate the heat intensity concentration tensor (or the heat flux concentration
tensor) for homogeneous ellipsoidal inhomogeneities in a matrix, one can apply the
thermal equivalent to Eshelby’s equivalence principle by individually embedding each
inhomogeneity into the matrix material subject to far field temperature or heat flux
consistent with those applied to the boundary of the microscale RVE, which are
reflective of the average macroscale heat flux/intensity, plus some perturbation which
accounts for interactions (see Fig. 11).

Consider the J™ inhomogeneity embedded in an infinite body whose material
properties are those of the matrix material (as shown in Figure 11), where the ap-
plied homogeneous temperature at infinity is reflective the homogeneous temperature
applied at the boundary of the microscale RVE plus an unknown perturbation which
accounts for interactions amongst the inhomogeneities, i.e. the uniform intensity in
the applied temperature is H iA = ﬁi—l—f[i where it is recalled that H; = (H;) and noted

that the perturbation intensity is defined as H; = # fVN HFewl — [ dV. Further, it

*Note that applying Eqn. 2.132 to the matrix phase, one observes that 7B}, is
identity by definition in the Mori-Tanaka method.
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Fig. 11. Mori-Tanaka Approximation for Thermal Properties: the inhomogeneity is
embedded in an infinite body whose material properties are those of the matrix
material with far field homogeneous temperature applied which is consistent

with the average heat intensity in the RVE plus a perturbation.
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is noted again that the total intensity can be decomposed into two parts consisting of
the intensity from the thermal gradient governed by Fourier’s law and the intensity
which results from the eigen thermal gradient.

From the equivalence principle, the heat flux in the J* inhomogeneity is realted
to the heat flux in an inclusion within the embedding material which is subject to an

unknown eigen thermal gradient, and is therefore given as
¢ =k (H + HY) =kY(H + H' — H) (2.133)

where the thermal gradient in the inhomogeneity is H/ = HY + H/'. Solving
Eqn. 2.133 for the unknown eigen thermal gradient for the J™ inhomogeneity, H,
one obtains

Jrrd _ 1.N g7J N 7T
kigHj = kij Hj — ki Hj (2134)

so that

N 7T __ N J J
KNHT = (kY — k) H; (2.135)

and thus one obtains the eigen thermal gradient as

HI = N (kN — k) H] (2.136)

% 1J

Since the thermal gradient in the inhomogeneity can be written as
o = HY + Hy + Hy, (2.137)
and using the thermal equivalent to the Eshelby solution®, ie. H{ = S;;H, the

PFrom the Eshelby solution it is observed that the thermal gradient in the ellip-
soidal inhomogeneity is uniform. It is also noted that the Eshelby tensor, S;;, depends
on the shape of the inclusion and the material properties of the material in which the
inclusion is embedded, here the matrix material.
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thermal gradient in the inhomogeneity becomes
H] = S;H! + H; + H, (2.138)

so that upon substitution of the eigen thermal gradient from Eqn. 2.136 into Eqn. 2.138
one obtains

H = SN (kg — ki) H + H; + H, (2.139)

2

which leads to

i + Si; %(kic]z — ki) H] = (H; + ﬁi) (2.140)

Thus, one may write the thermal gradient in the inhomogeneity in terms of the

uniform intensity in the applied far field temperature as

H' = [Ia + Sy&y(kiy — ki)™ (H; + H) (2.141)

ur,

One can define a tensor, relating the thermal gradient in the J* inho-
mogeneity to the uniform thermal gradient in the applied far field temperature, i.e.
H which in this case the average thermal gradient in the RVE plus a perturbation,
such that

H = YT HA = MTT)(H, + ) (2.142)

Therefore from Eqn. 2.141, one can identify the tensor 7T}/ as being given by

MIT = (L + Sy€l (ki — k)] ™ (2.143)

Though the intensity in the ellipsoidal inhomogeneity in the Mori-Tanaka method
is again noted to be uniform, in comparing Eqn. 2.142 with the definition of the
intensity concentration tensor in Eqn. 2.64d it is observed that, unlike the self-
consistent method, "7} is not equivalent to the intensity concentration tensor,

C e MTmJ g MT AJ
ie. Ty # Az
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and the intensity concentra-

In order to identify the relationship between 7T}/

tion tensor, it is necessary to identify the uniform matrix perturbation intensity in
terms of the average intensity in the RVE. Recalling that H; = (H;), and that the in-
tensity in the matrix is taken as the average intensity in the RVE plus a perturbation,
i.e. (HN)Y = H; + H;, Eqn. 2.61d can be written as

N—-1
(Hi) = Hy = ex(Hi + Hy) + > ey M (H; + Hy) (2.144)
J=1

which can be simplified as

(H; + H;) (2.145)

N—-1
Hi = [CNI’ij + Z Cjy MTTZLJI

Solving Eqn. 2.145 for the perturbation intensity, which is equivalent to enforcing the

consistency condition, one obtains

-1

N-1
Hj = [cNIij + Z cy MTTZ-‘]]- — L o H; (2.146)
J=1

Substitution of Eqn. 2.146 into Eqn. 2.142 allows one to express the average intensity

in the J% inhomogeneity in terms of the average intensity in the RVE as

-1

N-1
H = MTTI lenly+ > e MTTY | Hy, (2.147)
J=1

Therefore from the definition of the intensity concentration tensor in Eqn. 2.64d, one

observes that the concentration tensor is identified in the Mori-Tanaka method from

Eqn. 2.147 as

N-1 -1

CNIk;j + Z Cjy MTTkJ]
J=1

MTAZJ] — MTY;}]

(2.148)

The flux concentration tensor for the Mori-Tanaka method is obtained by appli-

%Note that applying Eqn. 2.148 to the matrix phase, we observe that “*AJN is
identity by definition in the Mori-Tanaka method.
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cation of constitutive relations to Eqn. 2.142 so that the flux in the J% inhomogeneity
is given by
¢ =kiH] =k} MTT (H + Hy) (2.149)

However, noting that (Hy+ H},) denotes intensity in the matrix, with the substitution
of the constitutive relation for the resistivity of the matrix into Eqn. 2.149 one can

write the flux in the J% inhomogeneity as

¢ =k " T G + ) (2.150)

MTPJ

7, relating the flux in the J* inhomogeneity to the

One can define a tensor,
uniform flux in the far field applied flux, i.e. ¢ which in this case is the average flux

in the RVE plus a perturbation, such that
¢/ = MPlgt = "TPNg + §) (2.151)
so therefore from Eqn. 2.150 one observes that
MIpS = kL MTT8) (2.152)

In comparing Eqn. 2.151 with the definition of the stress concentration tensor in

Eqn. 2.64c it is again observed that 7 P is not equivalent to the flux concentration

tensor, i.e. MTPS # MTBJ. Again, in order to identify the relationship between
M TPJ and the flux concentration tensor, it is necessary to identify the uniform matrix

perturbation flux in terms of the average flux in the RVE. Recalling that ¢; = (¢;), and
that the flux in the matrix is taken as the average flux in the RVE plus a perturbation,

i.e. (¢Y) =g + ¢, Eqn. 2.61c can be written as

(@) =0 =cxn(@+a) + Y cs " PG+ q) (2.153)
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which can be simplified as

(g +4)) (2.154)

[ +ZCJMTPJ

Solving Eqn. 2.154 for the perturbation flux, which is equivalent to enforcing the

consistency condition, one obtains

N-1
~ MT pJ
q; = [CNIZ']' + Z Cjy Pij
J=1

Substitution of Eqn. 2.155 into Eqn. 2.151 allows one to express the average flux in

-1

~Liva (2.155)

the J™ inhomogeneity in terms of the average flux in the RVE as

-1

N-1
W= ety + e R 2156)
J=1

Therefore from the definition of the flux concentration tensor in Eqn. 2.64c, one
observes that the concentration tensor is identified in the Mori-Tanaka method from

Eqn. 2.156 as®!

N—-1 -1

MT pJ
enly; + g cy By
J—1

MT _ MT pJ
sz - ‘Pz]

(2.157)

3. The Generalized Self-Consistent Method: Using Composite Spheres or

Composite Cylinders

Both the self-consistent and Mori-Tanaka closed form approaches to approximating
concentration tensors provided in the previous sections made use of the Eshelby so-
lution in determining the field variables in the inhomogeneity, and thus are intended
for homogeneous ellipsoidal inhomogeneities. However, the generalized self-consistent

method, by imposing a matrix shell around the inhomogeneity in approximating the

*'Note that applying Eqn. 2.157 to the matrix phase, one observes that 7B is
identity by definition in the Mori-Tanaka method.
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concentration tensor, precludes the direct use of the Eshelby solution as the inhomo-
geneity and the matrix shell combined constitute an inhomogeneous inhomogeneity>?
within infinite effective material (see Figure 7(c)). Instead, in order to calculate
the strain concentration tensor (or the stress concentration tensor) for homogeneous
spheres or cylinders using the generalized self-consistent method, one can make use
of closed form solutions for composite spheres or composite cylinders by individually
embedding each inhomogeneity into the effective medium subject to far field displace-
ments or tractions consistent with those applied to the boundary of the microscale
RVE, which are reflective of the average macroscale strain/strain (see Fig. 12). The
details of determining the concentration tensor from the generalized self-consistent
composite cylinder solution will be given in Section E of Chapter I1I. Here it is simply
noted that, from the composite spheres and composite cylinders solutions, the stress
or strain states in the matrix shell and inhomogeneity can be determined, allowing for
direct volume averaging in the determination of the components of the concentration
tensor.

However, one question which immediately arises from the approximations in
Figure 12 is how much matrix to associate with the inhomogeneity in constructing
the composite sphere or cylinder assemblage. This amounts to identifying the volume
fraction of the inhomogeneity within the matrix shell used in the generalized self-

32In general, should one wish to consider inhomogeneous inhomogeneities such as
hollow and/or coated inhomogeneities, a different approach will be needed. One ap-
proach, referred to as the transfer matrix method [132, 133], has been applied wherein
auxiliary problems such as a composite sphere or composite cylinder solution are em-
ployed in a two-step process to estimate the applied stress in the Mori-Tanaka method,
and then to apply this stress to the composite cylinders assemblage in calculating the
effective properties. Another two step approach [161] uses the composite cylinders

method to first estimate the effective properties of the inhomogeneous inhomogeneity,
and then applies the Mori-Tanaka as described above on this effective cylinder.
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(b) Generalized Self-Consistent Composite Cylinder Approxi-
mation

Fig. 12. Generalized Self-Consistent Approximation: a composite sphere or composite
cylinder assemblage consisting of the inhomogeneity embedded in the matrix
and then the ensemble embedded in an infinite body whose material properties
are those of the effective material with far field homogeneous displacement (or
traction) applied which is consistent with the average strain (or stress) in the
RVE.
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consistent approximation, f;, as

Vi

MV

(2.158)

where V5 is the volume of the matrix shell in the generalized self-consistent ap-
proximation and is not necessarily equal to the total volume of the matrix in the
microscale RVE, V. As such, it is observed that as f; — 1, the inhomogeneity is di-
rectly embedded in the effective material which is exactly the self-consistent method.
As f; — 0, the inhomogeneity is embedded in a matrix shell of infinite thickness re-
turning the dilute approximation. Miloh and Benveniste [186] suggest taking f; = ¢,
where c; is the volume fraction of the inhomogeneity in the microscale RVE. This
works well for the single type of inhomogeneity, but for multiple inhomogeneities, a
counter argument can be constructed based on the consistency condition where each
inhomogeneity is embedded in a matrix shell such that f; =1 —cy = 21}:11 cy.

For example, consider a composite consisting aligned, well-dispersed fibers all
with the same material properties embedded in a matrix material at a volume fraction
of fibers of 0.2 and therefore a matrix volume fraction of 0.8. Applying the generalized
self-consistent method to such a composite would naturally make use of a matrix shell
with a volume fraction of 0.8, i.e. f; = ¢; = 0.2, where it is noted that a tessellation
of the perfect hexagonal array representing such a dispersion would return a local
volume fraction of fiber in each Voronoi polygon of 0.2.

Next consider the case where one quarter of the fibers from the previous case
now have a different set of material properties. As such, the fiber volume fractions are
0.15 and 0.05, but the matrix volume fraction remains 0.8. If one were to apply the
fiber volume fractions in constructing the generalized self-consistent approximation,
i.e. taking fi = ¢; = 0.15 and fy = ¢o = 0.05, then each approximation would have

a different volume fraction of matrix shell, i.e. 0.85 and 0.95, respectively. However,
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the tessellation of such a dispersion would still yield local fiber volume fractions in
each Voronoi polygon of 0.2 as the dispersion geometry has not changed. Further,
if we consider the limit where the fiber properties approach one another, i.e. in the
limit as we return to the previous case, we would observe an inconsistency in that
some fibers were assigned more matrix than others, thereby changing the influence
of those fibers on the effective properties calculated where clearly they should have
equal influence.

If instead, we take a cue from the tessellation and impose consistency, that is to
say, if we take f; = fo = 1—0.15—0.05 = 0.8, then we see that whether all fibers have
the same properties or not, the amount of matrix shell provided is consistent with the
dispersion of the fibers. This approach to assigning f; will be adopted throughout

the remainder of this work.

D. Orientational Averaging Methods

In order to consider composites containing inhomogeneities at distinct orientations (be
they inhomogeneities with the same shape and properties or not), it is convenient to
consider each orientation of a given inhomogeneity as a separate phase in a multiphase
averaging approach. One such approach discussed in Christensen [198] for random
orientations of single inhomogeneity types is to first obtain the effective properties
as if the inhomogeneities were aligned. These effective properties then undergo the
appropriate coordinate transformation from the aligned coordinate system to the
global system and are then average over all possible orientations. This approach,
which will be referred to as the rule of mixtures approach to orientational averaging,
does not, however, account for the differences in interactions between inhomogeneities

when they are aligned versus when they are oriented.
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Fig. 13. Schematic representation a microscale RVE consisting of an inhomogeneity
with a random distribution of orientations between the local inhomogene-
ity coordinate systems and that of the microscale RVE, and of the use of

self-consistent method in determining the effective composite properties.

In an alternative approach [89, 208, 209], the interactions between the different
orientations of the inhomogeneity are accounted for by determining the concentra-
tion tensor in the local inhomogeneity coordinate system, applying the appropriate
coordinate transformation from the local inhomogeneity coordinate system to the
microscale RVE coordinate system, and then properly imposing the consistency con-
dition amongst concentration tensors obtained for the various orientations.

For example, consider a microscale RVE consisting of M orientations of a given
inhomogeneity, as shown in Figure 13, so that including the matrix material, the total

number of phases in the microscale RVE is N = M + 1.33 Each orientation can be

33For a more illustrative example, see Appendix B.
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defined by the angles ¢, ¥; which relate the local inhomogeneity orientation to the
microscale RVE coordinate system by a change of basis which is determined from a

series of single axis rotations, i.e. 7Q; = 7QY 7 Qp; such that in engineering notation

cos(p) 0 — sin(yp)
Q) = | sin(w)sin(p) cos() sin(y) cos(p) (2:159)
cos(¢) sin(p) —sin(y) cos(¥) cos(p)
The effective stiffness, for example, of the microscale RVE can therefore be obtained
from Eqn. 2.71a. In order to denote the orientations associated with each phase the

effective stiffness is written as
M
Lijy = Lij + Z 1 (20,01 (L (95, 0) = Lifnn) A (05 07) (2.160)
J=1

where ¢;(¢s,1%;) is the volume fraction of a given orientation and where

L{jmn(¢J:¢J) = JQip Jquzpqrs Jer JQns (2.161a)
A;]jmn(‘PJ:wJ) = JQip Jququrs JQW“ JQns (2.161b)

cs(p,¥) = wye (2.161c)

where the tilde denotes quantities expressed in the local inhomogeneity coordinate
system and where w; is the weight factor for the fraction of inhomogeneities with a
given (ps,1;) and ¢ is the total volume fraction of the inhomogeneity irrespective of
orientation. It is also noted that qurs and flpqrs have been expressed without a super-
script J in order to emphasize that the only difference between the inhomogeneities
in all of the phases is the orientation. As such, if one were to use the self-consistent
method to approximate the concentration tensor, then one need only calculate flpqrs

once using Eqn. 2.83.
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It is noted that as M — o0, a continuous distribution of orientations over a unit

sphere, p(p, 1), can be obtained, and as such, one may write

fo ijn((p w) zgmn]Amnkl(ﬁpa w> Sln(@) dg@ dw
fo p(p, ) sin(y) dp di

where the lack of the subscript J on the angles denotes the continuous distribution

Lija = Liju+ (2.162)

of orientations as opposed to a discrete number of them. It is further noted that

for a random distribution of orientations, each (¢, ) is equally likely and therefore

p(p, ) = po and

szk:l zjk:l + / / igmn ()0 w z]mn] mnkl(%p, w> Sln(gO) dga dw (2163&)

Mzgkl zgkl + / / tymn ()0 w zgmn] mnkl((paw> Sln(@) dg@ dw (2163b)
=kt [ o) = Ao ) snG) dod (2163

+—/ﬂ/ €l 0) — €51y ) sin() dp dip (2.163d)

resulting in effective properties for the composite which are isotropic [153, 209, 210].

It should be noted that when using the self-consistent and generalized self-
consistent concentration tensor approximations, the consistency condition is auto-
matically satisfied. However, when using the Mori-Tanaka approximation, one must
use caution as the Mori-Tanaka consistency condition must be applied in the mi-

croscale RVE coordinate system. See Appendix C for more details.

E. Application of Interaction Energy for Effective Properties

As was previously noted, the theory of multiple scale expansion and the notion of en-
ergy equivalency between the microscale RVE and an effective homogeneous material,

i.e. as in Eqn. 2.22, can be synonymous. It is further noted that, in some cases, for
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Fig. 14. Schematic representation of the energy equivalency between the microscale
RVE and its effective material representation and identification of a single

inhomogeneity approximation for calculating the RVE energy.

example in microscale RVEs consisting of a single type of inhomogeneity, the energy
of the RVE be calculated using an approximation of the RVE as shown schematically
in Figure 14. In such cases it is often convenient in the calculation of the volume
averaged strain energy from the approximation of the microscale RVE to decompose
the RVE energy, WRVE in terms of what is referred to as the interaction energy
(see for example [198]) between the inhomogeneity and its surroundings, W™* and
the strain energy of the surrounding material in the approximation, measured in the
absence of the inhomogeneity, W (referred to as the homogeneous matrix energy),
le.

WHRVE = jyint 4 p0 (2.164)
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where the strain energy of the surrounding material using the definition in Eqn. 2.5
is given by
1
wo — §<O-Z(,]jg?j> (2.165)

This decomposition is shown schematically for three approximations to the RVE en-
ergy, the dilute, the self-consistent and the generalized self-consistent approximations,
in Figure 15. Thus, in what is referred to as the Eshelby formula3?, Eqn. 2.164 can

be substituted into Eqn. 2.22 which can then be written as
welt = wo 4 pyint (2.166)

It can be shown® that the interaction energy can be defined in terms of the surface
tractions and displacements on the inhomogeneity and the tractions and displace-
ments on an imaginary inhomogeneity boundary in the homogeneous surrounding
material problem as

. 1
S,

i

where 5; is the surface of the inhomogeneity and where it should be noted that the
expression given in Eqn. 2.167 is for applied average displacement, u;, on the boundary
S. An analogous expression for the interaction energy for applied average traction,
t;, on S is given by the negative of this equation.

It is noted from Figure 15, that in the dilute approach (Figure 15(a)), the in-
homogeneity is embedded in the matrix so that the matrix constitutive properties
are used for determining the homogeneous matrix strain energy and the interaction
energy from Eqns. 2.165 and 2.167, respectively. In the self-consistent approximation

in Figure 15(b), the inhomogeneity is instead embedded in the effective material so

31See for example [198].

%See for example [198].
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Inclusion in Homogeneous
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(b) Self-Consistent Approach

Inclusion in Matrix in Homogeneous
Effective Material Effective Material

(c) Generalized Self-Consistent Approach

Fig. 15. Schematic representations of the decomposition of the strain energy into the
interaction energy and the homogeneous matrix energy as applied in the di-

lute, self-consistent, and generalized self-consistent approximations.
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that of; = off and u = u$", and therefore W° = WeT and ¢ = ¢ on S;. As such,

the Eshelby formula for the self-consistent method reduces to

1
— / (tius™ — 5%0;) dS =0 (2.168)
vV /s,

it —
so that for the self-consistent method, the effective properties can be determined
directly from the interaction energy using Eqn. 2.168. Similar to the self-consistent
approximation, it is noted that the Eshelby formula in the generalized self-consistent
approximation also reduces to Eqn. 2.168. The difference, however, is that the surface,
S; is no longer that of the inhomogeneity, but is instead the surface of a volume of
matrix enveloping the inhomogeneity as shown in Figure 15(c), and thereby retains the
load transfer between the matrix and the inclusion in the calculation of the interaction
energy.
Finally, it is noted that many of the concepts presented in this chapter will be

applied and /or discussed in great detail in the context of the generalized self-consistent

composite cylinder method in Chapter III.
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CHAPTER III

THE GENERALIZED SELF-CONSISTENT COMPOSITE CYLINDER METHOD
As the nanocomposite modeling approaches applied herein are centered on the gener-
alized self-consistent composite cylinder method, a detailed description of the method
is provided in this chapter. Originally developed for microscale RVEs of a single type
of perhaps coated, high aspect ratio circular cylinder fibers, the method is extended
here to account for multiple fiber types and orientations through the calculation
of concentration tensor components. The chapter begins with a description of the
multi-layered composite cylinders method for elastic properties which is followed by
the multi-layered generalized self-consistent method for elastic properties. This is fol-
lowed with a discussion of the development of graded interphase solutions for use in
the generalized self-consistent method. The derivation of the multi-layered generalized
self-consistent composite cylinders method for thermal and electrical conductivity is
then provided, followed by a detailed description of how to obtain concentration ten-
sors using the generalized self-consistent composite cylinders method and how these
concentration tensors are used in orientational averaging. Finally the chapter closes
with a few parametric studies and a brief description of how the generalized self-
consistent model will be used applied in determining the effective elastic properties

and conductivities of CNT-epoxy nanocomposites.

A.  The Multi-Layered Composite Cylinders Method for Elastic Properties

In the discussion of the multi-layered and generalized self-consistent composite cylin-
ders methods which follows, use of both energy equivalency and direct averaging
methods will be in the determination of effective microscale RVE properties will be

discussed. Each of these methods has their advantages and disadvantages and will be
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(a) Multi-Layer Composite Cylinder  (b) Homogeneous Effective Material
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Fig. 16. General schematic representing the energy equivalency between a N-layer com-
posite cylinder assemblage (16(a)) and its effective material representation
(16(b)). It should also be noted that the tube axis is along the one-, or
z-direction. The inner radius of the fiber is denoted as ry, and the outer

radius of the matrix is denoted as ry, with r; denoting the fiber outer radius.

explored in the determination of the effective elastic properties of randomly oriented,
graded interphase coated fiber composites as continuum level representations of car-
bon nanotube-polymer nanocomposites. What follows is a summary of the multi-layer
composite cylinder method approach to modeling graded interphase regions similar to
those provided by Jayaraman and Reifsnider [167] and by Jasiuk and Kouider [168].

As an example of the composite cylinder model, consider the composite cylin-
der assemblage shown in Figure 16(a) and the analogous homogeneous solid in Fig-

ure 16(b). Displacement fields which satisfy the equilibrium equations are assumed
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for each layer of the composite cylinder assemblage and for the homogeneous solid.
The strains in each layer are determined from the displacement fields using the strain-
displacement relations, with the layer stresses determined from the appropriate con-
stitutive relation for each layer. The same is done for the homogeneous solid where
the constitutive relations consist of the unknown effective properties of the composite.
Sets of homogeneous boundary conditions consistent with the number of independent
effective material properties are independently applied along with the appropriate
interface matching conditions between the composite cylinder assemblage layers. For
the effective elastic properties of the composite cylinder assemblage, five sets of bound-
ary conditions are needed as the effective material response is transversely isotropic.
In determining the effective elastic properties of aligned fiber composites using the
composite cylinders method, the volume averaged strain energies of the composite
cylinder assemblage, W, and of the effective homogeneous cylinder, W are ob-
tained from the volume average of the strain energy, and are set equal to one another.
The set of elasticity problems typically include assumed displacement fields con-
sistent with determining 1) the in-plane bulk modulus (x$f), 2) the axial Young’s
modulus (EST), 3) the axial stiffness component (C$,)2, 4) the axial shear modulus
(<1, and 5) the in-plane shear modulus (ush). A summary of the elasticity solutions
for the boundary value problems identified in Figure 17 is provided here, followed by
a discussion of methods for determining the effective properties from the elasticity
solutions. It is noted that the assumed displacement fields applied in each of the
"Here it is assumed that each layer is a compatible phase in the reference con-
figuration with no residual stresses or transformation strains and subject to small

deformations so that continuity of tractions and displacements can applied across the
layer boundaries.

In order to be consistent with the notation of Hashin [158], C¢f, ;| is used in place
of Lify;.
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Fig. 17. Boundary value problems solved in the composite cylinder method.
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boundary value problems are solutions to the equilibrium equations in cylindrical
coordinates, i.e.

agrr 1807‘0 aarz + 1
or r 00 oz r
80r9 180’99 80'92 2

- Z = 3.1
ar r 06 0z +7“0r9 0 (3.1)
aarz 1 80-02 aazz + 1
or r 006 dz r

(Urr - 099) =0

0, =10

where in obtaining these equations in terms of the displacement components it is
noted for the present discussion that each phase of the composite cylinder assemblage

is homogeneous.
1. Composite Cylinder Method for In-plane Bulk Modulus

a. Displacement, Strain, and Stress Fields

The in-plane, or plane strain bulk modulus, xSI, is determined through the application
of the displacement field expressed in cylindrical coordinates in Eqn. 3.2 to each phase

of the composite cylinder assemblage shown in Figure 16(a):
ui = Dir+ Di

ué =0 forri_ <r < (3.2)

where D! and D} are constants and ¢ ranges from one to N where it is noted that
ry is dependent upon the desired volume fraction. It should also be noted that the
displacement field satisfies equilibrium for isotropic and transversely isotropic layers
so that the displacements in the homogeneous effective cylinder® of Figure 16(b) are

3See Sections D1 and D2 of Appendix D for the derivation of the displacement
fields for homogeneous layers.
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given by:

ugﬂ =0 for 0 <r <ry (3.3)

These displacements are used to calculate first the strains and then the stresses. The

non-zero strains in each layer of the composite cylinder assemblage are therefore given

by:
i i i1
Eppr = Dl - D2ﬁ
. (3.4)
€99 = Dy + DQT_Q
with the non-zero stresses for isotropic phases given by:
i i i1
O = 2Dy (ki + As) = 2 D3
, : 1
o9 = 2D (i + X)) + 21Dy (3.5)

where p; and ); are the Lamé constants for the i*" isotropic phase. The boundary
conditions consistent with an in-plane, or plane strain bulk test are applied to the

composite cylinder assemblage as shown in Figure 17(a) and are given by (assuming

hollow fiber):

0 Jpero = 0 (3.6a)
U1{V|r:7‘N = &orN (36b)

where Eqn. 3.6a corresponds to a traction free internal surface of the hollow cylinder
and Eqn. 3.6b represents an applied displacement at the outer boundary consistent

with g9 as the average radial strain in a homogeneous cylinder. In addition, the
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continuity of displacement and traction conditions across internal phase boundaries

given by:
Wler, = it o, (3.7a)
azr‘T:Tj = O'Z:I‘T:Tj (3.7b)

where j ranges from one to N — 1, the constants D} and D} are obtained for all phases
of the composite cylinder assemblage. Note that for solid fibers, Equation 3.6a is
replaced by the condition that D} = 0 (e.g., DST = 0 for the homogeneous effective
material) which imposes the condition that the displacement field be bounded at
the origin of solid fibers. Thus, the 2N unknown constants (D}’s and Dj’s) are
determined from the 2N boundary and matching condition equations. Solutions for
the constants for N = 2 and N = 3 for the in-plane bulk modulus and for the other

effective composite properties are provided in Appendix E.

b. Methods for Determining the Effective In-plane Bulk Modulus

With the displacements, strains and stresses for each case identified, the effective
properties of the composite cylinder assemblage can be determined. Four methods
for determining the effective properties are provided, each having advantages and
disadvantages. The methods are based on the general micromechanics philosophies
discussed in Chatper II. In the first method, the average stress and strain of the
composite cylinder assemblage are used along with the definition of the effective
property being determined (as in Eqn. 2.56). In the second method, the direct energy
equivalency as in Eqn. 2.22 is applied using the average stress and strain of the
composite cylinder assemblage and of the homogeneous effective material (Figures 4
and 16). The third and fourth methods presented make use of the interaction energy

methods (Eqn. 2.164) described in Eqns. 2.167 and 2.168, respectively. Application
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of each of these four methods is explicitly demonstrated in the determination of the

in-plane bulk modulus, with the results for other properties briefly summarized.

e Method 1: Using Volume Averages and the Definition of the Engineering Prop-

erty
The in-plane bulk modulus, #$E, is obtained by definition as:
comp
off (035 ")
= 22 7 3.8
23 2 < 6;cQ)mp> ( )

where the average stress and strain in Eqn. 3.8 are taken over the entire composite
cylinder assemblage which includes the hollow region shown in Figure 16. As the
internal surface is taken as traction-free in each of the composite cylinders assemblage,
the stress in the hollow region can be taken as zero. However, the strain in the hollow
region is nonzero and can be taken to be homogeneous and consistent with the strain
at the internal surface (i.e., at r9). This complication can be avoided, however, if
the volume averages are instead expressed in terms of external surface tractions and

displacements? by:

eff O';]‘X’T:'FN (3 9)
2 2=y /7N) '

For an isotropic matrix, the in-plane bulk modulus is then obtained in terms of the

constants Djv as:

ot _ (mx ANy D — v Dy’
23 r3. DV + DY

(3.10)

From Eqn. 3.10, it is observed that the in-plane bulk modulus can be determined in
terms of only two of the 2N displacement constants, and therefore encourages the
use of techniques such as Cramer’s rule to avoid solving potentially large algebraic

systems of equations.

4See Appendix F.
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e Method 2: Direct Strain Energy Equivalency

In the application of the direct strain energy equivalency of Eqn. 2.22 between the
composite cylinder assemblage and the homogeneous effective material of Figure 16,
the strain energy of the effective homogeneous material for the boundary conditions

applied for the in-plane bulk test can be expressed as:
Welt = 4,52 (3.11)

The volume averaged strain energy for the composite cylinder assemblage as given
by Eqn. 2.17, can be expressed as separate volume integrals over each layer in the

composite cylinder assemblage as:

RVE 1 N L/2 T o o
WS = v Z/L/Q/ /0 o€ df dr dz (3.12)
i=1 Y —L/2 i

where V' is the total volume of the composite cylinder assemblage which includes the
hollow region shown in Figure 16. However, it should be noted that the traction-free
conditions on the internal surface of the composite cylinder assemblage means that
the strain energy of the of hollow region is zero, and therefore does not appear in the
summation in Eqn. 3.12. The effective in-plane bulk modulus is then obtained by
solving Eqn. 2.22 for k51 and results in the following form in terms of the constants
Dt

J
N

e 1 i (i iy
“2? = % Z (X1(D1)2 + Xz(D2)2) (3.13)
i=1
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where the x are constants which depend on layer geometries and layer elastic con-

stants. For example, for N = 2 and isotropic layers, the y are given by:

2242
Xo =TT T2€g

X1 = rorira(rf = ) (i + M)

X3 =13(r; — ) (3.14)

Xi = 1orirs(r3 = ) (42 + A2)

Xo =15y = i)

In this case, all of the constants in the displacement field must be determined in

obtaining the effective in-plane bulk modulus.
e Method 3: Strain Energy Equivalency via Interaction Energy

In this method, the volume averaged strain energy is given in terms of the inter-
action energy defined on an internal surface of the composite cylinder assemblage and
in terms of the volume averaged strain energy of the homogeneous matrix as shown
in Figure 15(a). The strain energy of the composite is therefore given by Eqn. 2.164,
where W0 is the volume averaged strain energy of a homogeneous cylinder with ma-
terial properties of the N** layer and W™ is the interaction energy between the N —1
inner layers and the N* layer. The strain energy of the composite is then taken to
be equivalent to the strain energy of the effective material (Eqn. 2.22), and as such,
this method involves two volume integrals over homogeneous cylinders and a surface
integral in the composite cylinder assemblage, and therefore avoids integrating over

each layer in the total volume.
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The homogeneous matrix cylinder is assumed to have the same functional form

of displacement field as the composite cylinder assemblage, i.e.,
0 0 0l
ur = lef' + D2;

ugzo for0<r <ry (3.15)

and is subjected to the same external boundary condition provided in Eqn. 3.6b, with
Eqn. 3.6a replaced by the condition that the displacement be bounded at the origin
(i.e., D§ = 0). As such, it should be noted that Dy # D}, despite having the same
material properties as the boundary conditions for the homogeneous cylinder and the
N'™ layer of the composite cylinder assemblage are different. From the displacement
field, the strains and stresses of the homogeneous matrix cylinder are obtained and

used to determine the homogeneous matrix volume averaged strain energy given by:

0 1 L/2 TN 2 00
W =7 /L/2/0 /0 oeyrdodrdz (3.16)

which for an isotropic matrix (i.e., N* layer) reduces to W0 = 4e2(un + Ay).

The interaction energy as defined in Eqn. 2.167, is taken over the surface S;, taken

to be the interface between the N and (N — 1) layer of the composite cylinder

assemblage, and is an internal surface in the homogeneous matrix cylinder located

where that phase boundary would have been. As such, the interaction energy can
alternatively be expressed as:

. 1 rL/2 gen
Wt = v / /0 [(oNul + ofug + olul)

—L/2 (3.17)

o, N 0, N 0, N
- (grrur Tt Oppllg + 0, U, )]T:TN—l ry-1d0dz
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where it is noted that as a result of the imposition of continuity of tractions and
displacements across phase boundaries in the composite cylinder assemblage, the N*®
layer stresses and displacements of the composite cylinder assemblage have been used
in place of the (N — 1) stresses and displacements in Eqn. 3.17.

For composite cylinder assemblages with isotropic N and N — 1 layers, the in-

plane bulk modulus is determined from solving Eqn. 2.164 and is given by:

1 —
Kb = ;[T?v_l(lw—l + AN — gy — An) Dy

2
0'N (3.18)
— (-1 + py + An) D™+ or (v + Aw)]

so that again, Cramer’s Rule can again be used to solve for the two needed constants

(DN=! and D5 ') as opposed to having to determine all of the 2N total constants

in order to obtain explicit solutions for the in-plane bulk modulus.
e Method 4: Strain Energy Equivalency via Self-Consistent Interaction Energy

The fourth composite cylinder approach to determining the effective in-plane bulk
modulus can be thought of as being similar to a generalized self-consistent approach.
In this method, the homogeneous cylinder is taken to be the effective cylinder so that
the generalized self-consistent equations provided in Eqns. 2.167 and and 2.168 are
applied. However, this method is approximate in that it assumes that the interaction
energy between the composite cylinder assemblage of Figure 16 and the effective
cylinder is equal to zero on the composite cylinder assemblage surface at r = ry .
That is:

L2 r2m
Wit = / /0 [(oNu 4 oMt ol g

—L/2

(3.19)

eff, N eff N eff N
- (JTT U, + Oy + 0, U, )]TZTNTN dfdz=0
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Table II. Summary of the resulting effective in-plane bulk modulus results for each of

the four methods applied indicating the minimum number of displacement

constants needing to be determined. Displacement constants for N = 2 and

N = 3 composite cylinder assemblages can be found in Appendix E

Method | No. Disp. | Eqn. In-plane Bulk Modulus
Constants
e +AN)r3 DY —pun DY
Method 1 2 3.10 R = oo D
Method 2 | 2N 3.13 RS = 55 i, (DD + xa(Dh)?)
Method 3 2 318 | S5 = b [rRoa(uvo1 + Avo — v — An) DY
N
—(pn—1 + iy + AN DY+ eord (un + An))]
e (un+IN)r2, DN — DY
Method 4 2 3.10 RS = N TR,

Eqn. 3.19 is then solved for xSE, which for isotropic N** layers produces an identical

result to Eqn. 3.10, and therefore requires the solution of only two of the 2N dis-

placement constants, DI and DY, which, because of the approximation of using the

composite cylinder assemblage, do not contain effective material properties as they

would have had the generalized self-consistent composite cylinder been used. Rea-

sons why this is in fact a good approximation will be made clear in the subsequent

discussion of the generalized self-consistent composite cylinders method. It is also of

interest to point out that although the functional forms of the effective in-plane bulk

modulus from each of the four methods may vary (see Table II), the numeric results

obtained are in excellent agreement. The same is found to be true for the applicable

methods in the remaining properties to be discussed.
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2. Composite Cylinder Method for Axial Young’s Modulus and Stiffness

Component
a. Displacement, Strain, and Stress Fields

The displacement field applied to each phase of the composite cylinder assemblage to

determine the axial Young’s modulus (E¢T) is:
i i i1
u, = Dir + Dj—
r
ué =0 forri_ <r < (3.20)
ul = epz

The nonzero strains and stresses are therefore obtained as:

i i i 1
13 :Dl_DQﬁ

rr

. ) 1
S = D} + Dy (3.21)

i _
€., =¢o

and (again assuming isotropic phases):
i i i1
Opp = 2D1(ILLZ + )\z> — 2u1D2ﬁ + )\Zfo
O'iz = 2)\1D1 + (2Mz + /\i)50

respectively. The boundary conditions consistent with a uniaxial extension test (Fig-

ure 17(b)) are applied to the composite cylinder assemblage as (assuming hollow
fiber):
o} =0 (3.23a)

rriIT=T0

o=y =0 (3.23b)



103

The boundary condition in Eqn. 3.23a again corresponds to a zero-traction internal
surface. The boundary condition in Eqn. 3.23b corresponds to a traction free external
surface which allows for the Poisson’s effect to take place. As the cylinder is under
plane strain conditions, the axial extension corresponding the average axial strain in
a homogeneous body is applied in z-component of the assumed displacement field of
Eqn. 3.20. The matching conditions of continuity of tractions and displacements are
identical to those identified in Eqn. 3.7 for determining the in-plane bulk modulus,
thus allowing for the determination of the 2N unknown constants (Di’s and Dj’s)
from the 2N boundary and matching condition equations. The solutions for the
displacement constants for N = 2 and N = 3 are provided in Appendix E.

The displacement field applied to each phase of the composite cylinder assem-
blage to determine the axial stiffness component (C¢I,) is identical to that used
to determine the axial Young’s modulus (Eqn. 3.20), and therefore, so too are the
nonzero strain and stress components (Eqns. 3.21 and 3.22, respectively). In addition,
the matching conditions across each phase boundary are also identical to those used
for both the in-plane bulk modulus and axial Young’s modulus (Eqn. 3.7). However,

the boundary conditions applied are different (Figure 17(c)) and given by:

O Jperg = 0 (3.24a)
U [pmpy =0 (3.24b)

Eqn. 3.24a again corresponds to a traction-free internal surface, however, Eqn. 3.24b
now corresponds to constraining the external surface of the composite cylinder as-
semblage and therefore disallowing the Poisson’s effect. resulting in a set of 2N
displacement constants different from the displacement constants determined in both

the in-plane bulk and axial Young’s modulus boundary value problems. The solutions
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for the displacement constants for N = 2 and N = 3 are provided in Appendix E.

b. Methods for Determining Effective Axial Young’s Modulus and Axial Stiffness

Component

In the determination of the axial Young’s modulus (E$T) and stiffness component
(Cs)), only two of the four methods applied in determining the effective in-plane
bulk modulus are applicable as a result of the exclusion of fiber end effects by using
an infinitely long fiber assumption. Those two methods are methods one and two,
the volume averaged property definition and direct energy equivalency approaches,
respectively.

Using displacement field of Eqn. 3.20 and the definition of the axial Young’s
modulus, E¢T is obtained from the volume averages stress and strain of the composite

cylinder assemblage by:

off _ {on1)
BT = En) (3.25)

where the volume averaged stress, (o..), is given by:

orL |
(0..) = WZT [Z / oy dr] (3.26)
2 1

where L is the arbitrary length of the composite cylinder assemblage and where it is

noted that there is zero stress in the hollow region of the fiber. The volume averaged

strain is similarly calculated as:

2L
(€)= 23

2 2 Ti )
50%0 + ZZI /TH ey dr] (3.27)

where the additional term before the sum acknowledges the non-zero strains in the

hollow of the fiber so that (c,.) = ¢ is maintained. It can be shown that for isotropic
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layers, the effective axial Young’s modulus can be expressed as’:

S (20 + N)eo + 20D (r2 — 12 )

eff
BT = 5
EoTn

(3.28)

Note that because the same displacement field is used for both the axial Young’s
modulus and stiffness component (i.e., Eqn. 3.20), and because of the similar defini-
tion of these two properties, i.e., CSiL ., = (o11)/{e11), the axial stiffness component
obtained by definition has the same form as Eqn. 3.28, the only difference being in
the values of the D! as a result of the differences in the boundary conditions applied
in Eqns. 3.23 and 3.24.

The application of the direct strain energy equivalency of Eqn. 2.22 between the
composite cylinder assemblage and the homogeneous effective material of Figure 16
(method two), proceeds with the strain energy of the effective homogeneous material

expressed as:

Wwelt = peff 2 (3.29)

The volume averaged strain energy for the composite cylinder assemblage as given
by Eqn. 2.17, can be expressed as separate volume integrals over each layer in the
composite cylinder assemblage as in Eqn. 3.12 so that effective axial Young’s modulus

is obtained as:

N
1 . .
Ejl‘Eff T 22,2 Z[(4(Mz + /\Z)(Dif + 4/\zDi
0N =1 (3.30)
4Mi i
+ 722 (D3)* + e5(2ui + X)) (r] — 171)]

Again, the effective axial stiffness component obtained from the direct strain energy
equivalency has the same form as Eqn. 3.30 with different values for the displacement

field constants D! and Dj.

°See Appendix F
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3. Composite Cylinder Method for Axial Shear Modulus
a. Displacement, Stress and Strain Fields

The axial shear modulus, pSE, is determined through the application of the following
displacement field expressed in cylindrical coordinates to each phase of the composite

cylinder assemblage

i
u, =0

up =0 for riy <7 <y (3.31)
ul, = (Dir + D;;) cos(#)

The nonzero strains and stresses are therefore obtained as:

T i 1
€r: = 5 (D1 — D2r_2) cos(f)
. | (3.32)
and (again assuming isotropic phases):
A , 1
o= (Di - D;T—Q) cos()
(3.33)

. . o1

respectively. The boundary conditions consistent with an axial shear test (Fig-

ure 17(d)) are applied to the composite cylinder assemblage as (assuming hollow

fiber):
Oul
Mlﬁ“:m =0 (334&)
ul |,—p = 2e07y cos(6) (3.34b)

Eqn. 3.34a imposes that the internal surface be traction-free. The displacement im-

posed on the external surface in Eqn. 3.34b is consistent with the application of simple
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shear. The matching conditions of continuity of tractions and displacements are again

applied, but are different in form from those in the previous cases. They are given

by:
Wlrmr, = wl o, (3.35a)
oul out!
/‘ij|rzrj = Mj+1w|r:rj (3.35b)

where as before, j ranges from one to N — 1, and again resulting in 2N equations to
be solved for the 2N unknown constants in the displacement fields. The solutions for

the displacement constants for NV =2 and N = 3 are provided in Appendix E.

b. Methods for Determining the Effective Axial Shear Modulus

Like the effective in-plane bulk modulus, the axial shear modulus (u$) can be deter-
mined from each of the four methods presented. In the first method, the definition
of the effective axial shear modulus in terms of average shear stress and strain can
be alternatively expressed in a statement of equivalent surface tractions between the

composite cylinder assemblage and the effective homogeneous cylinder®, i.e.,

oulY o OuST

z _ z

/‘LNW“:TN = M2 or |T:7’N (3'36)

which for an isotropic N*® layer can be expressed in terms of the displacement con-

stants as:
v (DY = DY %)
N

250

(3.37)

Hiy =
so that, as was the case for the in-plane bulk modulus, only two of 2N compos-

ite cylinder displacement field constants need be determined in order to obtain the

effective axial shear modulus.

6See Appendix F
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Applying the direct energy equivalency between the composite cylinder assem-
blage and the effective material (Eqn. 2.22), volume averaged strain energy of the

effective material from Eqn. 2.20 is observed to be given by:
Wett = 452 (3.38)

so that when equated to the volume averaged strain energy of the composite cylinder
assemblage from Eqn. 3.12, the effective axial shear modulus is obtained in terms of
the displacement field constants (assuming isotropic layers) as:

N

i = 3 | (=) 00+ () o) | )

P i1 i

Similar applications of the interaction energy approaches of methods three and four

result in expressions for the effective axial shear modulus of

1 _ _
7 (o1 (e — py—1) DY+ (uw + pyv—1) DY) (3.40)

eff
/’LIQ = UN — 2—
EoTn

and
eff /‘LN(D{VT%V - Dév)

= 3.41
12 D{VT?V_}_D%] ( )

respectively, where it is noted that unlike the effective in-plane bulk modulus results,
methods one and four for the axial shear modulus result in different expressions,

though the numerical applications of both equations are again in excellent agreement.
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4. Composite Cylinder Method for In-plane Shear Modulus

a. Displacement, Strain, and Stress Fields

The displacement field applied to the composite cylinders assemblage in order to
determine the effective in-plane shear modulus is given by (for isotropic layers)”:

i i Ai i 1 il (2pit A -
= {Dlr + Diy? (m) - D3ﬁ + D4; ( m )] sin(20)

2

1 1
ul {DZT + Dipd 4 D -+ D> } cos(26) (3.42)

N S

ut =0 forr,; <r <

The nonzero strains and stresses in the first NV layers are obtained as:

— [Di +3 (ﬁ) Dj 2} sin(20)

1 2+ A
+ {wgﬁ - ( ”’; )D4 } sin(26)

7 /\Z 7 :
599 l D (m — 2) D2T2:| Slﬂ(?@)

1 (2wt N 1
+ [—31);—4 + ( kL 2) Di— } sin(20)
r Hi

‘ ‘ A ‘
Erg = {Di + (m + 1) D§T2:| cos(26)

1 2u; + N
+ [—3D§T—4 + ( M/;: ) D)= } cos(20)

(3.43)

"The following displacement field is derived from the method of plane harmon-
ics which Hashin[158] simplified from Love’s[211] representation See Section D3 of
Appendix D for a summary of the derivation.
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and

Opp = Q,UZ { |:D1 + 3 (m) D2T2:| SIH(QH)}
i 1 2 + A\ i L
+ 2p; { [3D3ﬁ - ( ) D4ﬁ} 5111(26’)}

22

4N i..2 i 1 :
+ A\ { [(M - 2) Dyr® — 2D4T—2] sm(QQ)}

Tpg = 244 { {—Di + (ﬁ - 2) D;ﬂ] sin(QQ)}

i1 200 + A il
+ 2u; { {_3D3T—4 + (T — 2) D47“_2] sm(QQ)} (3.44)

4\ i 2 1.
Uzz = AZ { {(m — 2) DQTZ — 2D47"_2:| SlH(QQ)}

. A \; .
0'129 = 2,“/@ lDi + (m + 1) D;T’2:| COS(QQ)

20 + A
Mg

1 1
+ 24 {—3D§T—4 + ( ) DZT_2:| cos(260)

The boundary conditions applied in order to determine the in-plane shear modulus

(Figure 17(e)) are:

1

0l rry =0 (3.45a)
Tpglr=ry = 0 (3.45b)
uN ey = %SOTN sin 260 (3.45¢)
Uy ey = %eorN cos 26 (3.45d)

Eqns. 3.45a and 3.45b correspond to the zero traction condition on the internal surface
of assemblage. Taken together, Eqns. 3.45¢ and 3.45d correspond to the application

of pure shear in the plane of symmetry. The matching conditions of continuity of
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tractions and displacements provide four additional equations and are given by:

I (3.462)
W, =y, (3.46b)
U£T|T:7’j = UZ;J_I“ZW (3.46c¢)
lver, = 7 e (.46

where j ranges from one to N — 1 (as N is the outermost layer). This leads to a

system of 4N unknown constants determined from the 4N equations.

b. Methods for Determining the In-plane Shear Modulus

Any of the three energy methods for determining the effective properties can be used
to try and determine the effective in-plane shear modulus. However, as observed
by Hashin and Rosen [158] , such efforts would identify the upper bound on the ef-

fective in-plane shear modulus, with applied traction boundary conditions replacing

eff

Eqns. 3.45¢ and 3.45d resulting in a lower bound (the previous properties, i.e. K3,

Bt C8 - and pS) produce coincident bounds for applied displacements and trac-
tions). As such, the determination of the effective in-plane shear modulus can not be
achieved via the composite cylinders method, therefore the effective in-plane shear
modulus is instead obtained using the generalized self-consistent composite cylinders

method.

5. Composite Cylinder Method for Additional Effective Properties

a. Axial Poisson’s Ratio

The axial Poisson’s ratio, I, can also be obtained from the composite cylinders

method from a couple of different approaches. The first, and most direct approach, is
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to use the definition of the axial Poisson’s ratio in the application of the axial Young’s

modulus test (Eqns. 3.20 through 3.23), where the axial Poisson’s ratio is defined as:

vl = _< ; (3.47)

which corresponds to

Vg = — (&) (3.48)

(€22)

and which can alternatively be expressed in terms of the boundary quantities® as:

N
vy ==-—351l5;%ﬁlzzi (3.49)

so that regardless of whether the N layer is isotropic or not, the effective axial
Poisson’s ratio can be determined from:
ﬁgz—i(D¥+D¥%) (3.50)
€0 Y

This approach allows two independent effective composite properties to be determined
from a single test, and can be used to determine a fifth independent effective property
for the effective composite in place the determination of axial stiffness component.

It is of interest, however, to point out that the effective axial Poisson’s ratio can
not be obtained from an energy equivalency approach directly. The energy equiva-
lency methods as applied to the axial Young’s modulus displacement field have al-
ready been shown to yield one effective property, the axial Young’s modulus as given
in Eqn. 3.30. As such, if an energy equivalency approach is desired, the effective axial
Poisson’s ratio is then obtained as a dependent property from:

eff eff
off Chinn — Ef
Vig = el
23

(3.51)

8See Appendix F
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which can be shown to yield the same result as Eqn. 3.50.

b. Transverse Young’s Modulus and Poisson’s Ratio

Other dependent effective composite properties obtained from the composite cylinders

method include the in-plane Young’s modulus, EST, obtained as:

4S8 kS
eff — 23 23 (352)
- "‘923 + pss T+ 4(”12) M23’f23 /Eeff

and the in-plane Poisson’s ratio, v$, obtained as:

off ’%3 ,u23 A(VEy ) pss 55 | BT (3.53)

S ’<023 +N +4(V12) M23“23/E

However, as both properties depend on the effective in-plane shear modulus, the
composite cylinders method again provides bounds on these properties. As such, the
effective in-plane Young’s modulus and Poisson’s ratio are instead determined using

the generalized self-consistent composite cylinders method.

c. Transverse Extension Test

The transverse extension test is an additional boundary value problem used in de-
termining the stress concentration tensor components. It is based on the composite
cylinder assemblage of Figure 16 and has a displacement field applied in each of the

N layers given by (for isotropic layers):
. 1 1 , 1
= |Djr+ Dyr® +DZ +DZ cos(2 0)+Dgr+Dé; (3.54a)

(Bui+2XN) 1 1 i .
ul DZ — DZ - Di—-D'-| ——— 260
o [ ' ( Ai TP T P (2 +Ni) sin(26)

(3.54b)
ul =0 (3.54c)
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for r;,_1 < r < r;. It is noted that this displacement field is similar to a combi-
nation of the displacement fields used to in determining the in-plane bulk modulus
(Eqn. 3.2) and the in-plane shear modulus (Eqn. 3.42), with the noted difference being
the switching of the trigonometric functions relative to the in-plane shear modulus
displacement field. From the displacement field in Eqn. 3.54, the nonzero strains and

stresses are obtained as:

g [(D}r* +3Dyr® — 3 D% — Djr?) cos(26) + Dy r* — D§r?] (3.55a)

rT r

Z. 1
o0 = (7"4)\1(2/%"—)\1)

— Dé (6 )\1 1251 + 3 )\12) — /\12 DZ T2]COS(2 9) — (2 )‘z jo% + )\12)(D?—) 7“4 + Dé 7”2)}

) {[Dr* (2 N i + N%) + Dir® (12 i 4+ 12 s A + 3 0\°)

(3.55Db)
i 1 4 442y i 6 6 \2 6,2\ 7
gy = NESNeT +)\i)[(2r ity + 1 X)DT A+ (97° g Ay + 37X + 670 ;) Dy,
(3.55¢)
and
) 2 ) )
ol = ——— 27" 2 +r* Np) Dh — (3N s + 6 p2) Dy

T (2 4+ )
— (277 p? + 2072 ) D] cos(20) + (27 pZ 4 37 N\ i + r* A2)Di (3.56a)

—(2r% 1 + Nir? ) D}

Ty = W{[—?‘4 Ni i Dy — (678 12 4 675 1y A\ ) Db + 3 1y \; D% cos(26)

i (3.56b)
+ (r* N2+t N ) DL 412 N\ i DEY
ol = 2#{[—(3 4 N i + 67 p2) DYy — N i DY) cos(26)
r? (2pi £ Ai) (3.56¢)

+ (2N 2 + /\Z2 7’2)Dé}
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i 2
Oy = —
r0 ri /\Z (2 |27 + /\z)

+ (BAZ + 6\ i) Dh + (s N + 72 \2) DY sin(20)

(27 N g + 72D+ (97 i Ay + 37922+ 67 1) D,

(3.56d)
The boundary conditions applied in order in the transverse extension test (Fig-

ure 17(f)) are:

Opelr—ry =0 (3.57a)

Tpglr=ro =0 (3.57b)

T “V;Oa +cos(20)) (3.57¢)
o R —“VQ 0 in(26) (3.57d)

Eqns. 3.57a and 3.57b correspond to the internal surface of the assemblage being
traction-free. Eqns. 3.57c and 3.57d combined correspond to a homogeneous
normal strain. The matching conditions of continuity of tractions and displacements

involve four additional equations and are given by:

W)y, = ul 2, (3.58a)
ug‘r:rj = ué+1‘r:rj (358b)
O-Zr r=r; — O-Z:l r=r; (358C)
oy = 05 o, (3550

where j ranges from one to (N — 1). Application of the boundary and matching
conditions results in 6/N equations to solve for the 6 N unknowns. The solutions for

the displacement constants for N = 2 are provided in Appendix E.
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B. The Multi-Layered Generalized Self-Consistent Composite Cylinders Method for

Elastic Properties

As an alternative to the bounds predicted for the in-plane shear modulus using the
composite cylinders method, the approach taken for determining the effective in-plane
shear modulus (u$) involves the use of the generalized self-consistent composite cylin-
der of Christensen and Lo[159]. Here the entire composite cylinder assemblage in
Figure 16(a) is is embedded in a (N + 1) layer whose material properties are the
same as the material properties of the effective solid homogeneous material of Fig-
ure 16(b). This generalized self-consistent composite cylinder assemblage is shown in
Figure 18. The effective in-plane shear modulus of the composite cylinder assemblage
is determined through the use of the energy equivalence between the generalized self-

consistent composite cylinder assemblage and a homogeneous solid effective cylinder.

1.  Generalized Self-Consistent Composite Cylinder Method for In-plane Shear
Modulus

a. Displacement, Strain and Stress Fields

The displacement field applied in the first IV layers, i.e. i« < N, of the generalized self-
consistent composite cylinder assemblage in order to determine the effective in-plane
shear modulus is given by Eqn. 3.42 (assuming isotropic layers). For the transversely

isotropic effective material in the (N + 1) layer, the displacement field is given by:

G (TN+1> { r DN+1® + (T 4 1)DN+1TN—+1] sin(26)
Apss ) Lra ’ re ! r
3
N4t (TN+L) [ 20 N N e ) N+ TN+ 20 (3.59)
K (4M§:f3f> { TN+1 Mt 73 ( D T cos(26)

for ry <r <rnp
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N+1th Layer - Effective Material

Nt Layer - Matrix
ith Layer - Interphase

1%t Layer - Fiber

Fig. 18. General schematic of a N-layer generalized self-consistent composite cylinder
assemblage. Here the composite cylinder assemblage of Figure 16(a) is seen to
be enveloped by an additional layer (the (N + 1)*™ layer) which can be taken
as extending to infinity and to have the effective constitutive properties of the

composite.
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where it should be noted that n°f = 3 — 4u$T and that v5T and pSt are the effective
in-plane Poisson’s ratio and shear modulus of the composite cylinder assemblage. The
nonzero strains and stresses in the first N layers are again the same as those identified
for the composite cylinder assemblage in Eqns. 3.43 and 3.44, respectively. For the

(N + 1)™ layer, the strains and stresses are obtained as:

r 3
N1 TNg1 2 N+1TN+1 off N+1 NH]
Epp' = — —3D3 " ——= — +1)D, sin (20
_4M§§ TN+1 s r (77 ) r2 ( )
[ 2 rs
el = — [N 2 gpNetINEL (et gy pNH IV Gin(2g)  (3.60)
453 TN r r?
SN+ _T’N—i—l 2 _ 3DN+1T:13V+1 + (neﬁ“ + 1) DN“ N+1:| Cos(29)
" | 4ps TN 5o r2

and

Uﬁ“ = ( Kog +N23) w4 (chg — )5%“

o = (o5 1) 7+ (s ) o
O'Z]\;Jrl (QKSEFV(fg) ( N+1 +€N+1)
O.%Jrl — 2ugg€%+l

where 15T is the effective axial Poisson’s ratio of the composite. The boundary and
matching conditions applied in order to determine the in-plane shear modulus are sim-
ilar to those provided for the composite cylinder assemblage in Eqns. 3.45 and 3.46;
the only notable differences being that the displacement field for the generalized self-
consistent composite cylinder in Eqn. 3.59 has already had the external boundary
conditions applied to the (N + 1)™ layer (as noted by lack of DYt and D) ** in
Eqn 3.59), and that j ranges from one to N (as N + 1 is the outermost layer). As
observed from Eqn. 3.46, the effective properties contained in the (N + 1)% layer
displacement field in Eqn. 3.59 results in all of the 4N + 2 unknown constants deter-

mined from the 4N + 2 equations containing the effective properties of the composite.
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The displacement constants for the N = 2 case are given in Appendix E where it
is observed that there is a lengthy amount of algebra associated even with this the

simplest of cases.

b. Method for Determining the Transverse Shear Modulus

Unlike the previous properties discussed, the in-plane shear modulus is obtained from
the generalized self-consistent composite cylinder assemblage of Figure 18 using the
generalized self-consistent method outlined in Eqns. 2.167 and 2.168. The internal
surface, S;, is taken to be between the N* and (N + 1) layers of the generalized
self consistent composite cylinder assemblage so that the interaction energy equation

resulting from the strain energy equivalency (Eqn. 2.168) can be expressed as:

21
/ [ N+l eff + JN“uZH (aeff My Uegué\fﬂ)]r:m df =0 (3.62)
0

rr 7‘

where, by continuity of displacement and traction conditions of Eqns. 3.46¢ and 3.46d,
the N stresses and displacements of the generalized self-consistent composite cylin-
der assemblage have been replaced by the (N +1)™, and where the displacement field

for the effective homogeneous material is given by:

(TNH) ( ) sin (26)

4#23 TN+1

( TN+1) ( 2 7«) cos (20) for 0 <r <7y (3.63)
TN+1

0

where it is noted that there are no displacement constants in Eqn. 3.63 like there are
in Eqn. 3.59 for the (N + 1) layer as a result of the constraint that the displacement
field in the effective homogeneous material be bounded at the origin. This emphasizes

the point that despite having the same constitutive properties, displacement fields of
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the (N +1)™ layer and of the effective homogeneous material are different as was the
case in the application of method three for the in-plane bulk modulus for the N*®
layer and the homogeneous matrix material.

Substituting the displacements and stresses into Eqn. 3.62 leads to the condition
that (N + 1)*™ displacement field constant D)t (Eqn. 3.59) should be identically
zero. As a result of solving the system of the boundary and matching conditions
for the generalized self-consistent composite cylinder assembalge, DY is in terms
of all of the geometric and constitutive parameters of the generalized self-consistent
composite cylinder assemblage (i.e., the r;, the u; and \;, and the effective properties

pst). Thus, ps is then obtained by setting:

DYt =0 (3.64)

and solving for pgh. It should be noted that the algebra involved in obtaining D)t

and indeed the other displacement field constants in the generalized self-consistent
composite cylinders assemblage for in-plane shear conditions, in terms of the unknown
effective properties is quite intensive (see Appendix E and as such, Cramer’s rule is
recommended in order to solve only for the needed expression of DY ™.

It is also of interest to point out that the displacement field for the (N +1)™ layer
of the generalized self-consistent composite cylinder assemblage provided in Eqn. 3.59
does not initially satisfy equilibrium. However, when DY is observed to be zero in
order to satisfy the interaction energy being zero (Eqn. 3.64), the equilibrium equation

for the (N + 1) is satisfied as well. For comparison purposes, the displacement field
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for the (N + 1)™ layer which does satisfy equilibrium a priori is given by
eff eff
+ K
ulNtt = (507’ — D=3 4 7@23 .~ 23) DiVHr_l) sin (26)
Ha3

3.65
up ™t = (eor + DY + DY) cos (20) (3.65)

U/N+1 — O

z for ry <r <ryii

As an alternative approach, one could use the displacement field in Eqn. 3.65 in place
of the displacement field in Eqn. 3.59 for the (N + 1)™ layer of the generalized self-
consistent composite cylinder assemblage. However, the approach to obtaining the
effective properties would be different, perhaps using the direct energy equivalency
as opposed to the interaction energy, and may therefore require the solution of all of
the displacement constants.

Finally, it is noted that the in-plane shear modulus obtained from Eqn. 3.64 is the
same for both displacement and traction boundary conditions (noting the different
form of Eqn. 3.62 for traction boundary conditions). As such, one could obtain the
effective elastic properties of the fiber reinforced composites using a combination of

the composite cylinders and generalized self-consistent composite cylinder methods,

and many have [165, 166, 168].

2. Generalized Self-Consistent Composite Cylinder Method for In-plane Bulk
Modulus, Axial Young’s Modulus, Axial Stiffness Component, and Axial Shear
Modulus

As described above, the composite cylinders method consists of a combination of
the use of the composite cylinder assemblage of Figure 16 and the generalized self-
consistent composite cylinder assemblage of Figure 18 in determining the effective

composite properties; an observation particularly poignant for the dependent prop-
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erties provided in Eqns. 3.52 and 3.53. However in addition to the effective in-plane
shear modulus, pSE, the generalized self-consistent composite cylinder assemblage can
in fact be used in a unified approach to determine the other independent effective com-
posite properties, i.e., the in-plane bulk modulus (x$I), the axial Young’s modulus
(EST), the axial stiffness component (C¢,), and the axial shear modulus (uST).

In fact, the functional form for the displacement field in the composite cylinders
method for each of these properties is the same for (N +1)" layer (with D; replaced by
Dj»v 1), with the external boundary conditions shifted to the (N -+ 1) layer surface at
rny11 and the matching conditions between the Nt and the (N 4 1)™ layers enforced.
In these cases, the preferred methods for determining the effective properties are the
energy equivalency approaches (Methods 2 and 3), as the boundary for the (N + 1)
layer can be taken to be at infinity.

For example, application of the general energy equivalency (W< = WEVE) for

the axial Young’s modulus (for N isotropic layers) results in

N
eff 2
E &g

(72 =77 1) (40 + X)) (D})? + 42N DY + (2 + Xo)eg) |

"Nt1 3

4 2

N T(r2 =2 . 4pst(rd ., —r%)
l 1 (4MZ(D;)2) + 23\" N+1 (DéV'H)Q (366)
1 Ty Ny1TN

TN+1 i

2

r2 -y

+ N;; [4’igg(DNH) ‘1”8’<02:‘>’/12’30D]\Url (Eeﬁ+4’f23(V12) )5?)]
N1

where it is noted from Eqn. 3.66 that not only are some of the properties coupled (EST
depending on xS and v£T), but they are also nonlinear. Recall, that as discussed in the
determination of the in-plane shear modulus, the generalized self-consistent approach
results in the displacement constants in each layer of the generalized self-consistent
composite cylinder assemblage being functions of the effective properties (i.e., the

D; depend on #$E), and in Eqn. 3.66, these displacement constants are squared and
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in some cases are directly multiplying the effective properties. As such, an iterative
technique is applied in the simultaneous solution of the effective composite properties
in the unified generalized self-consistent composite cylinders method.

It is of interest to note, however, that this simultaneous iterative solution leads
to effective properties which are in very good agreement with the effective composite
properties obtained from the composite cylinder method as previously discussed (i.e.,
E$T obtained from the simultaneous iterative solution of Eqn. 3.66 agrees with the
results of Eqns. 3.28 and 3.30 to within 0.001% difference). This should in fact be
the case as the results for the bounds on all but the effective in-plane shear modulus
obtained from the composite cylinders solutions by Hashin and Rosen [158] were co-
incident. As such, from this point on when referring to the generalized self-consistent
composite cylinder method, it will be understood that for the axial Young’s modulus
and stiffness component, the in-plane bulk modulus, and the axial shear modulus, the
composite cylinders solution is used while for the in-plane shear modulus, the gen-
eralized self-consistent composite cylinder solution is used. It is also noted that it is
this good agreement between the composite cylinders and generalized self-consistent
composite cylinders approaches which makes the approximate method provided in

Method 4 a good approximation.

C. Generalized Self-Consistent Composite Cylinders Method with Continuous Graded

Interphase Regions

Further attempts at more accurately representing the interphase region could take
the form of a continuous gradation in properties. The solution for such a region
necessitates the identification of a solution for the displacement field in the graded

interphase region as the equilibrium equations contain additional terms as compared
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to the piecewise constant interphases. Exact solutions for the displacement field, if
attainable depend on the functional form of the graded interphase properties. Once
the displacement field satisfying the equilibrium equation is obtained, the remainder of
the composite cylinder approach remains unchanged, i.e., the volume averaged strain
energy of the composite cylinder assemblage is equated to that of the homogeneous
solid. As such, here we provide only the needed displacement fields for use in the
generalized self-consistent composite cylinders method. A summary of the derivation
of the displacement field similar to the one provided by Jayaraman and Reifsnider
[167] is provided for the in-plane bulk modulus.

First, we note in general, that, if the displacement field and material proper-
ties in a continuum are spatially varying, that the strain-displacement relations and
constitutive relations of Eqns. 2.7 and 2.8, respectively remain unchanged. However,
assuming that there are no body forces or inertial effects, recall that the equilibrium

equation in Eqn. 2.6 can be expressed as
Cijktj €l + Cijri €r; = 0 (3.67)

where for non-functionally graded materials, Cjji; is identically zero so that for
isotropic materials, and by using the strain-displacement relations, Eqn. 3.67 reduces
to the familiar Lamé-Navier equations. For functionally graded materials, Eqn. 3.67
indicates that displacement field solutions will be dependent on the functional form
of the material property gradation.

For example, consider the case where the displacement field in cylindrical coor-
dinates has only a nonzero radial component which is assumed to be a function of

r only, i.e. u, = U.(r), as in the in-plane bulk test of Eqn. 3.2. The nonzero strain
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components are therefore given by

- ou, _dU,
185 dr ) (3.68)
£ = =t + L = 27,

= -
r 060 r r
where U, is the unknown radial displacement component function. The nonzero

stresses for an isotropic material symmetry are therefore given by

dU, 1
= (2 A U Y
o = (20 + )dr + rUT
1 dU,
= (2 A)— A—
o7} (M+ )TUT+ dr (369)

d 1
Uzz:/\( UT +_Ur)

dr r
where, though appearing identical to the equations used in determining the functional
form of the stress field in Eqn. 3.5, the difference is that in Eqn. 3.69, p and A are
not constant. In fact, if 4 and A\ are taken to be functions of r, then the equilibrium

equations in cylindrical coordinates, i.e. Eqn. 3.1, reduce to

di A\ dU,  d\1 LU, 1dU, 1
( a ) —~U|=0  (3.70)

g ez 2%+ A - —
dr+dr dr+drrUT+('u+) dr? rdr 72

Further, if the Young’s modulus is taken to be a function of r and the Poisson’s ratio

a constant, the derivatives of the Lamé constants can be expressed as

du 1 dFE
—_— = 3.71
dr  2(1+v)dr (3:71a)
dA v dE
— = — 3.71b
dr  (1+v)(1—2v)dr ( )
so that the nontrivial equilibrium equation becomes
dE dU, v dE 1 d’U, FEdU, FE
—_— —-U,+F — - =U,=0 3.72
dr dr+1—1/d7"7“ * dr2+r dr r? ( )

It should be noted that E(r) is considered to be a known functional variation of
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the Young’s modulus so that the only unknown in Eqn. 3.72 is U,(r). Assuming
that the functional form of E(r) can be represented by a polynomial series, i.e., that

E(r)= Z &, ", we obtain from Eqn. 3.72 the following differential equation for U,:

p=m
n . n p]/ B
2U Z(p+1)§pr(p 1 - Z (1_V —1) & rP=?
| EE T R U, =0 (3.73)

dr? dr

n n
> 6 > 6
p=m p=m
where the §, are constants and where m and n are real numbers. For reasons which
will be discussed below, attempts at obtaining analytic solutions for U, (r) for m # n
were unsuccessful. However, for m = n, i.e., for E(r) equal to any monomial, the

differential equation in Eqn. 3.73 reduces to:

d? 1d 1
UT+(n+1) UT+("” —1) U.=0 (3.74)

dr? rdr 1—v r2

which has an exact solution given by:

U(r) = &1 r(% (n _Vn—yl+ 7>) + e r(% (n _Vn—yl— 7>) (3.75)

where ¢; and ¢, are integration constants to be determined by the boundary and/or

matching conditions and where

= = Dlv(n+2)2 = (n? +4)] (3.76)

Note that for Poisson’s ratios between —1 and 0.5 that v is real, with v = 0 only when
v = 0.5 and n = 2. Note also that for n = 0 the radial displacement function provided
in Eqn 3.2 for the in-plane bulk test is obtained, i.e., u,(r) = ¢, r + cor~ . In fact, it
is the substitution of this radial displacement summed with the radial displacement

of Eqn. 3.75 for n # 0 into Eqn. 3.73 which produces a residual and indicates the
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Fig. 19. General schematic of a three layer composite cylinder assemblage where the

interphase region (layer two) consists of a functionally graded material.

need for approximate or series solutions[167-169] for such variations of E(r). The
same is true for the sum of any two values for n.

For example, in determining the effective in-plane bulk modulus for a three layer
composite cylinder assemblage like the one shown in Figure 19, i.e., N = 3, Eqn. 3.2
is used to define the displacement field in layers one and three, with the displacement
field for layer 2 given by Eqn. 3.75 with uZ = u? = 0 assuming for layer two that
Ey(r) =&, r™ and vy is a constant. As such, the nonzero strains and stresses in layers

one and three are given by Eqns. 3.4 and 3.5, respectively. For the graded interphase
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layer, the nonzero strains and stresses are given by:

2 = crom? Tt cpor®?
(3.77)
g2y = 1797 4 cor2!
and
2 fn Tn 9171 9271
= 1 — )01 + Vs 2 — )02 + 12
o 50— 200) [err (1 —w)o1 + o) + car (1= v2)00 + )]
En "

g = L+ ) (1 — 203) [ar® ™ (1= v2) + 1201) + car® ™' (1 — 12) + 1202)] (3.78)

2 Ve & 1" o1—1 ~1
_ 1 02 1
o, (1 ) (1 209) [017“ (01 + 1)+ cor (02 + )}

respectively, where p; and ps are given by:
B 1 (n—nvy+
o=y vy — 1
B 1 fn—nvy—
2= 3 vy — 1

where n is any real number and where 7, is given by Eqn. 3.76 with v replaced by vs.

(3.79)

The displacement field constants, D}, D ¢, ¢y, D3, and D3 are determined from
the same set of boundary and matching conditions provided in Eqns. 3.6 and 3.7,
respectively, and are provided in Section E3 of Appendix E. The effective in-plane
bulk modulus is then determined by any one of the four methods provided in Eqns. 3.8,
3.12, 3.17, and 3.19, where it should be noted that the functional forms of Eqns. 3.10,
3.13, and 3.18 where the effective in-plane bulk modulus is provided in terms of the
displacement field constants must be suitably adjusted to account for the influence
of the graded interphase. The equilibrium equations for the remaining independent

effective properties result in displacement fields provided in Appendix G
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D. The Multi-Layered Generalized Self-Consistent Composite Cylinders Method for

Conductivities

From the electrical and thermal equilibrium equations, Eqns. 2.36 and 2.51, respec-
tively, and assuming homogeneous orthotropic materials, in cylindrical coordinates

we may write

CPe (18 106\ Po

Orrgrz T 0 (ﬁﬁ*?@) O =0 (3.80)
0%¢ 1%  10¢ ¢ _

o Gy + Koo (_W * ;5) ke =0 (3.800)

As these equations are of the same form, we will continue the discussion using the
electrical equations. Therefore, if one further assumes that the material is transversely
isotropic (7, = Gg9 = dr and J,, = F4) and considers the cases of conduction in
the axial direction (¢ = ¢(z)) and transverse conduction (¢ = ¢(z) = ¢ = ¢(r,0)),
Eqn. 3.80a reduces to

_ %9

and, assuming the potential is separable, i.e. ¢(r,0) = T'(r)Y(6),

o0°T 1 0*Y 100

dr—=" +0r | ===+ -——=—7T) =0 3.82
T o2 Tor (7"2 062 +7"87“ ) (3.82)

respectively. Eqns. 3.81 and 3.82 have solutions
p=Az+B (3.83)

and
1

¢ = (Ar + ;B) cos(0) (3.84)

respectively, where A and B are constants to be determined from boundary and/or
interface conditions. These solutions will be applicable in both homogeneous cylinders

and in each phase of the composite cylinders assemblages.
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1.  Generalized Self-Consistent Composite Cylinders Method for Axial Conductivity

As with the elastic properties, the composite cylinder method establishes an energy
equivalency between an effective homogeneous material and a composite cylinder
assemblage consisting of N concentric circular cylinders, as was shown schematically
in Figure 16

In order to determine the effective axial conductivity, the homogeneous cylinder

Figure 16(b)) is taken to have the potential
(Fig
qﬁ(eﬁ) = D%eﬂ)z + Dée ) (3.85)

and is subject to the boundary conditions

S (5 = —§> _ 4o (3.864)
P (7 = §> = ¢o + Ao (3.86b)
resulting in

A
plen _ A9 (3.87a)

L

. A

DD _ 4 B2 (3.87b)

Thus the nonzero electric field component in the effective homogeneous material is

determined to be

Ao
pleff) — _ 3.88
o = = (359)
so that the nonzero flux component is then given by
A
Jef) = —aATd) (3.89)

and finally the energy density as defined in Eqn. 2.39a is used to obtain the total
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volume averaged energy of the effective homogeneous cylinder as

WD = (D) = %“ (%)2 (3.90)

The composite cylinder assemblage is used to determine the effective axial con-
ductivity consists of N concentric cylinders or phases (Figure 16(a)), each of which

is assumed to have isotropic material symmetry and has a potential of the form
Pl = Dy)z + D§Y forriy <r <y (3.91)

where ¢ ranges from one to N, and where rq # 0 denotes a hollow fiber. Thus the

nonzero electric field component in each phase is determined to be

E® = —p\¥ (3.92)

z

so that the nonzero flux component is then given by
JO = 50 pWH (3.93)

and finally the energy density of each phase is identified as

1 N2
wl® = Zg (D§”> (3.94)

is used to obtain the total volume averaged energy of the composite cylinder assem-
blage as
gy Ceomp) — L (i / w@)dV) L izy(i) (D(“)2 (r2 —r2)) (3.95)
VT v 2ry i=1 1 o '
The composite cylinder assemblage is subjected to the same boundary conditions as
provided in Eqn. 3.86, and, since there is no radial flux component, the interface con-

ditions are automatically satisfied so that the phase constants can be easily expressed
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as
y A
Dy = Td) (3.96a)
; A
DY = o + 7¢ (3.96h)

Thus, the energy equivalency between the effective homogeneous cylinder and the
composite cylinder assemblage yields that the effective axial conductivity of the com-

posite is given by
N

2,2
o= 6" (ri=riy) TQTH) (3.97)

i=1 N

which is the rule of mixtures.

2. Generalized Self-Consistent Composite Cylinders Method for Transverse

Conductivity

In order to determine the effective transverse conductivity, the homogeneous cylinder

is taken to have the potential

1
P — (Dgeﬁ)r + _D;ef”) cos(6) (3.98)
T
(eff)

However, as the potential must be bounded at the origin, D, must be identically

zero so that the homogeneous cylinder is subject to the lone boundary condition of
¢ (r = ry,0) = Egry cos(0) (3.99)

resulting in

DiM = g, (3.100a)

DS = 0 (3.100b)
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Thus the nonzero electric field components in the effective homogeneous material are

determined to be

ECD = —Fj cos(h) (3.101a)
ES™ = E,sin(6) (3.101b)
so that the nonzero flux components are then given by

J = 5 Eq cos(6) (3.102a)

IS = 61y sin(6) (3.102b)

and finally the total energy is obtained as

W = (e = 02—TE§ (3.103)

The composite cylinder assemblage used to determine the effective transverse
conductivity consists of N concentric cylinders or phases, each of which is assumed

to have isotropic material symmetry and has a potential of the form
W _ (po, . Lpo . .
o' = D"r+ —=Dy’ ) cos(0) forr,_; <r<m (3.104)
r

where ¢ ranges from one to N, and where rq # 0 denotes a hollow fiber. Thus the

nonzero electric field components in each phase are determined to be

B — — (Dy - 5D ’) cos(6) (3.105a)
A A 1
B = (D + 508 )sino) (3.105D)

so that the nonzero flux components are then given by

. NV B
JO = 0 ( DY — Dg“) cos(f) (3.106a)
T
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‘ . N B
IO — 50 ( D+ = D;“) sin(6) (3.106b)

and finally the energy density in each phase is identified as

A (1) . 1 a\? . 1 2\2
wi =2 <(D§Z) — T—QDS)) cos? () + (DY’ + ﬁDS)) sin?(6) (3.107)

2

which is used to obtain the total volume averaged energy of the composite cylinder
assemblage as

N
1 , 2\ 2 N2 /(1 1
picomp) — L N7 50) [(Di)) (r2—r2 ) — <D§)) (_2 _ 2_)] (3.108)

2
2ry; “ - vy Ti

1= 3

Thus, applying the energy equivalency of Eqn. 2.22, the effective transverse conduc-

tivity is then given by

Gp = i(;@ (D(i)>2(r-2 2 ) (D“’)2 R (3.109)
T T]QVEg 1 i i—1 2 7.2 7,12 :

i=1 i -1

In order to determine the constants Dii) and Déi) in Eqn. 3.109, the boundary

conditions are applied as
¢(N) (r =rp,0) = Egry cos(f) (3.110a)

JV(r =71,0) =0 (3.110D)

where Eqn. 3.110a corresponds to an electric field transverse to the composite cylinder
assemblage axis in the z9 direction, and Eqn. 3.110b corresponds to a no flux through
the hollow condition. In addition, the interface conditions representative of continuity

of potential and flux are applied as
¢V (r =1;,0) = U (r = 1;,0) (3.111a)

Jﬁj)(T =Tj 0) = ‘]ﬁj—i_l)(r =Tj, 9) (Slllb)
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where j ranges from one to N — 1. The resulting system of algebraic equations is
solved to yield the final expression for the transverse conductivity from Eqn. 3.109.
Upon closer inspection of the potential, fields, and fluxes for the transverse con-
ductivities, Eqns. 3.104, 3.105 and 3.106, respectively, as well as of the boundary and
matching conditions of Eqns. 3.110 and 3.111, it is observed that transverse conduc-
tivity is mathematically analogous to the axial shear modulus (Eqns. 3.31, 3.32, 3.33,
3.34 and 3.35) as originally observed by Hashin [179], where the potential corresponds
to the displacement, the field to the strain, and the flux to the stress. Further, it can
be shown that this analogy remains applicable when considering graded interphase
regions, i.e. solutions to Eqn. 2.35, so that the effective conductivities of graded inter-
phase regions need not be presented here again. Thus, for both the axial conductivity
and the transverse conductivity, the application of both field and flux boundary con-
ditions results in coincident bounds and therefore, the application of the composite
cylinder and the generalized self-consistent composite cylinder methods yield identical

results.

E. Concentration Tensor Approximation Using the Generalized Self-Consistent Com-

posite Cylinder Method

1. Stress Concentration Tensor Approximation

As with determining the effective properties via th multi-layer generalized self-consistent
composite cylinders method, the procedure for determining the concentration tensor
requires the solution of five elasticity boundary value problems leading to a system
of equations to determine the stress concentration tensor components. This system

of equations comes from the definition of the stress concentration tensor provided in
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Fig. 20. Schematic identifying Composite Cylinder Assemblage and the Total Assem-
blage used in determining the components of the concentration tensor from

the generalized self-consistent method.

Eqn. 2.64a and expressed here as

(05 = Byrlow™) (3.112)

Total

where (o,*) refers to the volume average of the stress over the entire assemblage

(i.e, over all N layers) and (oj;°*) refers to the volume average of the stress over
just the fiber and interphase layers of the composite cylinder assemblage (i.e., over all
layers up through the (N —1)™) as shown schematically in Figure 20. Here it is noted
that because the multi-phase effective compliance in Eqn. 2.68b is most conveniently

applied in Cartesian coordinates, the stresses averaged in Eqn. 3.112 are the composite
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cylinder assemblage stress components expressed in Cartesian coordinates, i.e.,

O-il = O-iz
ohy = 0’ cos?(0) — 20", cos(0) sin(0) + o, sin®(0)

04 = ot cos?(0) + 207, cos(0) sin(6) + o, sin®(0)

(3.113)
ohs = o cos(0) sin(f) + o’y (cos?(0) — sin?(#)) — o4y cos(6) sin(6)
oty = o'_sin(6) + o}, cos(6)
oty =o' cos(f) — o), sin(f)
Eqn. 3.112 can therefore be expressed in indicial notation as
(05 = Bylofy™) (3.114)
or in engineering notation
(oMY = Byy(ooh (3.115)

where I and J range from one to six, and where the subscripts of Eqn. 3.114 are
related to those of Eqn. 3.115 as 11 = 1, 22 = 2, 33 = 3, 23 = 4, 13 = 5, and

12 = 6. Thus the volume averaged stresses of Eqn. 3.115 can expressed as’

COAY dr db d 11
1 WTN 1LZ/L/2/O / oir dr : (3:116)

=1

and

1 N L/2 p2r pry
Total\ __ )
(0,7%) = —. ;:1 /_ i /0 / o dr df dz (3.117)

It is of interest to note that the volume averages of Eqns. 3.116 and 3.117 are over the
entire subvolume and volume, respectively, including the hollow region of the com-
“While we have chosen to use Cartesian components of the stress tensor, those

components are still expressed in terms of r, 6, and z so that the integration over the
composite cylinder can be more conveniently carried out.
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posite cylinder assemblage. However, because the internal surface of the composite
cylinder assemblage is traction free, the stress in the hollow region is taken to be
zero and hence, there is no integral term from zero to ry. In determining the strain
concentration tensor, however, the displacement at the boundary should be used to
extend an appropriate strain field into the hollow region as in some cases the strain
should be taken to be non-zero (e.g., the €,, component of strain is non-zero in the
hollow region for the axial Young’s modulus displacement field).

From each displacement field applied in the multi-layer composite cylinders
method, the stresses in each layer are calculated and averaged resulting in a set
of six equations containing components of the stress concentration tensor to be deter-
mined. The combination of these sets of equations results in a total of 36 equations
to solve for the 36 components (By;) of the stress concentration tensor. However, due
to the symmetry conditions, i.e., as the effective material is expected to transversely
isotropic, it can be shown that (o&“4) = (¢§“*) and (of°%!) = (g1%!) the number
of equations and unknowns can be reduced to 30 equations and 30 unknowns.

The six equations obtained from the displacement field applied in the in-plane
bulk modulus test (Eqn. 3.2) contain 18 of the unknown stress concentration tensor
components and can be expressed as

(0CCAY = By (o) o By (oTotal) 1 By (o Totl)
(0SCAY = By (0T 4+ Boy(oT0tl) 1 By (oTotl)
(0SCAY = By (0T 4+ Buy(oTotl) 4 By (oTotl)
(3.118)
0= By (oT%) 4 By (oTotly 4 B, (o Towl)

0= B51 <O,;Fotal> + B52 <O,;Fotal> + B53<0,:;I‘otal>

0= B61 <O,;Fotal> + B62 <O,;Fotal> + B63<0,:;I‘otal>
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where it should be noted that Bj; is not necessarily equal to B;;. The displacement
field applied in determining the axial Young’s modulus and the axial stiffness com-
ponent (Eqn. 3.20) produce 12 additional equations of the same form as Eqn. 3.118,
the differences being in the values of the volume averaged stresses as a result of the
different boundary conditions applied. This would seem to constitute a solvable sub-
set of 18 equations and 18 unknowns, however, the sets of equations produced by
the in-plane bulk modulus test (kg3) and the axial stiffness component (Cy;) are not
linearly independent, and therefore an additional composite cylinder boundary value
problem, the transverse extension test as described in Section A, is needed. The trans-
verse extension test results in six equations of the same form as given in Eqn. 3.118
and therefore provides a third set of equations to solve the 18 equation, 18 unknown
subset of the stress concentration tensor component system. For example, in order to
determine the By, B2, and B3 stress concentration tensor components, the volume
averaged stresses from the axial Young’s modulus, the in-plane bulk modulus, and

the transverse extension tests constitute a subset of equations given by

Axial Young’s Modulus: (o) = By (07°%) + By (o)) + Bys(olet)
In-plane Bulk Modulus: (0%C4) = Byy (6% 4+ By (oaotl) 4+ Big(gactal)  (3.119)
Transverse Extension: (07 = By (o) + By (o) + Bis(ogo™)

Five similar subsets are obtained from Eqn. 3.118 in order to obtain the B,;, Bsj,
B4y, Bsjy and Bgy for J from one to three.
From the displacement field applied in the axial shear modulus test (Eqn. 3.31)

the six equations obtained contain 6 additional unknown stress concentration tensor
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components and can be expressed as
0= BIG<O-6TOtal>
0= 326 <O,<;Fotal>
0= B36 <O,;il’otal>
(3.120)
0= B46<Ugoml>
0= B56<Ogotal>

(05 ") = Boo(og ™)

where it is again noted that the fifth column of the stress concentration tensor matrix
is analogous to the sixth by material and geometric symmetry considerations such
that Bss = Bgg and Brs = 0.

The final column of components of the matrix representation of the stress con-
centration tensor is obtained from the solving of the displacement fields in Eqns. 3.42

and 3.59 and results in equations of the form
0= Bl4 <0_;Fotal>
0= 324 <O,;Fotal>
— 334 < O,:lfotal>
(3.121)
(0f") = Bua(oy*™)
0= B54<0:lfotal>

0= B64 <0:lfotal>

where it is noted that the composite cylinder assemblage used in determining the
volume averaged stresses is the generalized self-consistent composite cylinder assem-

blage. However, the volume averages used in determining the stress concentration
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tensor remain unchanged and are therefore taken over (N — 1) and N layers as
indicated in Eqns. 3.116 and 3.117, respectively. As such, the (N + 1) layer is not
included in the volume averages. However, the presence of the (N + 1) layer does
enter into the stress concentration tensor component solution through the matching
conditions between N'! and (N + 1) layers.

As a precursor to using the stress concentration tensor for the composite cylinder
assemblage in determining the effective properties of composites, a comparison be-
tween the non-zero components of the stress concentration tensor for a no interphase
case as obtained by the composite cylinders method and by using the values provided
in a Mori-Tanaka approach is provided in Table III. Here we note that there is good
agreement between the composite cylinders and Mori-Tanaka approaches out to four
significant figures for most stress concentration tensor components, with only minor
discrepancies between stress concentration tensor components which are more directly
associated with the transverse direction. These results are consistent with observa-
tions made for similar composites where the composite cylinders and Mori-Tanaka
results where shown to nearly coincide, with deviations most notable in the trans-
verse properties [161]. With only minor differences in the stress concentration tensor
components, the use of the generalized self-consistent composite cylinders method to
determine stress concentration tensors is validated for use in coated and/or hollow

fiber composites.

2. Flux Concentration Tensor Approximation

As with determining the effective conductivities via th multi-layer composite cylinders
method, the procedure for determining the concentration tensor requires the solution
of two boundary value problems leading to a system of equations to determine the flux

concentration tensor components. This system of equations comes from the definition
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Table III. Comparison of non zero stress concentration tensor components at 5% vol-

ume fraction for a composite cylinder assemblage with no interphase regions

as obtained by the generalized self-consistent composite cylinders method

and by using a Mori-Tanaka approach.

Stress Concentration

Tensor Component

Composite Cylinders

Mori-Tanaka

Bu 19.75 19.75
Bis = Bis -7.044 -7.044
Byy = Bas 1.473 1.423
Byi = By -2.106E-03 -2.106E-03
Boy = By -2.472E-01 -1.967E-01

Bu 1.623 1.620
Bss = Beg 1.903 1.903
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of the flux concentration tensor provided in Eqn. 2.64¢ and expressed here as
<JCCA> — B<JTOtal> (3122)

where (JT°%!) refers to the volume average of the flux over the entire assemblage (i.e,

JCCA>

over all N layers) and ( refers to the volume average of the flux over just the

fiber and interphase layer(s) of the composite cylinder assemblage (i.e., over all layers
up through the (N — 1)), Here it is noted that because the multi-phase effective
resistivity in Eqn. 2.68d is most conveniently applied in Cartesian coordinates, the
fluxes averaged in Eqn. 3.122 are the composite cylinder assemblage flux components

expressed in Cartesian coordinates, i.e.,
J 1i) = Jz(i)
I = J0 cos(8) — JS sin(6) (3.123)
J = JD sin(0) + JS cos(6)

Eqn. 3.122 can therefore be expressed in indicial notation as

<JZCCA> _ Bij(t]]TOtal) (3.124)

Thus the volume averaged stresses of Eqn. 3.124 can expressed as'”

oA 1 N-1 L/2 2 r; )
J; = Jrdrdfd 3.125
< v > 7TT]2V—1L jzl/; /0\ [j_1 ’ na © ( )

L/2

and

Total 1 S R (4)
(JTotaly — —y Z/ /O / Jr dr df dz (3.126)
7j=1 j—1

—L)2

OWhile we have chosen to use Cartesian components of the flux vector, those
components are still expressed in terms of r, 8, and z so that the integration over the
composite cylinder can be more conveniently carried out.



144

It is of interest to note that the volume averages of Eqns. 3.125 and 3.126 are over the
entire subvolume and volume, respectively, including the hollow region of the com-
posite cylinder assemblage. However, because the internal surface of the composite
cylinder assemblage has a no flux condition imposed, the flux in the hollow region is
taken to be zero and hence, there is no integral term from zero to rq L.

From each potential field applied in the multi-layer composite cylinders method,
the fluxes in each layer are calculated and averaged resulting in a set of three equations
containing the components of the stress concentration tensor to be determined. The
combination of these sets of equations results in a total of 9 equations to solve for the
9 components (B;;) of the flux concentration tensor. However, due to the symmetry
conditions, i.e., as the effective material is expected to transversely isotropic, it can
be shown that (J§4) = (JF4) and (Jetl) = (Jfotl) the number of equations and
unknowns can be reduced to 6 equations and 6 unknowns.

The three equations obtained from the potential applied in the axial conductivity

test (Eqn. 3.91) contain three of the unknown flux concentration tensor components

and can be expressed as
(J7N) = Bu(J°)
0 = By (Jetal) (3.127)
0 = Bay (J;°)
From the potential applied in the transverse conductivity test (Eqn. 3.104) the

three equations obtained contain three additional unknown flux concentration tensor

HTn determining the field concentration tensor, the potential at the boundary
should be used to extend an appropriate field into the hollow region as in some
cases the field should be taken to be non-zero (e.g., the E, component of strain is
non-zero in the hollow region for the axial conductivity potential field).
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components and can be expressed as
0 = Bip(Jy™)
(J5°A) = Baa(J3™) (3.128)
0 = By (J)o%!)

where it is again noted that the second column of the flux concentration tensor matrix
is analogous to the third by material and geometric symmetry considerations such
that B33 = Bag, Bi3 = Bis, and Bag = Bas.

Again, it is noted that by the mathematical analogy between the electrical and
thermal conductivity equilibrium equations, that the concentration tensors obtained

here for the electric flux are equally applicable to the heat flux.

3. Application of Generalized Self-Consistent Composite Cylinders Concentration

Tensor Towards Obtaining Effective Properties

Having the stress (or flux) concentration tensor is the key to allowing one to determine
the effective compliance of composites containing multiple types of coated fibers and
of composites containing partially aligned or randomly oriented coated fibers via the
general averaging. However, it is important to note, as illustrated in Eqn. 3.129a (or
Eqn. 3.129b), that even for a single type of aligned coated fiber (Figure 21) , it is
also necessary to identify the compliance (or resistivity) of the inner portion of the
composite cylinder assemblage consisting of the fiber and any interphase regions, i.e.
Mg,SlA (or ﬁgCA) so that ¢y is the volume fraction of the inner portion of the composite

cylinder assemblage as a whole, i.e. ¢y =14_; /7%

Mijr = My + c;(Mom — M) Bonki (3.129a)

iymn ymn

pii = by +er(pa ™ — pi) Bry (3.129b)
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Fig. 21. Schematic representation of using the generalized self-consistent composite
cylinders method for determining concentration tensors in a non-Eshelby ap-
proach for a composite containing a single type of coated, hollow, aligned

inhomogeneities.
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One way of obtaining Mi(;f,?lA is to calculate the effective properties of the compos-
ite cylinder assemblage using any of the methods provided in Section A at a volume
fraction referred to as the critical volume fraction. If the volume fraction of the
first layer within a composite cylinder assemblage like the one shown in Figure 16
is given by vy = r7/r2,, where 1oy is the outer radius of the assemblage, then as
this volume fraction increases, the outer radius contracts.'> When roy = 7n_1, then
vy = 0y = ri/r3_; and there is essentially no matrix material remaining so that
the effective properties obtained correspond to just the first layer plus the interphase
regions and can therefore be taken as the effective properties of the (N — 1)™ com-
posite cylinder assemblage denoted by Mg,glA in Eqn. 3.129a. This compliance can

be expressed in engineering notation as

(BST 4 480 2k8T) (258 0e) @elyely 0 0 0
(2r55v12) (155 + 55 (—usi+ms§) 0 00
[MECA] ™ = (2633045) (—ps3 +r55) (W5 +w55) 0 0 0
! 0 0 2us5 00
! 0 0 0 245 0
! ! 0 0 0 2
- (3.130)°

where the effective properties are obtained at the critical volume fraction, i.e. k§I =

K vs=d;- 1t should be noted that, as should be expected, using Eqn. 3.129a to de-
termine the effective properties of aligned composite cylinder assemblages of single
type yields identical effective properties as those obtained directly from the general-

CCA ;

ized self-consistent composite cylinder method. One can then use B and M55 in

Eqn. 3.129a (or use B;; and p,* in Eqn. 3.129b) to study a range of volume fractions

2If there are no interphase regions, then ¢y = vy.
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Fig. 22. Schematic representation of using the generalized self-consistent composite
cylinders method for determining concentration tensors in a non-Eshelby ap-
proach for a composite containing a single type of coated, hollow, randomly

oriented inhomogeneities.

of aligned coated fibers of a single type, or using Eqn. 2.68b (or Eqn. 2.68d) to de-
termine the effective properties with multiple types of fibers(different inhomogeneity,
different interphase(s), some hollow some not, etc.) or other inclusion geometries to
determine the effective properties of multi-phase composites.

Further, for composites containing randomly oriented coated and/or hollow fiber
composites (Figure 22) , one can apply the methods developed in Section D of Chap-
ter II and using B;;; and MS,?ZA in Eqn. 2.163b (or use B;; and pCCA) to obtain the

effective properties, i.e.

c 2m .
Mzgkl z]]Vkl f/ /{Mﬁﬁﬁ Y) — szg\[mn)ankl(%¢)}31H(¢)d<ﬂd¢
(3.131a)
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i =i+ 5 [ [ ) - BB e s (1
where it is noted that ¢ = cy.

Finally, it is noted that the effective stiffness (or conductivity) is then obtained
by taking the inverse of the compliance, i.e. L¢h, = (M) ™" (or o5t = (p51) 7).

In the following chapters the generalized self-consistent composite cylinders method
will be employed in a variety of approaches towards determining the effective elas-
tic properties and electrical and thermal conductivities of carbon nanotube-polymer
nanocomposites. In much of this work, the carbon nanotubes are modeled as high
aspect ratio, straight, randomly oriented composite cylinder assemblages as shown
schematically in Figure 22. In general, the composite cylinder assemblages will consist
of the carbon nanotube surrounded by interphase layer(s), embedded in the matrix,
and finally surrounded by the effective medium. As such, the following chapters will

refer back to this chapter and to Chapter II as needed.
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CHAPTER IV

EFFECTIVE ELASTIC PROPERTIES OF NANOCOMPOSITES

In the present work, Mori-Tanaka, self-consistent, and the generalized self-consistent
composite cylinders analytic micromechanics approaches in addition to finite element
based computation micromechanics approaches are employed in modeling the effec-
tive elastic properties of CN'T reinforced composites such as the one seen in Figures 3
and 23. The effects of interphase regions as observed in Figure 3(b), such as can
result due to functionalization and polymer wrapping, on the effective elastic proper-
ties are also investigated using a multi-layer composite cylinders and computational
micromechanics approaches. In the largest scale image in Figure 23, clusters of CNT's
can be seen dispersed throughout a polymer matrix. Subsequent images at smaller
scales show that within each cluster, bundles of CNTs having diameters on the order
of 50 nm are observed to have a high degree of alignment. As such, clustering of CNT's
in a polymer matrix is modeled herein in the context of aligned CNT bundles using
a tessellation procedure to quantify clustering and both analytic and computational
micromechanics approaches to assess the impact of clustering.

In order to model CNT composites several assumptions are made. The first
simplification made is to assume that the carbon nanotubes are perfectly bonded
to the matrix (or interphase). By this it is meant that there can be no discontinu-
ities in displacement field when crossing the boundary between polymer and carbon
nanotubes. This assumption is implicit to all micromechanics techniques which have
not been appropriated modified so as to relax this assumption (e.g. composite cylin-
ders, generalized self-consistent, and Mori-Tanaka). A second simplification is that
of assuming that all carbon nanotubes are without any curvature (i.e. that they are

straight nanotubes). Next, it is assumed for the time being that the nanotubes within
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Fig. 23. TEM images depicting clustering and alignment of CN'T bundles in a polymer
matrix. The images were taken using a JEOL 1200 EX TEM operating at an
accelerating voltage of 100kV at Texas A&M University by P. Thakre. Here

the polymer matrix was polypropylene.

the composite are well aligned. At present, full scale alignment is difficult to obtain
for actual composites throughout the entire sample. However, using Figures 3(a)
and 23 as motivation, one can consider this assumption akin to analyzing a single
cluster of bundles within the composite. Finally, it is assumed that the CNTs con-
tain no defects or residual catalyst, and that the CNTs are sufficiently long (having
aspect ratios on the order of 1000) so as to ignore end effects. It is also noted that all
materials, matrix, CNTs, and any interphase region(s), are assumed to be isotropic
linear elastic, and subject to small deformations.

For modeling purposes, the composite in Figures 3 and 23 has been idealized
as shown in Figure 24(a) to a composite containing randomly oriented aligned clus-
tered bundles of straight high aspect ratio CNTs. Effective elastic properties can
be derived by first determining the effective properties of the clustered bundles as
represented by the representative volume element (RVE) shown in Figure 24(b). In

Figure 24(b), individual CNTs within the bundle can be seen with varying types and
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Matrix
Interphase

(a) Cluster Scale (b) Bundle Scale

Fig. 24. Schematic representation of assumed simplifications for CNT-polymer com-
posite modeling. 24(a) TEM and schematic of randomly clusters of bundles
of CNTs. 24(b) TEM and schematic of an aligned bundle with M distinct
CNT-interphase arrangements (here M=4 as two CNTs are identical). 24(c)
TEM and schematic of a CNT with an interphase region (i.e. N=3 for the in

the generalized self-consistent composite cylinder method).
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number of interphase regions. The effective properties and concentration tensors of
each individual CNT surrounded by its interphase regions can be determined using
a multi-layer generalized self-consistent composite cylinders approach as discussed in
Chapter III for arrangements like the one shown in Figure 24(c). Each unique ef-
fective CN'T arrangement constitutes a separate phase to be used in a multi-phase
averaging approach (see Chapter II) applied to the clustered bundle of Figure 24(b).
Finally, effective elastic properties for the composite as whole can be obtained again
from a multi-phase micromechanics approach where each orientation of every distinct
effective bundle constitutes a separate phase (see Section D of Chapter II).

The remainder of this chapter proceeds as follows. First, the composite cylin-
ders method is used to estimate effective CN'T properties. Next, the Mori-Tanaka,
self-consistent, and generalized self-consistent composite cylinder methods are used
to obtain effective elastic properties for aligned, well-dispersed CNTs. Results for
the effective elastic properties of aligned, well-dispersed CNTs with interphase re-
gions obtained using both the generalized self-consistent composite cylinders method
and computational micromechanics follows. This in turn is followed by analytic and
computational micromechanics approaches towards estimating the effective elastic
properties of aligned, clustered CNTs both with and without interphase regions. Fi-
nally, the effective elastic properties obtained using the micromechanics approaches
described herein are compared to measured data from the literature for randomly

oriented CNT-polymer nanocomposites.
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nanotube properties.

A. Use of the Generalized Self-Consistent Method to Estimate Carbon Nanotube

Properties

In order to be able to properly compare results for CNT-polymer nanocomposites
from the generalized self-consistent composite cylinder model with results from Mori-
Tanaka and self-consistent approaches, it is necessary to obtain an effective nanotube,
i.e. a solid cylinder with transversely isotropic effective properties, for which an
Eshelby tensor can be defined. This is accomplished through the application of the
generalized self-consistent composite cylinders method for a N = 1 composite cylinder
assemblage as shown schematically in Figure 25. With the number of layers set

equal to one, the effective properties obtained correspond to the hollow CNT with no
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surrounding interphases or matrix!.

In implementing the generalized self-consistent composite cylinders method to-
wards determining effective nanotube properties, several assumptions have to be
made. The first set of such assumptions pertain to the specific geometry of the
nanotube, and the second set, to the elastic properties of the tube. The geometric
information needed in order to apply the generalized self-consistent composite cylin-
der method consists of the inner and outer radii of the CN'T, thereby introducing the
thickness of the CNT as a length scale in the formulation. Using electron microscopy,
the outer radius of single and multi-walled carbon nanotubes can be discerned, with
some [6] reporting typical values for single wall carbon nanotubes between 0.5 and
20 nm. In order to put this radius range into perspective, the standard notation
for CNT identification (see for example the summary provided by Terrones [4]) pro-
vided in Figure 26 is used to calculate the radii of both zigzag and armchair CNT's
provided in Table IV. Taking the bonding distance between carbon atoms as 0.144
nm, it is observed that a zigzag nanotube with radius between 0.5 and 20 nm can
have between 13 and 500 carbon atoms around it’s circumference while for armchair
nanotubes, this range of radii would correspond to between 16 and 600 carbon atoms
around the circumference.

While the outer radius is somewhat discernible using electron microscopy, es-
timates of the thickness of a single-walled carbon nanotube are a subject of much
debate. As shown in Figures 27 and 28, values for CNT thicknesses? applied in es-

'Results for the N = 1 composite cylinder assemblage representing the CNT are
analogous to the results that would be obtained for a graphene sheet with cylindrical
voids. Computational micromechanics techniques discussed in Section B will demon-

strate that the effective properties obtained for CN'Ts via the this method can be used
to as reasonable input properties for the Mori-Tanaka and self-consistent methods.

2See Appendix A for the tabularized data used in constructing Figures 27 and 28



Table IV. Comparison of zigzag and armchair CNT radii.
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Zigzag radius (n,0)

Armchair (n,n)

circumference (nm)

radius (nm)

circumference (nm)

radius (nm)

5 1.247 0.198 2.160 0.344
10 2.494 0.397 4.320 0.688
11 2.744 0.437 4.752 0.756
12 2.993 0.476 5.184 0.825
13 3.242 0.516 5.616 0.894
15 3.741 0.595 6.480 1.031
20 4.988 0.794 8.640 1.375
21 5.238 0.834 9.072 1.444
22 5.487 0.873 9.504 1.513
25 6.235 0.992 10.800 1.719
30 7.482 1.191 12.960 2.063
20 12.471 1.985 21.600 3.438
100 24.942 3.970 43.200 6.875
200 49.883 7.939 86.400 13.751
300 74.825 11.909 129.600 20.626
500 124.708 19.848 216.000 34.377
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@ :metal e :semiconductor armchair”

Fig. 26. Diagram for identification of CNT type as armchair, zigzag, or chiral.[4]

timating CNT (Axial) Young’s modulus from both modeling results and measured
data have ranged between 0.06 and 0.95 nm [92, 97, 212, 213]. However, as the radius
of carbon atom is noted to be 0.17nm, and as the interlayer spacing of graphite and
multi-walled carbon nanotubes is often observed to be 0.34 nm (i.e. the carbon atom
diameter), many have opted to employ 0.34 nm for the single wall carbon nanotube
thickness. In order to proceed with calculation of the effective properties of a single
wall carbon nanotube using the generalized self-consistent composite cylinder model,
geometric data indicated by Ruoff et al.[9, 214-216] was employed; namely, an outer
radius of 0.85 nm and a thickness of 0.34 nm. Thus the volume fraction of the hollow
region of the nanotube is given by ¢ = 17 100,/ T2 Where Thouo, is the inner radius
of the CNT and r.,; the outer, and is determined to have a value of ¢, = 0.36.

In addition to identifying aspects of the geometry of the nanotube, it is necessary
to also identify the material properties of the nanotube. Here it is presumed that the
interior of the nanotube is ideally hollow in that it has zero stiffness. The nanotube

itself is presumed to have isotropic properties corresponding to those of graphite in
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Fig. 27. Estimated Young’s modulus of carbon nanotubes as a function of CN'T thick-
ness. The data presented here indicates a generally accepted value for CNT
thickness of 0.34 nm. Data points are take from the following sources in the
literature: Data Set 1 [97], Data Set 2 [97], Data Set 3 [213], Data Set 4 [213],
Data Set 5 [212], Data Set 6 [92], Data Set 7 [25]. It is noted that the values
provided for Data Set 7 are for multi-walled carbon nanotubes, and that no
thickness was provided. They are placed at 1 simply demonstrate some of the
values of Young’s modulus obtained for MWCNT's in comparison to SWCNTs.
Also provided in the figure are the results for the axial Young’s modulus of
the effective nanotube for two different CNT thicknesses (GSC-CC for CNT),
both with CNT radii of 0.85 nm.
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Fig. 28. Subset of the values of the estimated Young’s modulus of carbon nanotubes as

a function of CNT thickness. This subset of the values provided in Figure 27

denotes both the generally accepted CNT thickness and the value for the

in-plane Young’s modulus of graphite, both of which are used as CNT input

parameters in the present study.
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the plane of a graphene sheet, i.e. a Young’s of 1100 GPa and Poisson’s ratio of
0.14 [2, 217]. This assumption is reasonable given the relative similarity between
graphene sheets and nanotubes, however, it should be noted that material proper-
ties for nanotubes obtained from a wide variety of lower length scale calculations
ranging from quantum mechanics to molecular dynamics or from measured data, a
sampling of which is provided in Figures 27 and 28, could readily be substituted in
place of graphene. Large variance in the values obtained from both simulations and
measurements shown in Figures 27 and 28 lead to the selection of the value applied.
The resulting axial Young’s modulus, Ej, of the effective nanotube using these
identified parameters for the CN'T in generalized self-consistent composite cylinder
method (Eqn. 3.28) are also provided in Figures 27 and 28 and are shown to be
within the acceptable range of CNT values. Similarly, in-plane bulk modulus, ka3,
the axial shear modulus, 12, the in-plane shear modulus, p93, and the axial Poisson’s
ratio, 19, are obtained from Eqns. 3.10, 3.37, 3.64, and 3.50, respectively, all with
N = 1. The resulting effective nanotube properties are provided in Table V, where
the transverse Young’s modulus, E, obtained from Eqn. 3.52, is also provided. The
effective CN'T properties for a nanotube having half of the desired thickness are also
provided in Table V to illustrate the significant influence of the choice of thickness.
In order to further illustrate the influence of the two significant geometric param-
eters on the effective CNT properties, two parametric studies are provided (Figures 29
and 30). In the first, the radius of the CNT, r.,, is increased while the thickness
remains constant at 0.34 nm.? This corresponds to sweeping through different values
3The input elastic constants corresponding to graphite also remain constant as
the material properties of the annulus of the nanotube are not changing. This is
reasonable given the assumption of an undisturbed graphene lattice. It is also in
agreement with the observations of Lu [217] who observed nearly identical properties

for the annulus of the nanotube for CNTs with the same thickness (0.34 nm) but
varying radii using a lattice dynamics model.
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Table V. Values for the elastic properties of effective CNTs as obtained using the
generalized self-consistent composite cylinder method. In both cases, the
radius of the CNT is taken to be 0.85 nm, and the properties of the nanotube
are taken to be those of graphene sheets (E = 1100 GPa and v = 0.14).
Thicknesses provided correspond to the interlayer spacing of graphene sheets

in graphite and half of that value.

Effective | Thickness | Thickness

Property | 0.34 nm 0.17 nm

E, (GPa) 704 396
E, (GPa) | 396 47.5
p12 (GPa) 227 106
pas (GPa) 106 13.1
Kos (GPa) 286 128

V19 0.14 0.14
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of the CNT identifiers, n, as provided in Table IV. The resulting effective CNT axial
and transverse Young’s moduli are provided in Figure 29. There it is observed that
from an initially nearly equal axial and transverse Young’s moduli for what would be
a (5,5) armchair nanotube, both moduli decrease rapidly, but at different rates. For
example, for the values corresponding to a (15,15) armchair nanotube, the transverse
Young’s modulus is less than half (37%) the value of the axial Young’s modulus, and
for a (30,30) armchair nanotube, is less than a tenth (7%) of the axial Young’s mod-
ulus value. This is while the axial Young’s modulus has decreased by 55% and 30%,
respectively, relative to the (5,5) armchair nanotube value. Also noted in Figure 29
are the values for the effective CNT axial and transverse Young’s moduli identified in
order to consistently compare modeling results for nanocomposites in the subsequent
sections.

In the second illustrative example, the CNT radius is increased by increments of
0.34 nm while the radius of the hollow interior, 7.0 18 held fixed at 0.51 nm. This is
representative of the estimation of effective CN'T axial and transverse Young’s moduli
for multi-walled carbon nanotubes, with each increment of 0.34 nm corresponding to
an additional wall. The results for the effective CNT properties are provided in
Figure 30 where it is observed that as the number of walls is increased, the effective
CNT axial and transverse Young’s moduli approach one another, nearly converging at
17 walls with a Young’s modulus nearly equal to that of the input graphite modulus for
the nanotube annulus, which is also within the range of values for MWCNT Young’s
modulus provided in Data Set 7 [25].% Here it is cautioned that while results for the
axial Young’s modulus provided in Figure 30 are reliable, the results for the transverse

4In reference [25], the outer radius of the MWCNTs was provided, but not the

number of walls or the inner radius. As such, the Young’s modulus data was placed
in Figure 30 at 17 walls using an assumed inner radius of 0.51 nm.
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Fig. 29. Observation on the influence of CN'T radius on effective CNT axial and trans-
verse Young’s moduli estimated using the generalized self-consistent compos-
ite cylinders method. It is noted that the CNT outer radius, 7., is varied
while holding the thickness of 0.34 nm constant (therefore the inner radius,
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Fig. 30. Observation on the influence of CNT thickness on effective CN'T axial and
transverse Young’s moduli estimated using the generalized self-consistent com-
posite cylinders method. The effective CNT axial and transverse Young’s
moduli for CNTs are provided as a function of the number of walls for a
MWCNTs. Here the CNT inner radius is held constant while additional lay-
ers of the thickness of 0.34 nm are added (therefore the outer radius is not
constant). For comparison purposes, Data Set 7 [25] is included as the data

is for multi-walled carbon nanotubes.
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Young’s modulus provided do not take into consideration any interlayer discontinuity
in traction or displacement which may effect the estimated value. Finally, it is noted
that both illustrative examples in Figures 29 and 30 correspond to varying the volume
fraction of the hollow region in the nanotube, ¢;,. However, the physical reasons for
these different volume fractions drives the preceding discussion and the resulting
conclusions which can be made in comparing subsequent nanocomposite modeling

results with measured data.

B. Effective Elastic Properties of Aligned CNT Composites

The effective elastic properties of CNT-epoxy nanocomposites with aligned, well-
dispersed CNT's are obtained using the generalized self-consistent composite cylinder
model, and compared with results from the proper application of the Mori-Tanaka
and self-consistent models as shown schematically in Figure 31. Here a hollow,
N = 2 composite cylinder assemblage consisting of a single wall carbon nanotube
and the matrix material is used to obtain the effective axial Young’s modulus, E¢"
(Eqn. 3.28), in-plane bulk modulus, k58 (Eqn. 3.10), the axial shear modulus, ush
(Eqn. 3.37), the in-plane shear modulus, pSE (Eqn. 3.64), and the axial Poisson’s
ratio, ¢ (Eqn. 3.50), of the nanocomposite, with the transverse Young’s modulus,
EST obtained from Eqn. 3.52. The nanotube geometric and material parameters re-
main the same as previously identified, i.e., an inner radius of 7o = 0.51 nm, an outer
radius of r; = 0.85 nm, with a Young’s modulus and Poisson’s ratio for the nanotube
annulus of £ = 1100 GPa and v = 0.14. The matrix material properties are chosen
to reflect the elastic properties of epoxy (in this case EPON 862 E = 3.07 GPa and

v = 0.3)° at room temperature (well below Tg).

®Measured values for Young’s modulus of epoxies can vary between 2.03-3.91 GPa
(33, 36, 49, 218-220]. However, relative to the nanotube Young’s modulus, this
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Fig. 31. Schematic representation of the application of the generalized self-consistent

composite cylinders, the Mori-Tanaka, and the self-consistent models for
aligned, well-dispersed CNT nanocomposites. 31(a) depicts the N = 2 com-
posite cylinder assemblage applied. 31(b) depicts the use of the effective CNT

properties in applying the Mori-Tanaka and self-consistent approximations.
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For the Mori-Tanaka and self-consistent models, the effective nanocomposite
properties are obtained from Eqn. 2.71a (also for N = 2) where the strain con-
centration tensors are approximated using Eqns. 2.123 and 2.83, respectively, where
the Eshelby tensor corresponds to an infinitely long circular cylinder embedded in
an isotropic and transversely isotropic material, respectively (see for example pgs.
80 and 141 of reference [221]). In both cases, the effective CNT properties provided
in Table V are used to construct the stiffness tensor for the inhomogeneity (L') for
use in determining the effective nanocomposite stiffness (L) by using the elastic
constant relationships for transversely isotropic materials, i.e. Li,;; = E) + 4v% ka3,
Ll = 2623v12, Ligyy = paz + Koz, Lyggg = —Has + K23, and Liyy, = pp [198],
and it is noted that the CNT volume fraction within the matrix is identified for the
composite cylinder assemblage and the Mori-Tanaka and self-consistent methods as
vp=c =13/rs.

Figure 32 provides a comparison of the results obtained for nanocomposites with
aligned, well-dispersed CNT's using the generalized self-consistent composite cylinders
(CC) method with results from both the Mori-Tanaka (CC/MT) and self-consistent
(CC/SC) methods. Figure 32(a) demonstrates, as expected, that all three methods
return the rule of mixtures for the effective axial Young’s modulus, EST. However,
for the remaining effective composite properties, the CC and CC/MT provide similar
results whereas the CC/SC shows large differences relative to the other two methods,
particularly at volume fractions greater then 60% as shown in Figure 32(b) for ESt.
Moreover, this difference becomes more pronounced with increasing CNT volume
fraction as the CC and CC/MT approaches demonstrate a higher degree of matrix
dominance than does the CC/SC. It is noted that by matrix dominance it is meant

variance makes little difference. The value selected was near the middle of this range
and was taken from [36].
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Fig. 32. Effective properties for nanocomposites consisting of aligned, well-dispersed
CNTs in epoxy using the generalized self-consistent composite cylinders,
Mori-Tanaka, and self-consistent methods. For convenience the three meth-
ods are labeled CC, CC/SC, and CC/MT, respectively, where the CC in the
self-consistent and Mori-Tanaka methods serves as a reminder that these re-

sults were obtained using effective CNTs as input.
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that the effective properties obtained are much closer to the matrix properties at high
volume fractions and therefore well below a weighted average of the input properties
such as the rule of mixtures. The effective pS, St and kST elastic moduli display
similar matrix dominated behavior as observed for ES®. The degree of matrix dom-
inance is attributed [161] to the large differences between the matrix and nanotube
properties. As a simple explanation, it is noted that in determining the axial Young’s
modulus, the plane strain assumptions associated with the high aspect ratio of the
nanotube result in the extensional load being applied to both the matrix and the nan-
otube. However, in determining transverse properties like the in-plane bulk modulus,
the applied displacements must be transmitted through the compliant matrix before
reaching the much stiffer nanotube so that most of the strain observed would occur
in the matrix.

It is also noted that the effective properties reported in Figure 32 are for the
full range of volume fractions in order to demonstrate that all three methods return
the matrix properties at zero volume fraction, and the effective CNT properties at a
volume fraction of one. However, there is a limit on the highest attainable volume
fraction as all of the nanotubes in the composite are assumed to be of the same
size, i.e. the maximum packing volume fraction for identically sized aligned fibers
which is 0.90. Further, it is noted that the current attainable volume fractions for
CNT-epoxy nanocomposites are less than 0.10.° However, at these volume fractions

SHigher volume fraction comparisons with experimental data are not presently
possible as currently it is difficult to make epoxy composites with volume fractions
of CNTs much higher than 10% due to the large increase in viscosity of the liquid
polymer with the introduction of CNTs. This point is emphasized if one considers the
ideal case of having well-dispersed and well-aligned CNTs in a matrix material. At
1% volume fraction, CNTs would have an average center-to-center separation of 17nm
while at 10% volume fraction, the center-to-center separation would be 5.4nm (based
on tessellation and polygon to sphere conversion of the regular hexagonal array of

CNTs). For the cross-linked thermoset epoxy matrix used in the present study, such
a small spacing may be the source of the large viscosity increases, as for noncross-
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all three methods yield nearly identical results, with increases in the axial Young’s
modulus of 2300% and a more modest value in the transverse Young’s modulus of 30%
relative to the matrix at a volume fraction of 0.10. It is also of interest to note that
good agreement between the Mori-Tanaka and generalized self-consistent methods at
nearly all volume fractions is consistent with the 5% volume fraction comparison of
stress concentration tensor components provided in Table III, where it is noted that
the comparison is in fact for effective CNTs.

Effective properties for nanocomposites consisting of aligned, well-dispersed CNT's
in an epoxy matrix obtained from the generalized self-consistent composite cylinders
method are also compared with computational micromechanics results obtained from
finite element analysis (FEA). The FEA results were obtained using the actual hol-
low CNT geometry with the isotropic properties of graphene, as previously discussed,
with CNTs arranged in a regular hexagonal array, shown in Figure 33, which is sub-
ject to periodic boundary conditions on all six sides. The regular hexagonal array is
known to produce effective properties which are transversely isotropic, as expected to
be the case for random distributions of fibers in the transverse plane [141, 222]. The
large representative volume element (RVE) chosen for the numerical examples is not
the smallest for a perfect hexagonal array, but was chosen so as to be consistent with
the clustering studies presented herein. In addition, the same arrangement but with
using solid transversely isotropic cylinders with effective CNT properties as provided
in Table V in what could be termed a CC/FEA method was studied. Further details
concerning the finite element simulation are provided in Appendix H.

Finite element results for the effective elastic properties of hollow and effective
fiber FEA representations for the well-dispersed case are provided in Figure 34. Also

linked systems, such as polystyrene, CNT volume fractions of up to 50% have been
obtained [47], though mechanical properties were not the focus.
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Fig. 33. FEA RVE’s used to generate effective composite properties.

included in the figures are the effective properties obtained using the generalized self-

consistent composite cylinders method (which by Figure 32 also implies comparison

with CC/MT results) where it is noted that the in-plane Poisson’s ratio, vh, is

obtained from Eqn. 3.53.7

As shown in Figure 34(a), the effective axial modulus, EST, for both finite ele-
ment representations and for the composite cylinders solution compare very favorably
throughout the complete range of volume fractions. As is expected to be the case
for fibrous composites, the effective elastic axial modulus is well approximated by a

linear function of volume fraction between the fiber and matrix stiffnesses (i.e., rule of

"It is noted that certain effective properties are obtained directly using either
the analytic or computational micromechanics approach, but calculated for the other
approach. For example, the transverse Young’s modulus, EST, is a property which is
directly obtained from the six tests in the finite element approach, but is calculated
from the other five properties in the generalized self-consistent composite cylinders
approach. Conversely, the in-plane bulk modulus, xS, can be directly obtained in
the composite cylinders approach, but is calculated from the other five engineering

properties in the finite element approach.
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mixtures). Figure 34(b) provides the effective transverse modulus, EST, where again
good agreement between both of the finite element representations and the compos-
ite cylinders solution is observed for fiber volume fractions less than 60%. At fiber
volume fractions greater than 60%, increasing differences (though slight as compared
to differences with the CC/SC results in Figure 32) in effective EST are seen, with
the effective fiber FEA representation demonstrating the largest effective stiffness fol-
lowed by the hollow fiber FEA representation and then the generalized self-consistent
composite cylinder solution. The difference in effective transverse modulus between
the effective fiber FEA representation and the composite cylinder solution is noted
to be of the order of 15% at a fiber volume fraction of 80%.

Similar trends are observed in the Poisson’s ratios. That is, for the effective axial
Poisson’s ratio, 24 shown in Figure 34(c), all solutions compare favorably throughout
the complete range of volume fractions. However, for the in-plane Poisson’s ratio,
Vi observable differences between the results from the two computational and the
analytic solution methods again begin around 60% fiber volume fraction as shown
Figure 34(d). Of particular note in Figure 34(d) is the more pronounced difference
between the hollow and effective fiber FEA representations at high volume fractions.
Here the effective fiber FEA representation does not adequately account for the zero-
stiffness hollow region of the fiber which has increasing influence in the transverse
properties at high fiber volume fractions.

Whereas the effective moduli and Poisson’s ratios displayed dissimilar trends
compared to one another (i.e., EST vs. EST and 4T vs. 15T), the effective shear
moduli, 5T and pSh, results shown in Figures 34(e) and 34(f), respectively, are quite
similar. Both shear moduli show initially good agreement between all three solution
approaches up to 60% fiber volume fraction, and both show differences in effective

shear moduli at larger fiber volume fractions. In fact, both effective shear moduli
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plots demonstrate a similar increase in effective property with increasing fiber vol-
ume fraction as that observed for the effective transverse modulus in Figure 34(b),
where the increase in effective property is relatively small initially before increasing
rapidly after 60% fiber volume fraction. As such, compared to the effective axial
Young’s modulus and Poisson’s ratio, which show an almost rule of mixtures change
in effective property with increasing fiber volume fraction, the axial shear modulus,
psEis observed to be much more sensitive to the compliant nature of the matrix
material. Though the shear moduli show similar trends, the effective pSl results are
larger in value and show less difference between solution methods at high fiber volume
fractions than do the effective uSI results due to the reinforcing effect of the fibers
being aligned in the 1-direction.

Reasons for the differences in the effective elastic properties observed in Figure 34
can best be understood by examining the associated stress distributions. Stress dis-
tribution contour plots for the well-dispersed, effective CNT finite element represen-
tation results are provided in Figure 35 for fiber volume fractions of 20% and 70%
(¢; = 0.2 and 0.7). In both cases, the applied average strain, g;;, is 1%, and the
stress distributions have been plotted with a single contrast value used for each el-
ement, consistent with the under-integrated, mean quadrature 8-node brick element
employed.

In Figure 35(a), stress contours of axial stress, 011, as a result of applied average
axial strain, €17, indicate that the effective fibers carry the majority of the load
at all volume fractions. In fact, the stress level in the effective fibers and in the
matrix remain constant at all volume fractions so that as the fiber volume fraction
is increased, the average stress in the composite is proportionally increased resulting
in the good agreement with the rule of mixtures response previously noted for the

axial Young’s modulus, E$T. In contrast, Figures 35(b) and 35(c), which provide the
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stress contours associated with the determination of the transverse Young’s modulus,
EST and the in-plane shear modulus, pSE, respectively, show an increasing amount
of effective fiber interaction with increasing fiber volume fraction, as indicated by the
increased stress state in both the fibers and the matrix at 70% volume fraction. It is
this increase in the local stress state in and around the effective fiber which results
in an increase in the average stress state, and which is also believed to explain the
difference between the finite element and composite cylinders solutions for effective
elastic properties at high volume fractions.

It can also be noted in Figures 35(b) and 35(c) that, at high volume fractions, the
stress in the fiber is not only augmented, but becomes increasingly non-uniform. This
has important consequences for previous modeling efforts wherein effective CN'T rep-
resentations have been used in conjunction with the Mori-Tanaka and self-consistent
methods (i.e. the CC/MT and CC/SC results). Unlike the composite cylinders ap-
proach, the Mori-Tanaka and self-consistent micromechanics methods make use of the
Eshelby tensor [131], therefore are assuming a uniform stress state in the fibers. Thus,
at high fiber volume fractions, use of the Mori-Tanaka or self-consistent techniques
for CN'T reinforced composites may be increasingly less accurate approaches.

Finally, it is noted that the stresses induced in the hollow CNT FEA represen-
tation, although not shown, are much higher than those for the effective CNT FEA
representation. This is to be expected due to the higher stiffness of the hollow fiber
and its corresponding smaller volume of load-carrying material. This increased stress
in the hollow fiber also results in an increase in the stress state in the surrounding
matrix material. However these increases in the stress state are not sufficiently high
so as to counteract the contribution of the zero-stress regions of the hollow fibers such
that the average stress in the hollow CN'T FEA representation is in fact lower than the

average stress in the effective CNT FEA representation. Thus, the difference in effec-
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tive properties observed between the hollow and effective CNT FEA representations
at high fiber volume fractions is confirmed to be a result of the effective CNT FEA
representation’s inability to accurately account for the hollow region. However, for
physically obtainable CNT-epoxy composite volume fractions which are less than 10%
and certainly much less than 60%, either hollow or effective fiber FEA representations

can be used.

C. Effective Elastic Properties of Aligned CNT Composites with Interphase Regions

The presence of interphase regions in CN'T-polymer nanocomposites, such as shown
in Figure 24(c), has been suggested by many to play a significant role in the effec-
tive properties of nanocomposites. In unfunctionalized CNT nanocomposites, this
interphase region is thought to be the result of having perturbed matrix due to nan-
otube interaction with the polymer chains of the matrix (polymer chains are noted
to entangle with carbon nanotubes to some degree producing a relatively large region
[compared to the radius of the nanotube] wherein the polymer mobility has been
reduced thereby increasing it’s stiffness)[12, 223]. In functionalized CNT nanocom-
posites, the size of the interphase region and its effect on the matrix can vary greatly
depending on the type of functionalization, some being intended to improve dispersion
and others to improve adhesion. For CNTs and for CNTs with interphase regions it is
believed that the generalized self-consistent composite cylinders method can be used
to obtain the components of the concentration tensors.® Concentration tensors for
CNTs with different functionalizations can then be obtained and averaged together

to get the effective properties for epoxies containing a mixture of CNT types. Here

8Here it is assumed that the interphase is a compatible phase in the reference
configuration with no residual stresses or transformation strains and subject to small
deformations so that continuity of tractions and displacements can applied across the
CNT-interphase and interphase-matrix boundaries.



178

however, for illustrative purposes, we consider a nanocomposite having aligned CNT's
with a single type of interphase region, the properties of which are chosen to reflect
varying degrees of interaction between CNTs and the polymer matrix as a result of
the differing types of functionalization or lack thereof.

While experimental and computational evidence has been obtained for the ex-
istence of an interphase region between CNTs and polymer matrices [38, 224], the
exact size and material properties of such interphase regions are still an active area
of discussion in the research community [119, 224]. As such, interphase regions of
various sizes and stiffnesses are used in a parametric study in the present discussion.
However, in each case, the interphase regions around the individual CNTs of the re-
spective RVEs are taken to be of the same size and stiffness so that the composite
consists of identical high-stiffness CN'Ts with identical interphase regions embedded
in the matrix, as shown schematically in Figure 21, so that N is equal to three in the
application of the generalized self-consistent composite cylinders method in determin-
ing the effective elastic properties of the nanocomposite (Eqns. 3.10, 3.28, 3.37, 3.50,
3.52, and 3.64).

It is also noted that the inclusion of an interphase region constitutes the intro-
duction of a length parameter, in addition to those length parameter introduced by
having hollow CNTs, which for nanocomposites is quite significant as the CNT ra-
dius and interphase thickness can be of the same order of magnitude. Motivated by
the chemistry of the functionalization process [33, 49], the interphase thickness, once
identified, is taken as not varying with changes in CNT radius® Thus, for a given CN'T

9By having the thickness fixed for a given functionalization and independent of
CNT radius, it is noted that the influence of the interphase on CNTs with a large
radius will be smaller than the influence of the same interphase region on CNTs with

smaller radii. Thus, the constant thickness of the interphase region produces effective
elastic properties which do not necessarily scale with fiber (CNT) geometry.
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radius, as CN'T volume fraction is increased for a given RVE, so too is the interphase
volume fraction.

The constant thickness of the interphase with increasing volume fraction has ad-
ditional consequences for the generalized self-consistent composites cylinders method
in the form of a critical CNT volume fraction, v}, for which the generalized self-
consistent composites cylinders method undergoes a transition. The critical CNT
volume fraction is determined as a result of the maximum packing fraction based
on the interphase outer radius (i.e., where the interphase regions of adjacent CNT's
come into contact), and can be substantially lower than the maximum CNT volume
fraction of vy = 0.90. Below the critical volume fraction, i.e. vy < v}, the compos-
ite cylinders assemblage consists of three layers, the CNT, the interphase, and the
matrix as shown in Figure 36(a). Here the outer radius of the composite cylinder
assemblage, 7oy, is equivalent to the outer radius of the matrix phase, ry, and is
determined by the volume fraction by r = ry/ Vs, where 7 is the CN'T outer radius.
As the volume fraction is increased, the amount of matrix material is reduced up to
volume fraction identified as the critical volume fraction, v} defined as v} = r?/r3. At
this volume fraction, the matrix has been consumed such that the outer radius of the
composite cylinder, 74, is now equal to the outer radius of the interphase region, o,
as shown in Figure 36(b). At volume fractions larger than the critical volume frac-
tion, Figure 36(c), the outer radius is now less than the outer radius of the interphase
region. This is equivalent to saying that the matrix material has been replaced by
the interphase resulting in a N = 2 composite cylinder assemblage consisting of the
CNT and the interphase.”

10Strictly speaking for same sized fibers with a given interphase thickness, like
for example in finite element calculations, there remains a small amount of matrix

between the points of contact of the interphase regions of adjacent fibers. As the
volume fraction is increased, this small amount of matrix is consumed until there is no
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Parametric studies using the generalized self-consistent composite cylinder method
on the effects of having interphases with elastic modulus ranging from one tenth that
of the matrix to ten times the matrix modulus, and with thicknesses from half of a
CNT radius to four times a CNT radius are provided in Figure 37. Here only the
nanocomposite effective transverse Young’s modulus, EST, results are provided as the
impact of the interphase regions on the axial Young’s modulus and Poisson’s ratio,
ET and v$¥ were found to be negligible, and the results for shear moduli and the
in-plane bulk modulus, u$T, xSt and xSE were observed to yield identical trends as
shown for EST. Also it is noted that thin interphase regions are taken to be indicative
of shorter range perturbations in the matrix perhaps due to a lack of functionalization
or the use of functional groups which are short or not well entangled into to the host
polymer while thick interphase regions reflect just the opposite, i.e. functional groups
which entangle well into the host polymer, perhaps even bonding to the polymer at
multiple sites. Likewise, compliant interphase regions are taken to represent less than
perfect adhesion of the CNT or the interphase region to the surrounding matrix, per-
haps a result of functionalization intended for dispersion, while interphase regions
with stiffnesses greater than polymer stiffness denote functionalizations which have a
strong interaction with the polymer perhaps the result of functional groups intended
to improve adhesion.

Noticeable in Figures 37(a), 37(b), and 37(c) is a sharp change in the effective
properties at directly attributed to the transition between the N = 3 composite
cylinder assemblage to the N = 2 assemblage at the critical volume fractions of 0.04,

matrix remaining. From geometric considerations, this occurs at roy = 2r9(1—+/3/3)
and therefore corresponds to a volume fraction of vy = 1.3995 v}. For the generalized
self-consistent composite cylinder assemblage, the approximation considers a single
fiber and its matrix as embedded in the effective medium which accounts for this
residual matrix material.
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Fig. 37. Parametric study on the effects of interphase thickness and stiffness on the

effective transverse Young’s modulus of nanocomposites consisting of aligned,

well-dispersed, interphase coated CNTs using the generalized self-consistent

composite cylinders method. Identified on the plots are the critical volume

fractions where there N = 3 composite cylinder assemblage transitions to a

N = 2 assemblage.
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0.11, and 0.44, respectively. It is observed that large interphase thicknesses corre-
spond to effective property transitions at small volume fraction, 4% volume fraction
for an interphase whose thickness is four times the radius of the CNT, as shown in
Figure 37(a). In contrast, small interphase thicknesses cause effective property tran-
sitions at larger volume fraction, 44% for a thickness of half of a CNT radius, as seen
in Figure 37(c). Also observed, while a nearly three orders of magnitude difference
between the matrix and CNTs exists, an interphase stiffness of only five times that of
the matrix is enough to significantly improve the nanocomposite’s effective properties.
Similarly, an interphase whose stiffness is only half that of the matrix can significantly
degrade the nanocomposite’s effective properties. It is noted that the N = 2 above
the critical volume fraction are similar to the N = 2 results in Figure 32(b) in that
the nanocomposite transverse Young’s modulus is matrix dominated, but by the new
matrix material which is the interphase.

The results of the parametric study of the effects of interphase regions of various
stiffnesses on the effective transverse Young’s modulus, EST, for the case of well-
dispersed fibers are also shown in Figure 38 for a range of volume fractions corre-
sponding to the current processing abilities for nanocomposites and for an interphase
thickness of 1.7 nm (i.e., equal to twice the fiber outer radius selected based on Fig-
ure 23) using both computational micromechanics and the generalized self-consistent
composite cylinder method. Interphase stiffnesses of 1/2, 1, 5, and 10 times the stiff-
ness of the matrix (i.e., £ = 1.5, 3, 15, and 30 GPa with v = 0.3) are used and the
effective transverse modulus is obtained for volume fractions up to the limit volume
fraction for the composite cylinders solution (i.e., a volume fraction of 11%). As pre-
sented in Figure 38, both the finite element simulations and the composite cylinders
solution are in excellent agreement and indicate large differences in effective modulus

relative to the no-interphase case. In fact, to obtain an equivalent value for the effec-
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tive transverse modulus as calculated for the 30 GPa interphase at 9% CNT volume
fraction, a CNT volume fraction of 60% in the no-interphase case would be required.
At that same volume fraction, the 1.5 GPa interphase results in a 44% decrease in
the effective transverse modulus. Thus, it is observed that the effective properties
associated with the transverse directions can be greatly impacted by the presence
of an interphase region at volume fractions corresponding to current processing abil-
ities, particularly if that interphase region is a compliant interphase and therefore

representative of poor load transfer from the matrix to the CNT.

D. Effective Elastic Properties of Aligned CN'T Composites with Clustering

It has been observed that, due to van der Waals forces, CNTs have a tendency to
bundle or cluster together making it quite difficult to produce well dispersed CNT re-
inforced composites [12, 32|, see for example Figure 23. As such, it may be necessary
to incorporate the effects of clustering in the prediction of effective elastic properties.
Here, the focus is on a cluster of aligned CNTs forming a bundle as shown in the
RVE in Figure 24(b). In an analytic micromechanics approach towards capturing
the effects of clustering within a bundle of CNTs, a Dirichlet tessellation is used to
quantify the degree of clustering by assigning to each CNT in the bundle a local
volume fraction. This local volume fraction is used to identify the amount of matrix
used in a given generalized self-consistent composite cylinder model used to deter-
mine the stress concentration tensor for a given local volume fraction. These stress
concentration tensors are used along with the effective CNT properties in a multi-
phase averaging method (Eqn. 2.71b) to determine the effective elastic properties of
clustered bundles of CNTs. Given the good agreement observed between the stress

concentration tensors determined for CNTs using both the generalized self-consistent
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Fig. 39. Schematic diagram of how clustering is incorporated into calculating effective

composite properties.

composite cylinder method and the Mori-Tanaka method (see Table III), this method
is equivalent to determining the effective local effective CNT+matrix properties and
applying a multi-phase Mori-Tanaka approach as shown schematically in Figure 39.
As it is more expedient, analytic micromechanics results for the effects of clustering
on the effective properties of CNT composites provided here are obtained using this
combined generalized self-consistent composite cylinder, Mori-Tanaka method.
Many research efforts have used tessellation techniques to identify what consti-
tutes a clustered arrangement as well as to delineate different amounts of clustering
[148-153]. The Dirichlet tessellation procedure used herein to obtain the local volume
fractions is a well established geometric technique for obtaining the minimum area
polygons encompassing a given set of seed points, which for the present work denotes
the set of CNT centers [148]. The procedure involves the connecting of seed points

to all other seed points by a straight line, the perpendicular bisectors of which are



187

Af

Fig. 40. Voronoi tessellation procedure diagram.

constructed and used to identify the polygonal boundaries!!, as shown schematically
in Figure 40. Thus, regions in the composite where CNT center density is quite high
(clustered regions) will produce small polygons and regions where the CNT center
density is low will produce larger polygons as shown in Figure 41. Note that apply-
ing the tessellation routine for the hexagonal arrangement of CNTs which represents
well dispersed CN'T composites would produce identically sized polygons whose local
volume fraction would be identically equal to the global volume fraction. This cor-
responds to having a distribution of local volume fractions represented by the Dirac
function and is indicative of the arrangement not being clustered. In contrast, if there
are significant numbers of both small and large polygons, then a bimodal distribu-

The step-by-step method can be described as follows: 1) seed point coordinate
locations are established (A and B in Figure 40), 2) seed points are connected to all
other seed points by a straight line (solid line AB in Figure 40), 3) the perpendicular
bisectors of the seed connecting lines are constructed (dashed line A’B’ in Figure 40),

4) the collection of perpendicular bisector lines surrounding a seed point are selected
(dashed lines surrounding A in Figure 40).



188

12

10

<

CNT

Maintain Local
‘Yolume Fraction P

i \ /o [ Local Volume | o |

N v i <+— Fraction of 12% —»\, /

2] I g 4
o | et oo CNT e P

o ; : = . . Voronoi Polygons Local FI_EéF Matrix
2 4 6 8 10 12 FibEI'S

% o P~ Local Volume I./"_ﬁ“\
A <« Fraction of 34% —» | o |
eyl N \ /

o2
|

o
L

S
\

b
o 3§

Global Volume
Fraction of 20% CNTs

Fig. 41. Schematic demonstrating how Voronoi polygons obtained from the Dirichlet
tessellation are used to identify local volume fractions and composite cylinder

assemblages.

tion in polygon size will occur indicating the existence of bimodal clustering in the
composite.

It is also noted that the inclusion of clustering constitutes the introduction of
additional length parameters, in addition to those length parameters introduced by
having hollow CNTs and/or interphase regions. However, as with the hollow region
effects, the clustering effects scale with inhomogeneity size, i.e. whether microns or
nanometers are the dimensions of interest, the proportional effects of the hollow region
and clustering remain the same. In contrast, the length parameters introduced as a
result of having interphase regions, as noted above, are based on specific nanoscale
interactions and hence do not scale with the dimensions of interest, i.e. the inter-
phase thickness remains on the order of nanometers whether the inhomogeneity has
dimensions of nanometers or microns.

For clustered arrangements of aligned CNTs one can readily identify three dis-
tinct volume fractions. The first is the global volume fraction, cgional, as expressed

in Eqn. (4.1) where Ngnr is the number of CNTs, Aot is the area of a CNT based
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solely on its outer radius (all having the same outer radius), and Agyg is the total area
of the bundle RVE.? This is the volume fraction of the total CNT volume (including
the hollow regions) in the matrix relative to the total volume of the bundle RVE.
Second is the volume fraction of each CNT within its associated matrix expressed
in Eqn. (4.2) and referred to as the local volume fraction, cjpea. It is the volume
fraction directly obtained from the tessellation results with A; referring to the area of
the polygon used to define the amount of associated matrix with the i*® CNT. This
volume fraction corresponds to the volume fraction of the CN'T within the composite
cylinder assemblage, i.e. vy. The third volume fraction is used to denote the overall
volume fraction of the of a given local volume fraction, and as such, is referred to as
the global-local volume fraction, cglobai/iocal a8 given by Eqn. (4.3), where n; is the
number of times a given local volume fraction occurs as a result of the tessellation, i.e.
the number of polygons with same area, A;. The global-local volume fractions are
the volume fractions used in the multi-phase averaging method with the cgobai/iocal
values equal to the c¢; values in Eqn. 2.71b for each distinct local volume fraction up

to P distinct local volume fractions so that J in Eqn. 2.71b ranges from 1 to P + 1.

NontAcont
Cglobal = ( ARVE (41)
A
Clocal = ( ZNT) (42)
nyA
Cglobal/local = (A;V;> (43)

It should be noted that under the current assumptions, all of the CNT's are the same
size and as such, polygons of the same area (but perhaps different shapes) will produce
identical local volume fractions. However, if this were not the case, then CNTs of

12The volume fraction is given in terms of area as the length along the CNT axis
is the same for the entire bundle RVE.



190

different sizes could produce the same local volume fractions with different polygon
sizes.

In order to construct the composite cylinder assemblage for each local volume
fraction, each polygonal area is calculated and set equal to the area of a circle of
unknown radius. The radius of the circle is then determined, and the circle is set to
be concentric with the CNT which it encompasses. Thus, the local volume fraction
is obtained as the ratio of the squares of the radius of the CNT to that of the circle
encompassing the fiber, thereby maintaining the volume fraction of the CNT within
the polygon. This process is depicted graphically in Figure 41.

This technique has been applied to several test cases involving a range from
thirteen to twenty-five identical CN'Ts in the absence of interphase effects embedded
in the polymer matrix. Here the CNTs were arranged within the matrix in such
manner so as to introduce clustering. As would be expected, it was observed that the
clustered nanocomposite’s axial Young’s modulus was unaffected by clustering, and as
such, only the transverse Young’s modulus results are provided (recall that the other
effective properties follow the same trend as EST and thus are not reported). Figure 42
provides the tessellation results for the distributions of local volume fractions of five
test cases!® at 10% global volume fraction of CNTs. The four CNT arrangements
are shown as insets in Figure 42. Also shown in the figure is the distribution of local
volume fraction obtained from the regular hexagonal array where it is noted that
indeed all CN'Ts have the same local volume fraction which is also equal to the global
volume fraction. Case B is identified as the most clustered mesh having a distribution
in local volume fraction which is bimodal and widely separated as one set of local

13There are many different possible arrangements of fibers in an RVE that can be

used to represent clustering, of which those chosen for the present work are only a
small subset.
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(e) Case D: 0.050% Increase

(f) Case E: 0.059% Increase

Fig. 42. Distribution in local volume fraction of well-dispersed and clustered arrange-
ment of aligned CNTs at 10% global volume fraction. Insets denote the CNT
arrangements studied. Percent differences relative to the well-dispersed CNT

distribution value of EST are also provided.
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volume fractions is significantly lower than the other set. Case A is also observed to
be a significantly clustered arrangement, although less so than Case B. Cases C, D,
and E are also observed to differ greatly from the well-dispersed case, though it is
difficult to identify which of these three is the more clustered arrangement.

Also noted in Figure 42 are the percent differences in transverse Young’s moduli
of each clustered arrangement relative to the well-dispersed case. Consistent with the
observation that Case B is the most clustered arrangement, the transverse Young’s
modulus for Case B is noted to have the largest percent difference. However, the
value is a paltry 0.106%. Case A, identified as the second most clustered arrange-
ment also yields the second largest percent difference with a value of 0.064%. The
remaining cases in order of decreasing percent differences are Case E, D, and C with
values of 0.059, 0.050, and 0.027%, respectively, which also corresponds to the order
of decreasing average local volume fraction of the distribution and standard deviation.
Thus, the effect of clustering on the effective transverse Young’s modulus observed
via analytic micromechanics does seem consistent with the distribution of local vol-
ume fractions, but the impact is too small to draw any conclusions from. As such,
computational micromechanics techniques are applied to identical arrangements of
CNTs.

For the clustered arrangements of CN'Ts, the computational representative vol-
ume elements, like the one denoted by the dashed lines in Figure 43(b), contain several
dispersed effective CNTs, some of which are in closer proximity than others. Also
shown in Figure 43 are interphase regions surrounding the fibers which are assumed
to be of uniform size and stiffness and are perfectly bonded to both the CNTs and
the matrix. As was the done for the well-dispersed case, the equilibrium equations
are numerically solved using FEA, subject to periodic boundary conditions for the

clustered arrangements (See Appendix H). Additional clustered arrangements stud-
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Fig. 43. Schematic of effective CNT-interphase-polymer matrix FEA representations.
43(a) The well-dispersed case (perfect hexagonal array). 43(b) A clustered
case (Case C). Both schematics are plotted using the same geometrical scale
and both correspond to 10% volume fraction of effective CNTs and 10% vol-
ume fraction of interphase regions. Dashed lines denote the computational

representative volume elements for each case.

ied are identified in Figures 42(b), 42(c), 42(e) and 42(f), all consisting of deviations
from the perfect hexagonal array (Figure 43(a)).!* As was previously noted for the
well-dispersed case (identified as PH in the subsequent results), the results reported
in the present work are for clustered arrangements having fiber and interphase volume
fractions of 10%, with the interphase regions having stiffnesses of either 0.1, 1, or 10
times that of the matrix, with the 1X cases being indicative of clustered arrangements
with no interphase regions.
Computational micromechanics results of the effective nanocomposite transverse
147t should also be noted that any deviation from the perfect hexagonal arrange-
ment could result in effective properties which are not transversely isotropic. As such,
it is necessary to perform all six numerical simulations previously discussed to deter-
mine the complete set of effective orthotropic engineering elastic constants. Due in

large part to the periodic boundary conditions applied, the effective properties of the
clustered arrangements studied herein remain very nearly transversely isotropic.
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Young’s modulus for well-dispersed and clustered cases both with and without inter-
phase regions is provided in Figure 44. The column identified as PH (i.e., for the
perfect hexagonal arrangement) in Figure 44 summarizes the results of an additional
computational micromechanics comparison of the effects of interphase regions on the
effective transverse Young’s modulus for the well-dispersed case at a specific CNT
volume fraction of 10%. From Figure 44, direct comparison of the stiff and compli-
ant interphases relative to the no-interphase case can be readily discerned. In this
case, the effect of the 0.1X interphase is to lower the effective transverse modulus by
34% relative to the well-dispersed, no-interphase case, whereas the effect of the 10X
interphase increases the effective transverse modulus by 15%.

The effects of clustering without the effects of an interphase region on the effec-
tive transverse modulus can be assessed by comparing the 1X well-dispersed result
in the PH column with the 1X results in columns A through E in Figure 44. Such a
comparison demonstrates that there is hardly any difference in the effective transverse
modulus relative to the well-dispersed solution for the clustered arrangements consid-
ered. Case B, which is identified as the most clustered arrangement as measured by
the distribution of local volume fractions obtained via Dirichlet tessellation, shows a
slightly larger increase in effective transverse modulus relative to the well-dispersed
case than do the other clustering cases. However, all demonstrate small increases in
effective transverse modulus on the order of 3% or less. While this value is small, it
is nearly 30 times the percent difference observed using the analytic micromechanics
approach to clustering.

The increase in effective transverse modulus as a result of the clustering ef-
fect observed in the 1X cases of Figure 44 can be explained by examining Fig-
ures 45(a) and 45(b), which provide the gy stress distribution contour plots for

the well-dispersed and clustered Case C 1X interphase cases at 10% effective CNT
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Fig. 44. Summary of the computational micromechanics results for the independent
and combined effects of clustering and interphase regions on the effective
transverse Young’s modulus of nanocomposites. Both the CNT and interphase
volume fractions are set at 10% for all cases with interphase stiffnesses 0.1,
1.0 (i.e., no interphase), and 10.0 times that of the matrix. The results in
the column denoted PH correspond to well-dispersed CNTs, and those in the
columns A-E to clustered CNT arrangements, as pictured by the schematics

above the result columns.



196

STRESS_ XX W Wi STRESS_XX
I 0.00E+6 A I 0.00E+6
40.00E+6 40.00E+6
M o0 00ce6 M o0 00ce6
@= 17.166+6 @= 16.536+6
%= 6BI02E+6 X- 785366
(a) Well-Dispersed Interphase
l( WO O
STRESS_ XX
STRESS_XX ,.\.,.‘.))
0.00E+6 0.0L+6
I 1@ o gl I
40.00E+6 @ (@ 65.0E+6
o
. 80.00E+6 'fc . 130.0E+6
1 = = 7., +
% 6876018 %- 136:3E08
(c) Clustered Case C, Compliant Inter-  (d) Clustered Case C, Stiff Interphase

phase

Fig. 45. Stress distribution contour plots of the resulting normal stress ooy from an
applied average strain 95 of 1% for 10% effective CNT and interphase volume
fractions and for various interphase stiffnesses. 45(a) 1X PH well-dispersed
arrangement (0-80 MPa scale); 45(b) 1X Case C clustered arrangement (0-80
MPa scale); 45(c) 0.1X Case C clustered arrangement (0-80 MPa scale); 45(d)
10X Case C clustered arrangement (0-130 MPa scale).
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volume fraction for an applied average transverse strain, 9o, of 1%. The effective
CNTs in the cluster of fibers in the upper left corner of Figure 45(b) demonstrate
an increased stress state in the effective CNTs and surrounding matrix relative to
the effective CN'T's in the well-dispersed case as a result of the interactions between
effective fibers in close proximity. However, this localized increase in the stress state
results in a peak stress value of 78 MPa, only 10 MPa larger than the peak stress
in the well-dispersed 1X case, and hence, only a marginal increase in the effective
transverse modulus. It is also believed that it is this localized stress which the ana-
lytic micromechanics clustering approach does not accurately capture as the method
is based strictly on the local volume fraction, and therefore, does not retain nearest
neighbor proximity information in converting Vornoi polygons to composite cylinder
assemblages as shown in Figure 41.

The combined effects of including clustering and interphase regions on the effec-
tive nanocomposite transverse Young’s modulus, T, are also presented in Figure 44,
denoted by the 10X and 0.1X labels. From Figure 44, it is observed that the combined
effects of clustering and interphase regions differ overall depending on the interphase
stiffness. For the 0.1X well-dispersed (PH) and clustered cases (A-E), a uniform de-
crease in the effective transverse Young’s modulus of approximately 33-36% relative
to the 1X well-dispersed case is observed. This indicates that the nanocomposite is
interphase dominated in that, regardless of the degree of clustering, it is the compliant
interphase regions which are the main contributor to the reduction in effective trans-
verse Young’s modulus. For the 10X well-dispersed and clustered cases, the increase
in transverse Young’s modulus ranges from 15% for the well-dispersed case up to 25%
for the most clustered case, Case B. Thus, for the 10X cases, there is a measurable
interaction between clustering and interphase effects which causes larger increases in

the effective transverse Young’s modulus than either effect independently.
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Reasons for the different trends in the effective transverse modulus results ob-
served between the 0.1X and 10X clustered arrangements can again be better under-
stood by examining the o9y stress contour plots provided in Figures45(c) and 45(d) for
the 0.1X and 10X Case C cases, respectively. In Figure 45(c), the compliant nature
of the interphase results in almost no stress being transferred to the effective CN'T,
which explains why clustering has relatively little effect on the effective transverse
Young’s modulus for the compliant interphase cases. Figure 45(d), however, shows
that the stiff interphase leads to large increases in stress in the effective CNTs and
in the matrix as compared to both the well-dispersed and clustered, no-interphase
cases. These elevated stresses, which are especially large for effective CN'Ts in close
proximity, in turn lead to significant increases in the effective transverse modulus.
These strong interactions among clustered effective CNTs produce a peak stress in
the 10X clustered case shown which is 60% larger than the peak stress in the 1X clus-
tered case, resulting in the noted coupling between interphase and clustering effects
(note the different scale bar for Figure 45(d)). This again points to the large impact
that the interphase regions can have on the effective properties associated with the
transverse direction in representing various degrees of load transfer.

A summary of the effects of clustering and interphase regions on the other ef-
fective engineering moduli is provided in Table VI, where it is observed that the
effective axial modulus is not affected by the clustering in the transverse plane. The
“Average Effect” column in Table VI provides the nominal magnitude of the inter-
phase effect for the studied well-dispersed and clustered arrangements and with the
“Variation with Clustering” column stating how much variation with clustering ar-
rangement there is for each property (EST, EST, o5 s 5T and usT). For example,
for the 0.1X interphase stiffness, the effect of including the interphase region on p¢ft

is large (approximately a 34% decrease), but nearly the same magnitude for all CNT
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Table VI. Summary of the combined and independent effects of clustering and inter-

phase regions on the effective engineering properties for composites with

10% CNT and 10% interphase region volume fractions. The average effect

is the is the average percent difference of the studied cases PH, A, B, C,

D, and E relative to the 1X PH case (i.e., the well-dispersed, no-interphase

case). The effect variation with clustering is the difference between the

highest and lowest percentage changes also relative to the 1X PH case.

Property 0.1X interphase 1X (no interphase) 10X interphase
Average Variation w/ Variation w/ Average Variation w/
Effect Clustering Clustering Effect Clustering
(%) (%) (%) (%) (%)
ESt -0.48 0.10 0.10 3.75 0.10
ESt -34.36 2.24 2.33 19.49 10.35
Vel 3.74 0.79 0.96 -0.53 1.87
v -6.42 5.06 3.17 -7.01 11.63
pst -34.35 1.97 1.96 19.95 7.78
psl -36.20 2.95 2.24 14.20 8.38
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arrangements (less than 2% variation). Consistent with the observations made for
the effective transverse modulus, it is observed in general that for the compliant
interphase regions, there is less variation in the effective engineering properties with
clustering than for the stiff interphase regions with clustering. As a result of the more
significant influence of interphase regions, the focus of subsequent modeling efforts

will be on accurate representation of the interphase regions in nanocomposites.

E. Effective Elastic Properties of Composites with Randomly Oriented CNTs and

Comparison with Measured Data

As alignment of the CN'Ts within nanocomposites remains a processing challenge, the
effects of random orientation of CNTs and interphase coated CNTs within the epoxy
matrix are considered. By considering each orientation of a CN'T as a separate phase,
aligned with its own local coordinate system, the expression of the stiffness tensor
and concentration tensor are obtained in the local coordinate system as described
in Section E of Chapter III and then rotated to the global coordinate system. The
effective properties are then obtained by averaging over all possible orientations, i.e.,
phases, as in Eqn. 2.163b and are observed to be isotropic, despite the transverse
isotropy of the CNTs. However, with the concentration tensors determined in a
non-Eshelby approach directly from the composite cylinders solutions, the random
orientation averaging can take place without using the Mori-Tanaka method, and
thereby allow for a more direct accounting for the presence of interphase regions.

To demonstrate the impact of random orientation, the effective properties of
nanocomposites with randomly oriented non-clustered CNTs, such as in Figure 24(a)
but where CNT's are not clustered into bundles, are compared to aligned non-clustered

results (see Figure 22). To isolate the effects of random orientation, identical CNTs
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with no interphase regions were considered. The effective nanocomposite Young’s
modulus obtained from the randomly orientation equation is provided in Figure 46,
as are the effective axial and transverse Young’s moduli for aligned CN'T nanocom-
posites. As can be seen in Figure 46(a), without fiber alignment, one can not as
readily take advantage of the high modulus of the CNTs, even at what would by
processing standards be very large volume fractions. Figure 46(b) indicates that, at
volume fractions currently able to be processed, the Young’s modulus of nanocom-
posites with randomly oriented CNTs at a volume fraction of 10% is 290% larger
than the transverse Young’s modulus. In contrast, the axial Young’s modulus at that
same volume fraction is 375% larger than the randomly oriented CNT value.

Thus, it would appear that the two of the most important considerations in
nanocomposite modeling would be to capture the effects of random orientation of the
CNTs and to capture the effects of interphase regions. As such, Figure 47 provides
the effective Young’s modulus of nanocomposites containing randomly oriented, in-
terphase coated CNTs as predicted using the generalized self-consistent composite
cylinder method in comparison to the values of for the Young’s modulus obtained
from characterizations efforts published in the literature for both pristine and func-

15 Modeling results are provided for seven

tionalized CNT-epoxy nanocomposites.
sets of input parameters. These input parameter sets are identified in Tables VII and
VIII, and are intended to reflect the uncertainty in the range of input parameters and
therefore to provide reasonably bounds for modeling results. The input parameter
set identified as the Base Case corresponds to the previously identified values for CNT
elastic properties, radius and thickness assumed in all of the modeling results provided

15Some data from the literature as well as the modeling results were converted from
the reported volume fraction to weight fraction (and then percent) using 1.8g/cm? for

the density of CNTs and 1.175g/cm? for the density of epoxy as identified in reference
[21].
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Fig. 47. Comparison of experimental data for epoxy nanocomposites from the liter-
ature with model predictions for randomly oriented carbon nanotubes with
and without interphase regions. Comparisons are made between the base case
which consists of non-interphase coated CNTs and three upper and lower
bounds based on uncertainty in the input parameters. Details for the in-
put parameters for the seven modeling cases are provided in Tables VII and
VIII. Data from the literature comes from the following sources (in order as
listed in legend): [219], [219], [225, 226], [220], [220], [33], [49], [36], [36], and
[51] (Repeated entries denote slight differences in measurement or processing

approaches.).
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Input parameters used in establishing upper bounds on generalized
self-consistent composite cylinders modeling results of nanocomposites con-
taining randomly oriented CNTs with and without interphase regions for
use in comparison with measured data from the literature. E, v, and t are
the Young’s moduli, Poisson’s ratio and thickness, respectively.
Base Case Upper 1 Upper 2 Upper 3
Ecnt (GPa) 1100 1100 1800 1800
VONT 0.14 0.14 0.14 0.14
tont (nm) 0.34 0.34 0.34 Solid
B (GPa) N/ A Ecnt — En | Eont — En | Eont — By
Vlnt N/A 0.34 0.34 0.34
e (nm) N/A 2.95 2.95 2.95
Ey (GPa) 2.026 2.026 2.026 2.026
VN 0.34 0.34 0.34 0.34
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Table VIII. Input parameters used in establishing lower bounds on generalized
self-consistent composite cylinders modeling results of nanocomposites
containing randomly oriented CNTs with and without interphase regions
for use in comparison with measured data from the literature. E, v, and

t are the Young’s moduli, Poisson’s ratio and thickness, respectively.

Base Case | Lower 1 | Lower 2 | Lower 3

Ecnr (GPa) | 1100 1100 A75 A75
VONT 0.14 0.14 0.14 0.14
tont (nm) 0.34 0.34 0.34 | 2x0.077

EInt (GP&) N/A O]_EN O]_EN O]_EN

Vint N/A 0.34 0.34 0.34
tre (nm) N/A 2.95 2.95 2.95
Ex (GPa) 2.026 2.026 | 2.026 | 2.026

VN 0.34 0.34 0.34 0.34
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in this chapter. The Upper 1 and Lower 1 input parameters correspond to uncertainty
in the interphase stiffness assuming an interphase thickness of three and half CNT
radii. For the upper bound, the interphase is taken to have a continuous, power law
gradation in properties from the CNT stiffness at the CNT-interphase interface down
to the epoxy stiffness at the interphase-matrix interface (i.e., E(r) = 555E9 r~1%0).
For the lower bound, the interphase was taken to have a constant stiffness of one
tenth of the matrix stiffness. The Upper 2 and Lower 2 correspond to uncertainty
in the CNT stiffness. These input parameter sets use the same interphase properties
as the previous set, with the only difference being that the CNT stiffness is taken
to be 1800 GPa (based on thermal vibration measurement from reference [97]) for
the upper bound and 475 GPa (based on modified Cauchy-Born rule modeling from
reference [92]) for the lower bound. Finally, the Upper 3 and Lower 3 parameter sets
correspond to further uncertainty in the CN'T thickness. Retaining the input param-
eters from the previous case for the interphase properties and the CNT stiffness, the
CNT in the upper bound case is considered to be solid while the CNT in the lower
bound case is taken to have a thickness corresponding to diameter of a carbon atom
[227].

As a result of the variance in neat epoxy input data, the results are presented in
Figure 47 as normalized by their respective neat epoxy values. In looking at the Base
Case of randomly oriented CNTs with no interphase regions, it is observed that the
model results over predict the Young’s modulus for all but one data set (the set from
reference [51] for MWCNTS), consistent with the observation of poor load transfer
in CNT-epoxy nanocomposites. In fact, aside from this data set, it is observed that
measured data from the literature can be grouped into two categories, functionalized
CNT results and results for pristine and ultrasonicated CNTs. The functionalized

CNT nanocomposite results show an average increases in Young’s modulus relative
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to the epoxy matrix of 29, 54, and 83%, at 1, 3, and 5 weight percent, respectively,
while the pristine/ultrasonicated CN'T nanocomposite results show smaller increases
of 2.5, 7, and 18% at those same weight percents.!'® While the Base Case results over
predict both groupings of data, the model predictions are closer to the functionalized
CNT nanocomposite results with estimated increases relative to the matrix Young’s
modulus of 38, 120, and 200%, at weight percents of 1, 3, and 5%, respectively. This
seems to indicate that the functionalization does appear to be improving load transfer,
but that it is not yet equivalent to a perfect bonding assumption.

In comparing the first set of bounds corresponding to the variance in interphase
stiffness with the same measured data in Figure 47, it is observed that the lower
bound model results corresponding to a compliant interphase correlates well with
the functionalized CN'T nanocomposite grouping of measured data with increases in
Young’s modulus relative to the matrix Young’s modulus of 6.7, 66, and 120% at
weight percents of 1, 3, and 5%. However, it should be noted that this does not
necessarily indicate that the input parameters used in obtaining the model values for
this lower bound are in fact the actual values of the interphase properties as further
measurements or multiscale modeling efforts will are needed to better identify this
information. What this does indicate is that a compliant interphase is capable of rep-
resenting the effects of functionalization on the Young’s modulus of nanocomposites,
and that functionalization, while improving load transfer, has yet to achieve a load
transfer consistent with the perfect bonding assumptions of most micromechanics
models. Interestingly, the upper bound, corresponding to a gradation in properties

16Tt is noted that these are substantial improvements relative to a compliant
Young’s modulus. However, compared to the axial Young’s modulus values that
could be obtained with the presumed CNT Young’s modulus of 1100 GPa (i.e., 225,

680, and 1240% increases at 1, 3, and 5% weight), these improvements are relatively
small.
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from the CNT value down to the matrix value, captures well the 1% weight data
point from reference [51] for MWCNTS, though it is not yet clear why in general this
data set behaves so differently from the others provided in the figure.

Also of note in Figure 47, the second set of bounds, corresponding to uncertainty
in the CNT stiffness, yields a good correlation between the lower bound and the
pristine/ultrasonicated CN'T nanocomposite grouping of the measured data, with the
measured data lying just above the lower bound results. For the lower bound, percent
differences in Young’s moduli relative to the matrix value of -4, 0.1, and 12% at 1, 3,
and 5% weight, respectively, were obtained in comparison with the 2.5, 7, and 18%
differences obtained for the pristine/ultrasonicated grouping of data. This seems to
indicate that, perhaps due to the presence of defects due to processing or perhaps due
to the ultrasonication, the CNT stiffness may not be as high as is often reported. In
addition, it is noted that the lower bound results retained the interphase properties
from the previous case, which seems to also indicate that may be prudent to include
interphase regions to account for van der Waals interaction even in unfunctionalized
CNT nanocomposites.

Finally, it is noted that all of the measured data in the literature falls between
the third set of bounds which correspond to perceived maximum and minimum values
in CNT thickness and stiffness and interphase thickness. However the range of values
covered by this swath is quite large, spanning from -13 to 200% difference relative
to the matrix Young’s modulus at 1% weight and growing from -24 to 570% and -28
to 975% difference at 3 and 5% weight, respectively. Such large ranges in potential
nanocomposite elastic properties point to the need for further model refinements, per-
haps through multiscale modeling efforts , and to the need for improved experimental

techniques capable of probing for nanoscale properties.
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CHAPTER V

EFFECTIVE ELECTRICAL CONDUCTIVITY OF NANOCOMPOSITES
Measured values of the electrical conductivity of carbon nanotube-epoxy nanocom-
posites have identified two unique features. The first feature is that the percolation
limit is often observed to occur prior to the limits estimated by contact percolation
theories [21, 54, 55], as well as at volume fractions much lower than some of the
measured percolation volume fractions obtained from attempts to make conducting
polymers using micron sized graphite particles or polymer blends with doped conduct-
ing polymers [228, 229].! The second feature is that the percolation limit identified
is often preceded by an additional percolation-like effect. Both of these features are
illustrated in the experimentally measured results taken from the literature provided
in Figure 48.2 The four data sets provided in Figure 48 correspond to measured values
reported by Sandler et al. [54] for ultrasonicated multi-walled carbon nanotubes in
epoxy, by Gojny et al. [53] for single-walled carbon nanotubes dispersed in the epoxy
matrix by a three-roll mill (mini-calander), by Allaoui et al. [51] for multi-walled
carbon nanotubes dispersed in a methanol solution and homogenized into the epoxy
matrix, and by Martin et al. [21] for multi-walled nanotubes dispersed into the epoxy
by high shear mixing.

"Nakamura et al. [228]produced graphite filled elastomers using graphite flakes,
needles and spherical micron-sized particles. They measured a percolation volume
fraction 0.2 for the needle and spheres and percolation volume fraction of 0.06 for the
graphite flakes which had a surface area approximately 40 times that of the needles
and spheres. Yang et al. [229] identified a percolation weight percent of 3.2% for

polyacrylonitrile (PAN) with dispersed 20-50 nm sized particles of the conducting
polymer polyaniline (PANI) doped with dodecylbenzene sulfonic acid (DBSA).

2Most of the data was provided in percent weight and converted to volume fraction
(vy) from weight fraction wy by vy = —wysps/(—p — 1 + wyp1 — wype) where p; is
the density of carbon nanotubes (taken as 1.8 g/cm? [21]) and p, then density of the
epoxy (taken as 1.175 g/cm?® [21]).
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Fig. 48. Survey of experimentally measured values of carbon nanotube-epoxy

nanocomposite electrical conductivity from the literature demonstrating two
subcritical percolation limit behavior. Data Set 1 corresponds to reference
[54], Data Set 2 to reference [53], Data Set 3 to reference [21], and Data Set
4 to reference [51]. All of the data provided is normalized by their respective
matrix conductivities. Figure 48(a) displays the full range of the data taken
from the literature while Figure 48(b) provides a subset of that range in order
to better observe the two subcritical percolation limits for Data Sets 1, 2 and

3.
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From Figure 48(a), it is observed that all of the data sets provided achieve
percolation below the lower value of the range of geometric (contact) percolation
limits provided via computational approaches of a volume fraction of 0.007, and from
Figure 48(b), it is observed that three of the data sets reach a final percolation at
volume fractions below even the lower end of the analytic estimates of a volume
fraction for forming a percolated network of 0.0008. Of particular note, Data Set 1
shows an initial percolation limit at a volume fraction of 0.0002 with an increase in
conductivity of nearly six orders of magnitude, followed by a brief plateau, and finally,
a second percolation behavior at a volume fraction of 0.00075 with an additional three
orders of magnitude increase.

Nine order of magnitude increase in conductivity may not be surprising to some
as it is only a fraction of the 13 or more orders of magnitude separating the electrical
conductivity of metallic carbon nanotubes, estimated to be between 150 and 200,000
S/cm [27, 59, 230], and that of some polymers, which is measured to be on the
order of 1072 S/cm [53]. However, assuming that, as was the case for aligned,
well-dispersed CNT's as noted in Chapter IV, the ideal dispersion would result in a
local volume fraction equivalent to a Dirac distribution, then the amount of polymer
separating CNTs at such low volume fractions would be significant. For example, a
volume fraction of 0.0002 would correspond to an ideal CNT separation of 118 nm
(~ 110 nm if considering finite CNT lengths of 1 pm), with a volume fraction of
0.00075 corresponding to an ideal CNT separation of 60 nm (~ 58.6 nm for finite
CNT lengths)® These distances may seem small, however, Lesiak et al. [231] have

3For infinitely long CNTs, the separation distance is estimated from composite
cylinder assemblage volume fraction of CNT (v; = r&yr/r3 ), which is then doubled
and from which twice the CNT radius (0.85 nm) is subtracted. For the finite length
estimate, the volume fraction is instead calculated from the ratio of the CNT of
length, L, embedded in a matrix of thickness, t, in both the radial direction and in
the z-direction.
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Fig. 49. Schematic representation of the application of the generalized self-consistent
composite cylinders approximation for randomly oriented, well-dispersed CN'T

nanocomposites in determining effective electrical conductivity.

reported electron mean free paths in polyaniline (PANI), which is considered to be
a conducting polymer, of 0.1 to 10 nm. Thus, for non-conducting polymers, these
separation distances are large compared to the mean free path of electrons, indicating
that there may be sufficient polymer present to insulate CNT's in an ideal dispersion.
Here an attempt is made to understand the observed subcritical, double perco-
lation behavior of CNT-polymer nanocomposites using the generalized self-consistent
composite cylinders method for randomly oriented, well-dispersed* CNTs both with
and without interphase regions (see for example Figure 49) as described in Chapter I11
using Eqn. 2.163d (with &; replaced by p;; as a result of the noted mathematical
analogy between electrical and thermal conductivity/resistivity). As was the case
‘By well-dispersed it is meant that the CNTs have the ideal distribution, and
therefore are fully encompassed by the polymer matrix, i.e. there is no direct CNT-

CNT contact. As such, the model is not intended to capture contact percolation, but
instead is for non-contact percolation behavior.
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for the elastic properties reported in the previous chapter, the CNTs are assumed
to be straight and defect free with a sufficiently high aspect ratio so as to consider
the CNTs as infinitely long, again with outer radius of 0.85 nm and a thickness of
0.34 nm. While it is noted that CNTs may be either semiconducting or metallic
depending on the chiral angle® as illustrated in Figure 26, here it is assumed that
the volume fractions of CNT's reported in the subsequent results correspond to the
metallic CNTs.® As such, the CNT conductivity is taken from the average of the
range of metallic CNT conductivities reported by Ebbesen et al. [27] as 1000 S/cm.

Given the even larger discrepancy between the CNT and polymer properties
(i.e., 13 orders of magnitude difference in conductivities as compared to 3 orders of
magnitude for the Young’s modulus), parametric studies on the effect of CNT:matrix
conductivity ratio, CF, on the effective conductivities of nanocomposites containing
randomly oriented CNTs are provided in Figure 50. The CNT:matrix conductivity
ratio is taken from 10 (corresponding to a very conductive matrix as the CNT con-
ductivity is considered fixed at 1000 S/cm) to a value of 10, representative of the
disparity in conductivity between non-conducting polymers and carbon nanotubes.
It is noted that beyond a ratio of 103 there is little impact of increased CNT:matrix
conductivity on the effective nanocomposite conductivity. In fact, out to volume frac-
tions as large as 0.6, the effective nanocomposite response for the CNT:matrix ratios
between 10% and 10 is only a factor of 5 increase relative to the matrix, indicating

that initial expectations of extremely large increases at low volume fractions (e.g.,

°The elastic properties have been noted to be independent of chiral angle.

6This assumption amounts to assuming that a processing method can preferentially
produce a given chirality, or that the semiconducting CNTs are at most as conductive
the polymer in which they are embedded at voltages lower than the band gap. It was
noted by Odom et al. [232], that some had reported that laser vaporization and
arc discharge production of SWCNTSs had produced predominantly metallic (10,10)
armchair CNTs, but from their results, that no one chirality dominated.
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Fig. 50. Parametric study on the effect of CNT:matrix conductivity ratio, CF, on the

effective electrical conductivity of randomly oriented composite cylinder as-
semblages. The CNT conductivity was taken as 1000 S/cm, with CNT inner

and outer radius of 0.51 and 0.85 nm, respectively. Values for effective conduc-

tivities are reported as normalized relative to the matrix conductivity. Fig-

ure 50(a) effective conductivity out to a volume fraction of 0.6. Figure 50(b)

effective conductivity out to a volume fraction of 0.1 demonstrating effect of

the CNT:matrix conductivity ratio on the initial increase in conductivity at

very low volume fractions.



215

rule of mixtures estimates could be as high as 12 orders of magnitude at 1% volume
fraction) strictly due to the large conductivity of CNTs may be unrealistic.” It is also
interesting to note that even the changes in the initial conductivity observed in Fig-
ure 50(b) are saturated when considering CNT conductivities six orders of magnitude
larger than the matrix. This indicates that the assumption of CNT conductivity of
1000 S/cm, which is nearer to the lower end of the range of reported CNT conductiv-
ities, is sufficiently large so as to represent metallic CN'Ts in non-conducting polymer
matrices even at low CNT volume fractions. Perhaps more importantly, this also
indicates that to obtain dramatic increases in effective nanocomposite conductivity
of nearly five orders of magnitude or more, the introduction of an interphase layer
will be necessary.

Making a similar assumption as was the case with the elastic properties that the
disturbance of the polymer structure near the CN'T surface may alter the properties
of the CNT, an interphase region of perturbed polymer is assumed to envelope the
CNTs in the nanocomposite. A parametric study on the effects of this interphase’s
thickness, as measured by the interphase:CNT thickness ratio, TF = tp,,/ront where
tme is the interphase thickness, and on the interphase:matrix conductivity ratio, ICF,
on the effective electrical conductivity of randomly interphase coated CNTs is shown
in Figure 51. To better illustrate the effects of the interphase region, the CNT:matrix
conductivity ratio was selected as E4. Interphases thickness ratios of 1/2, 1, and 2
times the CNT radius are provided (based on the arguments provided in Chapter IV),
with interphase conductivity factors of 10, 100, and 1000 times the matrix value.
From Figure 51(a) an immediate impact of the interphase is observed with the sharp,

"Sandler et al. [55] expressed disappointment at obtaining 0.002 S/cm at a weight
fraction of 0.01: ”...the relatively low maximum conductivity observed. The value of

about 2 S/m for a loading fraction of 1 wt% of nanotubes, is orders of magnitude
lower than the expected intrinsic nanotube conductivity.”
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Fig. 51. Parametric study on the effects of interphase thickness as measured by the

interphase:CNT thickness ratio, TF = ty,,/rcnt where tr, is the interphase

thickness, and on the interphase:matrix conductivity ratio, ICF, on the effec-

tive electrical conductivity of randomly oriented, N = 3 composite cylinder

assemblages.

To better illustrate the effects of the interphase region, the

CNT:matrix conductivity ratio was selected as E4. Figure 51(a) Log-plot of

effective conductivity out to a volume fraction of 0.6. Figure 51(b) effect

conductivity out to a volume fraction of 0.1 demonstrating the effects of in-

terphase thickness and conductivity on the initial increase in conductivity at

very low volume fractions.
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orders of magnitude increases in the effective conductivity preceding a secondary
plateau. The effect of the interphase thickness is observed to dictate where this sharp
increase occurs, with the magnitude of the interphase conductivity controlling the
behavior after the sharp increase. The reasons for this, which are discussed in detail
in Chapter IV and shown schematically in Figure 36, are associated with the volume
fraction of the matrix in a N = 3 composite cylinder assemblage decreasing with
increasing CN'T volume fraction to the point where the CNT is instead embedded in
just the interphase, i.e., a N = 2 composite cylinder assemblage.

Thus, the sharp increase in the effective conductivity in Figure 51 is seen as a
result of the increasing influence of the interphase region as the matrix is steadily
consumed with increasing CNT volume fraction. The effective conductivity asymp-
totically approaches the effective interphase-CNT value as the critical volume fraction
is approached. After the critical volume fraction is surpassed, the effective composite
response is that of the 2-phase CNT-interphase composite. As noted previously, the
effect of the interphase thickness is to shift the critical volume fraction. The thicker
the interphase region, the lower the critical volume fraction, and hence, where the
2-phase composite response is intercepted. This allows one to have some control over
the initial slope of the 3-phase conductivity as shown in Figure 51(b). Note that
the 2-phase results will exhibit the same behavior as observed in Figure 50 so that
the composite is expected to be dominated by the new matrix material, and hence,
further large increases in effective conductivity would not occur without additional
interphase regions.

Further, it allows one to assess whether or not it is reasonable to expect that an
interphase region due the perturbed structure of the polymer can reasonably account
for the large increases in CN'T-polymer nanocomposites as observed in Figure 48.

First, recall that the separation distances identified in the ideal dispersion for the
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volume fractions at which percolation behavior is observed were on the order of 60 to
100 nm. While it is unclear if the polymer structure may be significantly disturbed
over such a distance in general, certainly such distances are inconsistent with inter-
phase thickness observed in Figure 3(b) where the interphase thickness is observed to
be much less than 20 nm. Second, recall that the amount of increase in conductivity
of the interphase relative to the matrix needed to explain the measured data is on
the order of 6 or more orders of magnitude. Such large changes in polymer conduc-
tivity due to structural influences may be unreasonable. Thus, while there is likely
an interphase region due to the disturbance of the polymer structure in the presence
of the interphase region as noted by Smith et al. [71], such an interphase region does
not sufficiently explain the large increases in conductivity observed in the measured
data below the contact percolation limit.

Many [42, 59, 71, 75] have instead indicated that the dominant mechanism which
might explain the observed electrical conductivity measurements of nanocomposites
is the nanoscale effect of electron hopping between nanotubes within the polymer.
This hopping of electrons can occur intra-tube or from one nanotube to another, and
is dependent on separation distance between the tubes (or parts of the same tube)
and the material in between them.

While there appears to be some consensus that electron hopping governs CNT-
polymer nanocomposite conductivity, how the conductivity is impacted remains a
point of debate. Some [59, 75] have indicated that the electron hopping mechanism is
a source of resistance in CNT-polymer nanocomposites while others [42, 71] have in-
dicated it to be a source of increased conductivity. However, in light of Figure 50, it is
believed that the electron hopping mechanism is in fact a source of increased conduc-
tivity, allowing the formation of conductive networks prior to nanotube contact, and

that efforts to explain the hopping mechanism as a source of resistance are perhaps
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a product of expecting a rule of mixtures effective nanocomposite conductivity.

As nanoscale effects such as electron hopping are not generally included in con-
tinuum models for effective conductivity, the generalized self-consistent composite
cylinders model is employed to incorporate the electron hopping mechanism through
the incorporation of interphase layers of increased conductivity representing the in-
creased likelihood of electron hopping as the volume fraction of nanotubes is increased,
and hence, the tube-tube distance decreased. In applying this model, it is necessary
to identify both the interphase(s) conductivity and thickness. Estimates correspond-
ing to a conductivity for such an interphase region are difficult to obtain, however,
estimates of the thickness may be obtained from observations in the literature. Some
[42, 75] have estimated that for the electron hopping mechanism to be activated,
CNTs must be no more than 5 nm apart, while others [233, 234] have provided esti-
mates from 26 to 80 nm.® As from Figure 51 it was observed that interphase thickness
governs where percolation behavior is observed, it is noted that values of 5, 26, and
80 nm correspond to critical volume fractions of 0.065, 0.0037, and 0.00044, respec-
tively, which are close to the percolation volume fractions identified for Data Set 1 in
Figure 48. As such, Data Set 1 will be used in order to identify potential values for
the interphase in a generalized self-consistent composite cylinder model for randomly
oriented CNTs in an epoxy matrix as shown in Figure 52.

In order to provide perspective, it is first noted that the results for a 2-phase gen-
eralized self-consistent composite cylinders model corresponding to randomly oriented
CNTs in the polymer matrix with no interphase region are provided in Figure 52. Here
it is observed that the resulting effective nanocomposite response was matrix domi-
nated, not even able to intercept the first data point of the data set. The reason for

8The value of 80 nm taken from reference [234], though not for CNTs, is provided
as example of electron hopping ranges in general.
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Fig. 52. Comparison of randomly oriented 2-, 3-, and 4-phase composite cylinders

models with experimentally measured values from Data Set 1 [54]. Point A

is used to calibrate 3- and 4-phase models by indicating an interphase con-

ductivity corresponding to an approximately 8 order of magnitude increase in

conductivity relative to matrix and by indicating a total interphase thickness

of 68 nm. Point B is used to further calibrate the 4-phase model by indicating

a second interphase conductivity corresponding to an approximately 10 order

of magnitude increase in conductivity relative to matrix and by indicating the

second interphase thickness of 27 nm.
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this two fold. The first reason being the assumption that the nanotubes are so well
dispersed, that at such a low volume fraction, each nanotube is completely wet by
the surrounding polymer matrix, and therefore unable to make direct contact with
one another to establish a direct connection percolation path. As was observed in the
parametric studies, this can be directly attributed to the large disparity between the
conductivities of the nanotube and the matrix, a nearly 15 order of magnitude differ-
ence. The second reason for the matrix dominant behavior is the lack of inclusion of
nanoscale effects such as the electron hopping.

The next set of results of note correspond to a 3-phase composite cylinder model
consisting of the nanotube, an interphase layer, and the matrix. The interphase layer
is introduced into the composite cylinder assemblage with a conductivity which is
augmented relative to the matrix conductivity in order to reflect the increased like-
lihood of electrons hopping from one nanotube to the next as they are brought into
closer proximity with increasing volume fraction. The thickness of the interphase
layer is determined by the location of the jump in the data set at a volume fraction
of approximately 0.00015 (just prior to Point A), which is then the critical volume
fraction for the 3-phase model, corresponding to a CNT separation of 137 nm. The
second parameter, the interphase conductivity, is determined by the value of the first
data point after the jump (Point A) so that once the matrix is consumed, the re-
maining 2-phase model will fit the first data point. As seen in Figure 52, the 3-phase
portion of the model captures well the initial percolation behavior and reduces to a
2-phase model at the desired volume fraction. However, the 2-phase portion of this
model subsequently only captures well the first data point of the second percolation
behavior (.i.e., the data point which was used to calibrate the conductivity of the in-
terphase), and the second data point thereafter. The remaining three data points are

not well modeled with this 3-phase model, indicating the need for yet another inter-
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phase layer to capture the secondary percolation event. Though a direct correlation
is not herein made, one could view the combination of the two interphase regions in
a 4-phase model as a means for modeling the increase probability of electron hopping
as nanotubes are brought into increasingly closer proximity. °
The 4-phase generalized self-consistent composite cylinder model, consisting of
the nanotube, two distinct interphase layers, and the matrix, is observed in Figure 52
to provide a much more accurate correlation to Data Set 1. In the 4-phase model, the
total interphase thickness is now defined by the initial jump in the data set at a volume
fraction of 0.00015 (just prior to Point A), corresponding to the 137 nm of separation
between CNTs. The interphase layer closest to the nanotube, which will have the
larger conductivity of the two interphase regions as determined by the second percola-
tion event conductivity, has a thickness determined by the second percolation volume
fraction in the data at a volume fraction of 0.0009 (at Point B corresponding to a
CNT separation of 55 nm), thus constraining the two interphase thickness parameters
and leading to two critical volume fractions. The second interphase layer retains the
conductivity of the lone interphase layer from the 3-phase composite cylinder model.
Thus, in comparing the 3- and 4-phase composite cylinder model configurations, it
is as if the additional interphase is obtained by taking the portion of the 3-phase
composite cylinder model closest to the nanotube and augmenting its conductivity.
The resulting 4-phase model thus retains the ability to capture the effective conduc-
tivity prior to the initial percolation limit (as a saturation effect was observed in the
parametric studies), then transitions after the first critical volume fraction to a 3-
phase portion of the model consisting of the nanotube and the two interphase layers,
9Tf one were to obtain a continuous curve for the probability of electron hopping

with respect to nanotube separation, this curve could be fit with an increasing number
of interphase regions or use a graded interphase region.
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Table IX. Geometry and electrical conductivities applied in the 2-, 3- and 4-phase
composite cylinder models. All geometry data provided in nm and con-
ductivities in S/cm. The radius of the carbon nanotube is taken to be
rew = 0.85 nm with a thickness of 0.34 nm in which the conductivity is
taken to be oey = 1E3 S/cm The radius of the matrix phase (prior to being
consumed) is given by ry = rent//Cf

2-Phase 3-Phase D1 4-Phase D1 4-Phase D4
T 0; Ty 0; Ty 0; T 0;
Phase ]- Tent Ocnt Tent Ocnt Tent Ocnt Tent Ocnt

Phase 2 | ry | 33E—-12]69.1 | bE—-5 | 283 | S5E—-3 49 | 3E—-3

Phase 3 | - - ry |33E—-12 1691 | S5E—-5 |134| 3E—-3

Phase 4 | - - - - ry | 3.3E—12 | rn | 3E—10

and finally transitions to a 2-phase portion after the second critical volume fraction
consisting of the nanotube and the inner most interphase layer (as depicted by the
arrows in Figure 52). The resulting 4-phase model thus captures well the measured
conductivity values in Data Set 1, capturing the secondary percolation and predicting
nanocomposite conductivities in good agreement with data points prior to Point A
and between Points A and B. The thickness and conductivity parameters used in each
of these models is provided in Table IX.

As a result of the relatively good agreement between Data Sets 1 through 3, the
4-phase composite cylinder model can be taken as a representative of all three data
sets. Data Set 4, however, demonstrates a drastically different response, perhaps due
to some unidentified processing difference. Taking the same approach as was done for
Data Set 1, a 4-phase generalized self-consistent composite cylinder model with good

correlation to Data Set 4 is shown in Figure 53, the interphase parameters of which
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Fig. 53. Comparison of randomly oriented 4-phase composite cylinders model fits with

experimentally measured values from the literature. Data Set 1 corresponds
to [54], Data Set 2 to [53], Data Set 3 to [21], and Data Set 4 to [51].

are also provided in Table IX. The two 4-phase generalized self-consistent composite
cylinders models together can be used to provide a range of values for the interphase
thicknesses and conductivities. While the initial increase in conductivities for both
4-phase models is observed to be seven orders of magnitude, the total interphase
thickness is seen to have a range 10 - 70 nm. It is not yet clear if such a range reflects
differences in processing or mechanisms, or could be correlated to do so. However,
it is of interest to note that the thickness of first interphase layer for 4-phase model
that correlates with Data Set 4 is comparable to the value identified as the requisite
distance for electron hopping in reference [42] for single walled carbon nanotubes in
PMMA. Thus, the generalized self-consistent composite cylinders model may be a
useful tool in modeling the nanoscale effects leading to percolation-like effects prior
to the onset of contact percolation.

For example, if the generalized self-consistent composite cylinder model with suf-
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ficiently accurate representations of the electron hopping mechanism using interphase
regions is established, the increase in conductivity at given volume fraction for an ideal
distribution of CNTs provided by such a model could then be used to assess how well
dispersed CNTs are in a sample measured in the lab. Nanocomposites which demon-
strate percolation behavior at volume fractions lower than predicted for the ideal
dispersion would correspond to poor dispersions of CNTs while sample with percola-
tion behaviors closer to the ideal case would correspond to better dispersions. Here
it is noted, however, that the generalized self-consistent composite cylinder model
will need to also be calibrated for the effects of differing functionalizations, bearing
in mind that some functionalizations are intended to improve dispersion while others
are intended to improve bonding, thus pointing to the competing roles of functional-
ization in meeting the demands of nanocomposites in terms of elastic and electrical
properties, both of which can be modeled using the generalized self-consistent com-

posite cylinder model.°

10Tt has been argued that the functionalization of nanotubes can lead to a distinct
region of altered polymer surrounding the nanotubes [53, 161]. The effect of such
interphase layers on the mechanical properties of nanotube-epoxy nanocomposites
has been examined with the composite cylinder solutions by [161] and in Chapter IV.
It is noted that the interphase layers for mechanical and electrical properties may
be of different size, number and functionality as a result of the different mechanisms
between the two properties.
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CHAPTER VI

EFFECTIVE THERMAL CONDUCTIVITY OF NANOCOMPOSITES
Measured values from the literature [72-76] for the thermal conductivity of carbon
nanotube-polymer matrix composites at different volume fractions of carbon nan-
otubes are provided in Figure 54, normalized by their respective matrix conductiv-
ities.! Some of the measured values come from work by Song and Youn [72] for
nanocomposites consisting of single-walled carbon nanotubes in epoxy. Additional
data comes from work by Bryning et al. [73] for nanocomposites consisting DMF
treated and surfactant dispersed, respectively, HIPCO carbon nanotubes in epoxy.
For these three sets of data it is of interest to note the large differences between mea-
sured values for CNTs dispersed in the same matrix, believed to be due to differences
in processing methods. Data points taken from Winey et al. [74] are the average
of several measurements from also from Winey et al. [75] for single-walled carbon
nanotubes in PMMA. Data from the work by Xu et al. [76] is for nanocomposites
consisting of single-walled carbon nanotubes in PVDF. Also included in Figure 54 are
the often cited and modeled results from Choi et al. [235] for suspensions of CNTs
in a synthetic poly (a-olefin) oil. It is of interest to note that the data from Choi et
al. demonstrates the largest increases in thermal conductivity with increasing CNT
volume fraction.

It is also noted from Figure 54 that, despite the large disparity in thermal con-
ductivity between CNTs (250-6600 W/mK [82, 235-237]) and polymers (0.175-0.225
W/mK [73-76]), and despite the mathematical analogy between the governing differ-

!Some of the data in the literature was provided in wt. % and converted to volume
fraction by vy = Weppoty/(Pent — WePent + WepPpory) Where wy is the weight fraction,

pent the density of carbon nanotubes (taken as 1.8 g/cm?) and ppoy, the density of the
polymer matrix (nominally assumed to be 1.175 g/cm?).
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Fig. 54. Sampling of available data in the literature for the thermal conductivity of

carbon nanotube-polymer composites normalized by the matrix conductivity.

Measured values from Choi et al. [235] are for a suspension of single-walled

carbon nanotubes in a synthetic poly (a-olefin) oil. Song and Youn [72] mea-

surements are for single-walled carbon nanotubes in epoxy. Bryning et al. [73]

measurements are for DMF treated and surfactant dispersed, respectively,

HiPCO carbon nanotubes in epoxy. Winey et al. a) [74] is the average of

several measurements from Winey et al. b) [75] for single-walled carbon nan-

otubes in PMMA. Xu et al. [76] measurements are for single-walled carbon

nanotubes in PVDF.
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ential equations for thermal and electrical conductivity, that the thermal conductivity
data does not demonstrate the percolation behavior observed in the electrical con-
ductivity data. This is a result of the difference in nanoscale effects between the
two properties. The electrical conductivity of nanocomposites was identified to be
governed by an electron hopping mechanism which acted to increase conductivity
(see Chapter V). However, for the thermal conductivity of CNT nanocomposites,
many [73, 75, 77, 79, 82, 85, 123] have identified the presence of an interface thermal
resistance, often referred to as the Kapitza resistance [238-240], as the nanoscale phe-
nomenon which governs conductivity. The Kapitza resistance is identified as being
the result of a large impedance of thermal phonons across an interface due to acoustic
mismatch between materials. It is defined in terms of a temperature difference across

an interface of area, A, and the total heat flux across the interface, @), by

ANAT

5 (6.1)

RKap =

and is traditionally measured for solid-liquid interfaces to better control thermal ex-
change conditions, but is applicable to solid-solid interfaces.

As it is difficult to directly probe the interface between carbon nanotubes and
the polymers in which they are embedded in the lab, some [78, 79] have used molec-
ular dynamics simulations to estimate the interfacial thermal resistance. Based on
temperature decay times on the order of tens of picoseconds, such efforts have yielded
estimates for the interfacial thermal resistance on the order of 107% m?*K/W. Us-
ing molecular dynamics estimates of the interfacial thermal resistance as a starting
point, many [73, 79, 81-84] have used effective medium approaches (EMA) [85] in
parametric studies to theoretically assess the potential impact of the interfacial ther-
mal resistance on effective nanocomposite thermal conductivity. In an alternative

approach, Chen et al. [90] introduced the interfacial thermal resistance in the form
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of a jump factor [241] in conjunction with a Mori-Tanaka approach [127, 189, 242]
for randomly oriented, well-dispersed solid isotropic nanotubes to theoretically inves-
tigate the potential impact of the interface thermal resistance.

In the present work, the generalized self-consistent composite cylinders method is
employed to predict the effective thermal conductivity (see Chapter III) of nanocom-
posites consisting of randomly oriented CNTs in a polymer matrix. As was the case
in predicting the effective elastic properties and electrical conductivities of nanocom-
posites in the previous chapters, the CNTs are taken to be straight, defect-free, and
of sufficiently high aspect ratio so as to be considered infinitely long. Further, it is
noted that unlike the electrical properties of CNTs, the thermal properties of CNTs
are not dependent on chiral angle [122] so that the volume fraction of CNTs reported
corresponds to the total volume fraction for all chiral angles. As was similarly done
for the electrical properties of CNT-polymer nanocomposites, the nanoscale effects,
which for thermal conductivity stem from the Kapitza resistance, are incorporated
into the micromechanics model through the inclusion of an interphase region, as shown
schematically in Figure 55.

Before assessing the influence of the Kapitza resistance on the effective thermal
conductivity of CNT-polymer nanocomposites, it is of interest to first note the result-
ing micromechanics predictions of the effective thermal conductivity of such nanocom-
posites under the ideal assumption of perfect heat transfer across the CNT-polymer
interface typically reflected in continuity of heat flux and temperature assumptions.
As such, generalized self-consistent composite cylinder model results for the effective
thermal conductivity of nanocomposites containing randomly oriented CNTs (i.e. an
N = 2 composite cylinder assemblage with k:ﬁ) = ké? = ké? = k“NT = 2000 W/mK,
r1 = 0.85 nm, and nanotube thickness of tont = 0.34 nm embedded in an epoxy

matrix (kﬁ) = kg) = k:(,é) = kM = 0.16725 W/mK) are provided in Figure 56. The
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Fig. 55. Schematic representation of the application of the generalized self-consistent
composite cylinders approximation for randomly oriented, well-dispersed CN'T

nanocomposites in determining effective thermal conductivity.

resulting thermal conductivities are normalized by the matrix thermal conductivity.

Also provided in the figure are the results obtained from a Maxwell-Garnett
Effective Medium Approach (MG-EMA) employed by Nan et al. [77, 82] and a
Mori-Tanaka approach [127, 189, 242] employed by Chen et al. [90], both of which
treat the CNTs as randomly oriented isotropic solid cylinders. It is noted that,
for these cases, which do not include the effects of interfacial thermal resistance,
the MG-EMA and Mori-Tanaka approaches yield identical results and predict an
effective nanocomposite thermal conductivity which is orders of magnitude larger than
the results obtained from the generalized self-consistent composite cylinder method
employed herein. Upon closer inspection of the theory behind the MG-EMA (see for
example [243], it is found that the MG-EMA and Mori-Tanaka methods are based
on the same philosophy of using single inclusions embedded in an infinite matrix

material subject to a perturbation in the thermal gradient to obtain effective thermal
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Fig. 56. Initial comparison of micromechanics modeling approaches for the effective
thermal conductivity of CNT nanocomposites with the experimental data ob-
tained by Choi et al. [235]. Comparisons are made between the Effective
Medium Approach (Maxwell-Garnett) method used by Nan et al. [77, 82],
the Mori-Tanaka method as used by Chen et al. [90] and the generalized
self-consistent composite cylinders model employed herein illustrating the dif-
ference between a rule of mixtures approach to orientational averaging (the
two former) versus accounting for interactions in the orientational averaging

(the latter). A final comparison is made to a fourth micromechancis approach
in which a composite cylinders model is used to obtain an effective nanotube

which is then averaged over all orientations using a rule of mixtures.
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conductivities through the definition of the thermal Eshelby tensors, and that both
methods account for random orientations of inclusions in exactly the same manner.
As such, it is not surprising that both methods yield identical results. The natural
question then is why are these two methods providing such different results from the
generalized self-consistent composite cylinders method employed herein.

One possible explanation for the differences in the results was thought to be the
treatment of CNTs as solid isotropic cylinders in the MG-EMA and Mori-Tanaka
methods versus the inclusion of the hollow region of the CNT in the generalized
self-consistent composite cylinder method. As such, as was similarly done for the
elastic properties, the composite cylinder method was used to identify an effective
solid cylinder having transversely isotropic properties based on the hollow cylinder
geometry used in the generalized self-consistent composite cylinder method. The ef-
fective transversely isotropic solid cylinder was then used in the Mori-Tanaka method
as applied by Chen et al. [90] to yield the curve identified as RoM Composite Cylinder
Method in Figure 56. There it is noted that accounting for the hollow nature alone
does not explain the differences observed between the MG-EMA and Mori-Tanaka
methods and the generalized self-consistent composite cylinder method.

Instead, the large differences between these methods stems from the manner in
which the effects of random orientation are accounted for. In the MG-EMA and Mori-
Tanaka methods as employed by Nan et al. [77, 82] and Chen et al. [90], respectively,
the effects of random orientation are accounted for in such a way that the concentra-
tion tensor in Eqn. 3.131b would be the identity tensor. As such, these approaches
reduce to a rule of mixtures approach towards averaging all orientations. In contrast,
the generalized self-consistent composite cylinder method employed herein accounts
for interactions between the various orientations of CN'Ts in a self-consistent manner

and therefore results in a concentration tensor which is not the identity tensor.
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Further, though not shown in Figure 56, it is noted that using the effective
transversely isotropic cylinder for the CNT in a Mori-Tanaka method which also
accounts for interactions in a consistent manner (as opposed to the rule of mixtures)?
yields nearly identical results to the generalized self-consistent composite cylinder
method, as was similarly observed for the elastic properties in Chapter IV. However,
it is interesting to note that for the elastic properties, both rule of mixtures approaches
and consistent approaches for accounting for the effects of random orientation yield
nearly identical results, seemingly indicating a sensitivity of orientational averaging
to tensor order.

It is also of interest to note that included in Figure 56 are the measured data for
the thermal conductivity of a suspension of CNTs in a synthetic poly (a-olefin) oil
obtained by Choi et al. [235]. This data has been used by both Nan et al. [77, 82]
and Chen et al. [90] to demonstrate that micromechanics methods over predict ex-
perimental measurements, and was previously noted in Figure 54 to demonstrate the
largest increases in thermal conductivity with increasing CNT volume fraction of all
of the measured data provided. However, from Figure 56 it is noted the generalized
self-consistent composite cylinders model results are of the same order of magnitude
as the data from Choi et al. In order to provide a clearer assessment of the ini-
tial generalized self-consistent composite cylinders model results with the measured
data, Figure 57 provides the model predictions from Figure 56 on the scale of mea-

2Tt is noted that the Mori-Tanaka method applied in reference [90] follows from
the work of Hatta and Taya [189]. However, differences in averaging for random
orientation between the work of Hatta and Taya and the Mori-Tanaka description
provided in Chapter II of the present work lead to different estimates for the two Mori-
Tanaka approaches. The Mori-Tanaka method for random orientation as described
in Chapter II is noted to provided nearly identical results to the generalized self-
consistent composite cylinders method as was similarly noted for the mechanical

properties. As such, the results from Hatta and Taya will be referred to as the RoM
Mori-Tanaka Model.
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Fig. 57. Sampling of available data in the literature for the thermal conductivity of car-
bon nanotube-polymer composites normalized by the matrix conductivity and
compared with MG-EMA, RoM Mori-Tanaka, and generalized self-consistent
composite cylinder micromechanics models assuming perfect heat transfer

across the CNT-matrix interface.

sured data from Figure 54. While the rule of mixtures approaches to accounting
for random orientation over predict all of of the composite data, accounting for the
interactions amongst the randomly oriented CNTs in a consistent manner as is done
in the generalized self-consistent composite cylinders method is observed to be much
closer to the measured data, but also over predicts all of the low volume fraction
measurements before undergoing a transition at a volume fraction of 0.004 where the
increase in effective thermal conductivity with increasing nanotube volume fraction
slows dramatically.

As it was believed that the source of the difference between the theoretical predic-

tions of the effective medium approach and the measured data the was the Kapitza
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resistance [77, 82|, this effect was introduced into the effective medium approach
through a proportional scaling of the axial, k§}, and transverse, kS, = kS5, conductiv-
ities of the CNT's [82]. For example, the axial conductivity of the CNTs was modified
by

CNT
kG = i
11—

6.2
2aKap kCNT ( )

L kM
where L is the CNT length and ak,, is the Kapitza radius given by ax., = Rxaph™

1+

where Rkap is the Kapitza resistance. Similarly, the transverse conductivity was

modified by
kCNT

K5y = L.CNT (6.3)

2aKap
d kM
where d is the diameter of the CNT's, so that the effective conductivity of the nanocom-

1+

posite was given by
kT 3+ (ot 02)

4
kM 3 — Cros (6.4)
where
2(k$y — kM
0r = 2ky — k) = ) (6.5a)
kS, + k
0. = ki /KM =1 (6.5b)

By varying the nanotube aspect ratio, initial nanotube conductivity, and the Kapitza
resistance values, EMA predictions of this type can obtain good agreement with
a given set of measured data. For example, using a Kapitza resistance of 8 X
1078 m?K/W, Nan et al. [82] applied EMA and varied the nanotube diameter for a
fixed aspect ratio of 2000, obtaining good agreement with the data from Choi et al.
[235] with a diameter of 15 nm (and therefore length of 30 pm). In contrast, Bryning
et al. [73] applied EMA and varied the Kapitza resistance, obtaining good agreement

with their measured data using a Kapitza resistance of 2.6 x 107® m?K/W and nan-
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otube diameter and length of 1.1 nm and 167 nm, respectively, or an aspect ratio
of 150. While both efforts used Kapitza resistances of the order estimated by MD
simulations, the large disparities in CNT properties needed to obtain good agreement
with the measured data coupled with the rule of mixtures approach to orientational
averaging are points of concern.

In contrast, Chen et al. [90] introduced the Kapitza resistance in the form of a

jump factor, J;;, [241] defined as

1

Vonr

/ (TN —TMYn; ds = J;HY (6.6)
r

where T is the temperature and n; is the unit outer normal of the surface I' between

the CNT and the matrix, and where

kM aTM B kCNT aTCNT

an an = ﬁ(TM - TCNT) |F (67)

where (3 is Kapitza conductivity (8 = 1/Rkap). The jump factor in Eqn. 6.6 is
then multiplied by the volume fraction of the CN'Ts and thermal conductivity of the
matrix, averaged over all orientations, and subtracted from the Mori-Tanaka method
using the rule of mixtures approach to orientational averaging. While this method
does not rely on the scaling of the CNT conductivity or geometry, it was observed
by Chen et al. [90] that the Kapitza resistance over a wide range values had little
impact on the effective thermal conductivity of the nanocomposite as the jump factor
only accounted for the thermal resistance along the lateral surface of the nanotubes.
Instead, it was argued that the thermal transport across the tube ends played a larger
role which was demonstrated through the introduction of anisotropy in the nanotube
conductivity by taking the axial conductivity of the nanotube as different mean values
of the isotropic nanotube and matrix conductivities.

In the present work, the Kapitza resistance is introduced into the nanocomposite
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composite cylinder assemblage as a thin interphase region enveloping the nanotube.
The thickness of the interphase region is arbitrarily set to a value less than 1% the
radius of the nanotube (i.e., thickness, tk,, = 0.005 ront so that rkap = rent + tkap)-
The conductivity of the interphase region is taken to be isotropic (i.e., kﬁ) = kg) =
ké? = k¥aP) with the value of the conductivity determined from the conservation of
energy condition that

L/2

CNT
Q( )|7’:7'CNT = /

2
L/ / /B(T(CNT) |r:TCNT - T(M) |T:rKap)TCNTd0dZ - Q(M) |r:TKap
—L/2J0

(6.8)
where the T® are the temperatures given by analogy from Eqn. 3.104 and where the

total heat fluxes, Q¥ are given by

' L/2 pon
Q(l) ’7“=1“¢ = / / %“’r:rfidedz (69)
—r/2Jo

The parameter (3 is the inverse of the interface thermal resistance (i.e. the Kapitza
resistance) analogous to a convection constant, and is used to determine the conduc-
tivity of the thin interphase layer representing the interface thermal resistance. From
the continuity conditions in Eqn. 3.111 applied at r = ront (the CNT-Kapitza layer
interface) and ry = ri,p (the Kapitza layer-matrix interface), Eqn. 6.8 can be written

as

L/2 r2r
Q(Kap)’r:r(;NT = Q(Kap)’r:r}(ap = / / ﬂ(T(Kap)’Tzr(JNT - T(Kap)‘rzTKap>7'CNTd9dZ
—-L/2Jo
(6.10)
allowing the conductivity of the interphase layer representing the interface thermal

resistance to be given by

(Kap) (Kap) 1 1
JKap _ B [Dl (ront = Ticep) + Do <m - K_H (6.11)
<D§Kap) o T21 DéKap)) '
CNT
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where the constants D™ ® and D™ are determined from the application of the

boundary and continuity conditions in Eqns. 3.110 and 3.111 to the composite cylinder
assemblage. The resulting simplified expression for the Kapitza layer conductivity is

then given as

Kap _ BENTtonTtkap Y1 (6.12)
”th%(apﬁ + vstonthONT
where
7 = (tent — 2ront) (2rent + tkap)
Yo = 2rént — 2rentlont + tanT (6.13)

73 = (2tent — 4ront) (tkap + ToNT)

As only of the Q¥ conditions in Eqn. 6.10 is needed to determine the conductivity
of the Kapitza layer, the other is used to evaluate the error associated with a chosen
thickness of the Kapitza layer. In the results which follow, the thickness of the
interphase region is set to a value less than 1% the radius of the nanotube, e.g.
tkap = -005 X ronr which results in an evaluated error of one one-thousandth of a
percent.

The resulting predictions of the nanocomposite thermal conductivity for an
N = 3 (CNT-Kapitza layer-matrix) generalized self-consistent composite cylinder
model for randomly oriented CNTs in a polymer matrix are provided in Figure 58
for a range of values of the Kapitza conductivity, 3. Also shown in the figure are
data from Choi eat al. [235], representative of the upper range of the CNT nanocom-
posite data, and from Winey et al. [74], representative of the average behavior for
CNT nanocomposites. It is observed that the inclusion of the Kapitza layer does
not effect the initial predicted thermal conductivities, leaving the initial slope un-

changed. Instead, the effect of the Kapitza layer is to change the rate at which the
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Fig. 58. Comparison of N = 3 (CNT-Kapitza layer-matrix) generalized self-consistent
composite cylinder model for nanocomposites with randomly oriented CNT's
including the interface thermal resistance to measured data in the literature.
Comparisons are made with data from Winey et al. [74] representing the av-
erage nanocomposite thermal conductivity and from Choi et al. [235] repre-
senting the upper range of nanocomposite thermal conductivity. Generalized
self-consistent composite cylinder model results for different values of the in-
terface thermal resistance as measured by the parameter § demonstrate the
range interface behavior from perfectly conducting, and therefore equivalent

to the N = 2 perfectly conducting interface results, to perfectly insulating.
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thermal conductivity increases with increasing CNT volume fraction following the
initial sharp increase at low volume fractions. In addition, it is observed that a [
value of 20 W/m?K is sufficiently large enough so as to represent the perfect interface
condition, with the results obtained being nearly identical to those obtained with the
N = 2 generalized self-consistent composite cylinder model. This corresponds to the
ratio of the Kapitza layer conductivity to that of the matrix having approached a
value of one, and is indicative of a perfectly conducting interface. As the value of
(3 decreases (i.e. as the Kapitza resistance becomes larger), the rate of increase in
conductivity with increasing CN'T volume fraction of the predicted results decreases.
It is further observed that at a 3 value of 0.2 W/m?K, the rate of increase in conduc-
tivity with increasing CN'T volume fraction is essentially zero, with further decreases
in § providing nearly identical predictions of effective thermal conductivities. This
indicates that the ratio of the Kapitza conductivity layer to that of the matrix has
approached a value near zero, indicative of being a perfectly insulating interface.
Thus, the entire range of influence for the Kapitza conductivity as modeled here es-
sentially spans three orders of magnitude and does not correct the over prediction of
measured data. It is also of interest to note that using values for the Kapitza resis-
tance reported from atomistic modeling [78, 79] efforts would result in a 3 value of
12 x 105 W/m?K, which far exceeds the value of 3 representing a perfectly insulating
using the generalized self-consistent composite cylinder model.

However, it is recalled that it was noted by Chen et al. [90] that the jump pa-
rameter used to capture the effects of the Kapitza resistance did not have a significant
impact on the predicted effective thermal conductivities as it did not account for the
tube end transport. While the generalized self-consistent composite cylinder model
results do indicate a larger impact of the Kapitza resistance than the model used

by Chen et al. [90], end effects associated with the Kapitza resistance are also not
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Fig. 59. Schematic representation of how the Kapitza layer conductivity is used to

introduce anisotropy into the nanotube conductivity.

included, and portions of the measured data remain largely over predicted. As such,
a simple model is used to effectively account for the interface thermal resistance end
effects.

As a result of modeling the carbon nanotubes with high aspect ratio composite
cylinder assemblages, the transfer of heat from the ends of the nanotube to the poly-
mer matrix are ignored. As such, incorporating the interface thermal resistance as a
thin interphase region does not reflect the inclusion of the interface thermal resistance
at the nanotube ends. A simple model for including such effects is instead applied in
which the nanotube axial conductivity, kﬁ) = k°NT s replaced by an effective value,
kﬁ) — k, determined from the simple series model shown in Figure 59. Looking at a
0 cross section of the nanotube (see Figure 59), the lengthwise ends of the nanotube
are replaced by regions with conductivity equal to that determined for the Kapitza
layer interphase, k¥®P, and with the same thickness, ¢ = tx,,. Applying the general

solution for the axial heat flow potential (Eqn. 3.83) for each phase in this column
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we obtain
T = p@o, 4 pPo) for — g <z< —g +t (6.14a)
T7W = pVz + D for — g +t<z< g —t (6.14D)
T@) = Dg%)z + Dé%) for g —t<z< g (6.14¢)

where t is the thickness of the interface thermal resistance interphase layer and L is
the length of the nanotube. The constants D%i) and Dgi) are determined from the

boundary and matching conditions given by

Te| L = T, (6.15a)
Ty = Ty (6.15b)
e py =TW 1, (6.15¢)
@)y =V (6.15d)
T, o =TV, 2, (6.15¢)
¢ =]z, (6.15f)

The cross section is then taken as equivalent to a homogeneous cross section with

axial conductivity & and with axial heat flow potential given by

T = D™z 4 D for — = <z<

N
N

(6.16)

where the constants D{” and D{” are determined through application of the boundary
conditions identical to those applied in Eqns. 6.15a and 6.15b. Equating the thermal
energies, an expression for the effective axial conductivity of the nanotube as

2kKep(DP)2¢ 4 kONT(D{VY2(L — 21)

k= ©)
(D)L

(6.17)
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where kX2 is the conductivity of the interface thermal resistance interphase layer
determined from Eqn. 6.11 and k“NT is the original nanotube conductivity. Substi-
tuting the values for the constants into Eqn. 6.17, the expression for the effective
axial conductivity of the nanotube can be expressed as

kCNTkKapL

% pu—
}KCNT2f ¢ jKen(L — 2¢)

(6.18)

It is of interest to note from Eqn. 6.18 that as the Kapitza layer thickness goes to
zero, that k returns the nanotube conductivity. Further, as kX goes to zero, k
goes to zero indicative of the Kapitza layer being a perfect insulator. Finally, if kXap

kCNT

goes to infinity, then k = which means that for small thicknesses, k

L—2t
approaches k“NT returning the perfect interface assumption. It is finally noted that
though the axial conductivity of the nanotube is reduced to account for the end of

effects associated with the interfacial thermal resistance (kﬁ) = k), the transverse

conductivity of the nanotubes remains unchanged, i.e., k%) = ké? = kONT

, as the
effects of the interfacial thermal resistance in the transverse direction are accounted
for by the interphase conductivity of the Kapitza layer, k%P,

A reexamination of the effects of the effects of the interfacial thermal resistance
using the N = 3 (CNT-Kapitza layer-matrix) generalized self-consistent composite
cylinder model, this time including the end effects associated with the Kapitza layer,
are provided in Figure 60 for a range of § values, with the corresponding values for
the interface thermal resistance interphase conductivity and effective nanotube axial
conductivity provided in Table X. It is again observed that a 3 value of 20 W/m?K
is sufficiently large enough so as to represent the perfect interface condition, with the
results for this case being nearly identical to those of the N = 2 composite cylinder

model, so that again using the values for the Kapitza conductivity reported from MD

simulations would constitute a perfect interface. This is again because the value of
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Fig. 60. Comparison of N = 3 (CNT-Kapitza layer-matrix) generalized self-consistent

composite cylinder model including interface thermal resistance end effects to

measured data in the literature. Comparisons are made with data from Winey

et al. [74] representing the average nanocomposite thermal conductivity and

from Choi et al. [235] representing the upper range of nanocomposite thermal

conductivity. Generalized self-consistent composite cylinder model results for

different values of the interface thermal resistance as measured by the param-

eter # demonstrate the range interface behavior from perfectly conducting,

and therefore equivalent to the N = 2 results, to nearly insulating.
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Table X. Values for 3 and the corresponding interface thermal resistance interphase
conductivity, kX® given by Eqn. 6.11, and effective nanotube axial con-
ductivity, k given by Eqn. 6.18, for the N = 3 generalized self-consistent
composite cylinder model for both lateral and end effects of interface ther-
mal resistance. Note that transverse conductivity of the nanotube remains

unchanged, i.c., kS = k() = kONT,

B W/m?K | EX*» W/mK | k W/mK

B =20 9.97 1072 1665
B =0.2 9.97 1071 94.97
B =0.05 2.49 1074 24.62
B =0.02 9.97 107° 9.92
B = 0.002 9.97 107° 0.996

the Kapitza layer conductivity, k2" given in Table X, is nearly equal to the matrix
value of 0.16725 W/mK, and further, the effective axial conductivity of the nanotube,
k in Table X is nearly equal to the CNT value of k<°NT = 2000 W/mK. However,
with decreasing (3 it is observed that the inclusion of the interface end effects changes
the predicted effective thermal conductivity throughout the entire range of volume
fractions, removing the initial sharp increase in conductivity at low volume fractions.
In fact, a 8 value of 0.2W/m?K is no longer observed as the saturation limit; this
occurs at much lower (3 values. For example, at a 3 value of 0.002 W/m?K, where
kXap is orders of magnitude below the matrix value while & is on the order of the
matrix conductivity, the results begin to reflect the effective conductivity of a porous
media. As such, further reductions in 3 lead to the opposite type of matrix dominance
associated with porosity where the matrix is far more conductive than the other

constituents. Thus, it is noted that the combined effects the lateral and end effects
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of the interfacial thermal resistance can have a significant impact on nanocomposite
thermal conductivity.?

It is further noted that a 3 value of 0.2 W/m?K is observed to capture well the
initial portion of the data from Choi et al. [235] while a 3 value of 0.05 W/m?K is
observed to capture well the initial portion of the data from Winey et al. [74]. As
the two data sets correspond to different matrix materials, it is reasonable to expect
that the interface thermal resistance may be different, reflecting the varying degree of
phonon scattering at the nanotube-matrix interface. However, neither 3 value models
well the full range of measured data with increasing nanotube volume fraction. This
may be due to changes in polymer morphology due to the interaction of the polymer
chains with nanotube leading to differences in the polymer conductivity adjacent to
the nanotube surface.* Such effects are considered in the present model through the
inclusion of matrix interphase regions.

TEM images have previously been used in Chapter IV to justify the inclusion of a
matrix interphase region in the micromechanics modeling of CNT-polymer nanocom-
posites elastic properties. Variations in polymer density distributions surrounding

31t was observed in Figure 58 that the effects of an isotropic interphase layer rep-
resenting the interfacial thermal resistance were unable to reduce the effective con-
ductivity below the results provided for 8 = 0.2 W/m?K. However, it is observed in
Figure 60 that the introduction of anisotropy into the nanotube conductivity through
the reduction of the axial conductivity can achieve values below the results provided
for 3 = 0.2 W/m?K. One may therefore ask is it possible for the anisotropy to reside
in Kapitza layer and achieve the same effect. The answer is no as in Figure 58 it is
the very large axial conductivity of the nanotube as compared to the matrix which
constrains the lower bound of the effective thermal conductivity. While anisotropy in
the Kapitza layer could be introduced, the Kapitza layer conductivity for a ( value
of 0.2 W/m?K is already well below the matrix conductivity. As the effective axial
conductivity of the composite cylinder assemblage is governed by a rule of mixtures,

further reductions in the [ parameter for a given thickness will not cause significant
reductions in axial conductivity of the composite cylinder assemblage.

It has been noted that the increases in polymer molecular weight and crosslink
density lead to increases in polymer conductivity and other properties [244]
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Fig. 61. Hlustration of the use of molecular dynamics simulations in discerning the
presence of graded interphase regions. The density distribution surrounding a
CNT in a polyethylene matrix [99] is used to provide insight into the thickness
and material properties of the polymer in the vicinity of the CNT.

CNTs in MD simulations like the one shown in Figure 61 have similarly been used
to justify the presence of a matrix interphase region [99]. There it is observed that
density drops sharply from the CNT carbon atoms to below the bulk polymer den-
sity to a value of nearly zero, seemingly indicating a small gap between the CNT
surface and the polymer reflective of the van der Waals interactions. Over the course
of approximately one CNT radius, the density distribution in the polymer sharply
increases to a value greater than the bulk density, before subsequently decreasing
and equilibrating to the bulk density of the polymer (in this example, polyethylene).
Here it is believed that the initial gap between the CN'T and the polymer lends some
credence to the presence of the interfacial thermal resistance, while the subsequent

large fluctuations in the polymer density give rise to corresponding large fluctuations
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in the polymer conductivity.

The introduction of a matrix interphase layer in the generalized self-consistent
composite cylinders micromechanics model consists of the inclusion of an additional
layer in the composite cylinder assemblage, and therefore introduces two additional
parameters, the matrix interphase conductivity (k™) and thickness (). The re-
sulting total composite cylinder assemblage is therefore an N = 4 assemblage con-
sisting of CNT (with &%) = k) = kT = 2000 W/mK and k'Y = k given by
Eqn. 6.18), the Kapitza interphase layer (with kﬁ) = kg) = ké? = kX given by
Eqn. 6.11), the matrix interphase layer (kﬁ) = kg‘;’) = ké? = k'), and the matrix
(kW = kY = k) = kM = 0.16725 W/mK). It is important to note that like the ma-
trix, the matrix interphase layers are not included in the end effects associated with
the interface thermal resistance as a result of the high aspect ratio of the composite
cylinder assemblage.

The thickness of the matrix interphase layer can be estimated from TEM images
or taken from the density distributions resulting from MD simulations. A parametric
study on the effect of the matrix interphase region thickness for a given Kaptiza con-
ductivity and matrix interphase conductivity is provided in Figure 62. For a Kapitza
conductivity of 8 = 0.02 W/m?K and matrix interphase to matrix conductivity ratio
(k' /M) of three, the thickness of the matrix interphase layer is varied from zero (i.e.,
from the N = 3 model), to the value of 1 nm observed in the MD density distribution,
to the value of 1.75 nm observed in TEM images, and finally to a value twice that. It
is noted that the resulting nanocomposite conductivity is quite sensitive to the matrix
interphase thickness. It is also noted from the figure that the effective nanocomposite
conductivity resulting from the thickness of 1.75 nm represents a broad range of the
measured data from Winey et al. [74]. As such, this value of thickness is used in a

second parametric study on influence of the matrix interphase layer conductivity.
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Fig. 62. Parametric study on matrix interphase thickness of N = 4 composite cylin-
der model for the lateral and end effects of the interface thermal resistance
having a given matrix interphase conductivity of 3 times the matrix value
(knt/kM = 3) and a Kapitza conductivity of 8 = 0.02 W/m?K. Also included
are the measured data from Choi et al. [235] and Winey et al. [74].
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Fig. 63. Parametric study on matrix interphase conductivity of N = 4 composite cylin-
der model for the lateral and end effects of the interface thermal resistance
having a given matrix interphase thickness of 1.75 nm and a Kapitza conduc-
tivity of 8 = 0.02 W/m?K. Also included are the measured data from Choi
et al. [235], Winey et al. [74], and Bryning et al. [73].

Retaining a Kapitza conductivity value of 3 = 0.02 W/m?K and a matrix in-
terphase thickness of 1.75 nm, Figure 63 provides a parametric study on the matrix
interphase layer conductivity. The matrix interphase layer to matrix conductivity
ratio (k™ /kM) is varied from one (i.e., from the N = 3 model) to eight. From the
figure, it is observed that the matrix interphase layer conductivity can also have sig-
nificant influence on the predicted nanocomposite conductivity. In fact, it is noted
that a ratio of k™ /k™ = 4 represents well the measured data of Winey et al. [74]
while a ratio of k™ /k™ = 1.5 is noted to represent well the measured data from
Bryning et al. [73]. Again, as these measured data are for different matrix materials
(PMMA and epoxy, respectively) it is not unreasonable to have different values for

the matrix interphase layer conductivity.
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Fig. 64. Comparison of N = 4 (CNT-Kapitza layer-matrix interphase-matrix) gener-
alized self-consistent composite cylinder model including interfacial thermal
resistance end effects to measured data. Comparisons are made with data
from Winey et al. [74] representing the average nanocomposite thermal con-
ductivity and Choi et al. [235] representing the upper range of nanocomposite
thermal conductivity. Generalized self-consistent composite cylinder model
results are provided for different values of the interface thermal resistance (/3)

and of the matrix interphase conductivity (k‘ﬁ) = k;g) = ké?)

However, this does not necessarily mean that these values for the Kapitza con-
ductivity and matrix interphase thickness and conductivity correspond to the ac-
tual values of these quantities. As shown in Figure 64, for different values of the
Kapitza conductivity, differences in matrix interphase conductivity (or in thickness)
can also demonstrate relatively good agreement with the measured data. Figure 64
provides a parametric study of the combined effects of the Kapitza resistance and a
matrix interphase layer on the effective composite thermal conductivity for 3 values

of 0.02 W/m?K and 0.002 W/m?K and matrix interphase conductivities of 1.5 and
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2.5 times the matrix conductivity (the thickness of the matrix interphase layer is set
to correspond to the volume fraction at which the large increase in conductivity is
observed between volume fractions of 0.033-0.046, or roughly 4 CNT radii). It is
noted that as the volume fraction of the carbon nanotubes is increased to the critical
volume fraction of 0.035, the N = 4 composite cylinder model transitions to an N = 3
composite cylinder model as the undisturbed matrix material is ” consumed”.

From Figure 64 it is again observed that the low volume fraction portion of the
data can be well matched by a given combination of 3 and k™, in this case, the best fit
to the initial slope was obtained by 8 = 0.02 W/m?K and k™ /™ = 1.5. However this
case did not capture the subsequent rapid increase in thermal conductivity observed
in the measured data. Higher values of k"*/k* were better able to capture the rapid
increase conductivity, but were again overestimating the initial portion of the data.
This indicates that there is not a unique combination of 3, t;,;, and k™ /k™ which
captures well the observed behavior of the measured data. In fact, if one were to
consider the matrix interphase region to be a graded material region, getting more
conductive with increasing proximity to the nanotube, then one could represent such
a graded behavior using a collection of matrix interphase layers, for example, with
conductivities based on molecular dynamics simulations density distributions [79, 99]
as illustrated in Figure 61.

For example, the data of Winey et al. [74] can also be well represented using an
N =5 (CNT-Kapitza layer-first matrix interphase-second matrix interphase-matrix)
generalized self-consistent composite cylinder model with the end effects of the ther-
mal resistance layer included, the results of which are provided in Figure 65. The best
representation was obtained with a 3 value of 2 107 W/m?K, a matrix interphase
region with k™ /kM = 2.55 and critical volume fraction of 0.05, and a second matrix

interphase region with k™2 /kM = 1.10 and critical volume fraction of 0.025. It is
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Fig. 65. Results for an N = 5 generalized self consistent composite cylinder model
consisting of a CNT, a Kapitza resistance layer with end effects, and two
matrix interphase layers with decreasing conductivity with increasing distance
from the nanotube representing a graded interphase in comparison with data
from the literature. The parameters for the composite cylinder model are
selected to best represent the data of Winey et al. [74]. Also shown is the
data from Choi et al. [235].
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noted that further reductions in 3 would result in only minor changes in the pre-
dicted thermal conductivity as 3 is essentially saturated. This means that the CNTs
are practically completely insulated, both along the lateral surfaces and at the ends,
and that the matrix interphase regions thus play a critical role in obtaining good
agreement with the measured data. In fact, from the results provided here, one could
consider that, as a result of the governing nanoscale effect, the role of CNTs in terms
of the effective thermal conductivity of nanocomposites not to be linked to the high
conductivity of the CNTs, but rather to be a source of disturbance to the polymer
structure, and therefore, to the polymer conductivity. This is in sharp contrast to the
role of CN'Ts in terms of electrical conductivity where the governing nanoscale effects
associated with the CNTs lead to orders of magnitude increases in conductivity.
While improving nanoscale simulations is beyond the scope of this work, it has
been noted herein that MD simulations used to calculate values for the Kapitza re-
sistance [78, 79] have obtained values well above the saturation limit for a perfectly
conducting interface identified for the present micromechanics model. It is noted
that these MD estimates rely on the calculation of a characteristic decay time in
temperature transferred from the nanotube to the matrix, 7, which in these simu-
lations is on the order of picoseconds and results in a Kapitza resistance on order
of 1078 m?K/W. Such values would correspond Kapitza conductivities on the order
10 MW /m?K which are again noted to be well above the 20 MW /m?K value which
in the present model corresponds to an interface which is essentially perfectly con-
ducting. In fact, it is further noted that for a value of the Kapitza conductivity of
0.02 MW /m?K, which in the present model was shown to have significant impact on
the nanocomposite conductivity, would correspond to a decay time of 0.028 s. To
even detect such a large decay time at present would require a substantial amount

of computation time for MD simulations. Thus it is not clear if MD simulations
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are presently able to give accurate estimates for the Kapitza resistance/conductivity.
However, it is confirmed from the present work that without the inclusion of an in-
terface thermal resistance, micromechanics predictions of the thermal conductivity of
CNT-polymer nanocomposites will largely over predict the measured values for these
nanocomposites.

Thus, while it is observed that the micromechanics model described herein can be
used to help qualitatively understand the potential impact of nanoscale features such
as interface thermal resistance layers and graded interphase regions, it is recognized
that further nanoscale simulations are needed to make more quantitative assessments
and to provide such micromechanics models with the necessary input for predict-
ing nanocomposite properties by narrowing the range of interface thermal resistance

values.
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CHAPTER VII

CONCLUSIONS AND IDENTIFICATION OF FUTURE CHALLENGES
The present work has provided a micromechanics approach based on the general-
ized self-consistent composite cylinders method for assessing the impact of carbon
nanotubes on the multi-functional nature of nanocomposites in which they are a
constituent. Emphasis has been place on the effective elastic properties as well as
electrical and thermal conductivities of nanocomposites consisting of randomly ori-
ented single walled carbon nanotubes in epoxy. In order to place the generalized
self-consistent composite cylinders method into perspective, a review of the classical
micromechanics methods, including the Mori-Tanaka and self-consistent approaches,
and of the generalized self-consistent composite cylinder method has been provided.
Further, the generalized self-consistent composite cylinders method has been utilized
in the determination of concentration tensors, thereby emphasizing the generalized
self-consistent composite cylinders method as a non-Eshelby approach, and allowing
the generalized self-consistent composite cylinders method to be applied to systems
containing multiple inclusion types and orientations.

The generalized self-consistent composite cylinders method is subsequently em-
ployed in assessing the effective elastic properties of nanocomposites. The method is
first applied in the determination of effective nanotube properties for use in classical
micromechanics approaches. The effects of two nanotube parameters often discussed
in the literature, the stiffness and the thickness, on the effective nanotube properties
are placed into context with measured values in the literature. A nanotube stiffness of
1100 GPa and thickness of 0.34 nm, both representative with graphite, are observed
to provide a reasonable result for use in nanocomposite modeling.

The effective elastic properties of aligned, fully encapsulated, as well as clustered
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and well-dispersed nanotubes in epoxy are then discussed in the context of nanotube
bundles in nanocomposites using both classical micromechanics and the generalized
self-consistent composite cylinders method as well as using computational microme-
chanics techniques. Here it is observed that the Mori-Tanaka, self-consistent, general-
ized self-consistent composite cylinders and the computational micromechanics tech-
niques yield nearly identical results for all elastic properties at currently achievable
nanotube volume fractions. The Mori-Tanaka, generalized self-consistent composite
cylinders method and the computational micromechanics techniques are observed to
agree even at very large volume fractions. The Young’s modulus along the nanotube
axis is observed to obey a rule of mixtures approximation, while the remaining prop-
erties are observed to be dominated by the matrix material such that at 10% volume
fraction, Young’s modulus in the axial direction is 2300% larger than the matrix value
while in the transverse direction, it is only 30% larger than the matrix.

The effects of both stiff and compliant interphase regions on the elastic proper-
ties of aligned nanotube bundles using both the generalized self-consistent compos-
ite cylinder method and computational micromechanics techniques are observed to
strongly influence the properties transverse to the nanotube axis, 15% increase and
30% decrease for interphases that were ten times and one tenth, respectively, the
matrix value, while the axial Young’s modulus retains a rule of mixtures approxima-
tion. The effects of clustering of nanotubes within these bundles was also investigated
using computational micromechanics. It was observed that the effects of clustering
on the elastic properties of the bundles was to increase the transverse modulus on
the order of 2%, slightly less than effects of curvature observed by Fisher et al. [37]
to cause a reduction in modulus on the order 5% relative to straight fibers. Further,
it was noted that the combined effects of clustering for nanotubes with compliant

interphase regions yielded nearly identical results as the well-dispersed compliant in-
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terphase cases. In contrast, the combined effects of clustering and stiff interphase
regions yielded increases in the transverse properties of up to 25%, more than either
effect independently. However, as load transfer in nanocomposites constitutes a sig-
nificant issue, it is expected that interphase regions would most likely be compliant.
Thus, the effects of interphase regions are deemed more significant than the effects of
dispersion in terms of elastic properties.

As such, the effects of well-dispersed, randomly oriented nanotubes both with and
without interphase regions are compared to measured data from the literature. Here
it is found that the initial estimation of the nanocomposite Young’s modulus obtained
from the generalized self-consistent composite cylinder generally over estimates the
measured values by nearly 30% at 1% wt. This seemingly confirms that there is
less than perfect load transfer between the nanotubes and the epoxy which would be
reflected in compliant interphase regions. However, it is also noted that there is a wide
range of uncertainty in the input parameters, in particular, the interphase stiffness,
the nanotube Young’s modulus, and the nanotube thickness; the interphase thickness
being more discernible from TEM imaging. Efforts at assessing the bounds of the
effective nanocomposite properties based on this uncertainty in the input properties
indicated that measured data for functionalized nanotubes fell very near the lower
bound obtained from the uncertainty in the interphase stiffness. Further, it was
observed that measured data for unfunctionalized nanotubes in epoxy were contained
within the next lower bound associated with the uncertainty in the nanotube stiffness.
Thus it is observed that the generalized self-consistent composite cylinder model can
reflect well the measured data in the literature, however, there is identified a need
for obtaining a better estimate of the nanotube and interphase stiffnesses either from
lower length scale simulations or from improved nanoscale measurement techniques.

The generalized self-consistent composite cylinders model has also been applied



259

to model the electrical conductivity of carbon nanotube-epoxy nanocomposites. Here
it was noted that for well-dispersed, randomly oriented nanotubes in epoxy, that the
effective conductivity predicted by the generalized self-consistent composite cylinder
model was strongly matrix dominated, not showing any signs of percolation. How-
ever, the measured data from the literature demonstrated percolation behavior at
extremely low volume fractions which some attributed to the formation of nanotube
networks. However, at such low volume fractions the formation of such networks
would likely be an indication of poor dispersion. Others have instead argued that
the conductivity of nanotube-epoxy nanocomposites is governed by nanoscale effects
such as electron hopping. As such, an electron hopping mechanism was introduced
into the generalized self-consistent composite cylinder model in the form of a graded
interphase region. Using such a model, the method has been able to capture the dou-
ble percolation limit phenomena observed prior to the onset of contact percolation
believed to be due to the electron hopping mechanism. As this model assumes the
nanotubes are well-dispersed and fully enveloped in the polymer, it can be consid-
ered an estimate for the conductivity of nanocomposites with an ideal dispersion of
nanotubes, and thereby used to help identify good dispersions versus poorer ones.
Further, it is noted that while clustering had little impact on the elastic properties,
its effects on the effective electrical conductivity of nanocomposites may be significant
as the interphase regions are largely more conductive than the matrix and therefore
subject to interphase-clustering coupling, even prior to contact percolation, therefore
indicating that functionalization for dispersion purposes may have competing roles
in terms of mechanical and electrical properties. However, it is noted that before
such an assessment could be put into practice, it is again necessary either from lower
length scale simulations or from improved nanoscale measurement techniques to quan-

tify better both the inherent conductivity of the nanotubes as well as the range and
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conductivity associated with the hopping mechanism.

Despite the mathematical analogy between thermal and electrical conductivity,
the nanoscale mechanisms governing the nanotube-epoxy nanocomposites are vastly
different. In terms of thermal conductivity, the nanoscale effect takes the form of
an interfacial thermal resistance. As such, a generalized self-consistent composite
cylinder model for carbon nanotube-polymer nanocomposites was developed to in-
clude both the lateral and end effects of an interface thermal resistance layer on the
effective thermal conductivity of nanocomposites. It was observed that the inclusion
of just the lateral effects of the interface thermal resistance layer was insufficient for
the micromechanics model to be able explain the measured values of nanocomposite
thermal conductivity. Including the end effects of the interface thermal resistance
layer allowed the micromechanics to better capture the low volume fraction effective
thermal conductivities measured for nanocomposites, but not the subsequent increase
in thermal conductivity with increasing nanotube volume fraction. Using observed
variations in the density from molecular dynamics simulations as motivation, it was
observed that a more accurate micromechanics model was obtained through the in-
clusion of a graded matrix interphase layer in conjunction with the interface thermal
resistance lateral and end effects. The resulting model indicated that the interfa-
cial thermal resistance essentially nullified the perceived benefits of the large thermal
conductivity of carbon nanotubes. In fact, from the results provided here, one could
consider that, as a result of the governing nanoscale effect, the role of CNTs in terms
of the effective thermal conductivity of nanocomposites not to be linked to the high
conductivity of the CNTs, but rather to be a source of disturbance to the polymer
structure, and therefore, to the polymer conductivity. This is in sharp contrast to the
role of CN'Ts in terms of electrical conductivity where the governing nanoscale effects

associated with the CNTs lead to orders of magnitude increases in conductivity. How-
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ever, while it is observed that the micromechanics model described herein can be used
to help qualitatively understand the potential impact of nanoscale features such as
interface thermal resistance layers and graded interphase regions, it is recognized that
further nanoscale simulations are needed to make more quantitative assessments in
providing the necessary input for predicting nanocomposite properties by narrowing
the range of interface thermal resistance values and nanotube conductivity.

Thus, in conclusion, based on the analysis in the present work, the key influence
on the effective elastic stiffness and electrical and thermal conductivities of carbon
nanotube-polymer nanocomposites is the presence of interphase regions, be they the
result of nanoscale effects at the nanotube-polymer interface, due to changes in poly-

mer structure near nanotubes, or due to nanotube functionalization.
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APPENDIX A

SUMMARY OF AVAILABLE DATA ON CARBON NANOTUBES AND CNT
NANOCOMPOSITES IN THE LITERATURE

Al. Carbon Nanotube Young’s Modulus and Thickness

Tables summarizing the values from the literature for CNT Young’s modulus and the

corresponding thicknesses used in obtaining the value provided.

Reference [97]

CNT Thickness (nm) | Young’s Modulus (GPa)
0.06 5500 SWCNT MD T-B
0.34 970 SWCNT Emp. Force Const
0.34 1200 SWCNT Tight Binding
0.34 800 SWCNT Ab Initio
0.95 950 MWCNT Ab Initio

Reference [97]

CNT Thickness (nm) | Young’s Modulus (GPa)

0.34 1800 MWCNT Thermal Vib
0.34 1280 MWCNT Restoring Bending
0.34 1700 SWCNT Thermal Vib

0.34 1000 SWCNT Deflection Force




Reference [212]

CNT Radius | Young’s Modulus (Gpa) | Calculated Poisson’s Ratio
0.85 625 0.275

Reference [213]

CNT Thickness | Young’s Modulus (Gpa) From
0.066 5500 MD
0.074 5100 Tight Binding
0.075 4700 Local Density
0.089 3859 Ab Initio
0.075 4840 Continuum Shell
0.34 1010 Stiffness Mechanics
0.34 974 MD
0.34 1240 Tight Binding
0.34 1238 MD
0.066 5296 FE Truss (8,8)
0.074 4721 FE Truss (8,8)
0.075 4634 FE Truss (8,8)
0.089 3921 FE Truss (8,8)
0.075 4639 FE Truss (8,8)
0.34 1028 FE Truss (8,8)
0.34 1028 FE Truss (8,8)
0.34 1028 FE Truss (8,8)
0.34 1028 FE Truss (8,8)
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Reference [92]

CNT Thickness | Young’s Modulus From
0.335 475 Modified Cauch-Born
0.335 705 Modified Cauch-Born
Reference [25]
CNT Thickness | MWNT Young’s Modulus Exp from
- 810 AFM-2 ends clamped
- 1280 AMF-1 end clamped
- 1260 TEM-Thermal Vib
- 910 TEM-Direct Tension

A2. Carbon Nanotube-Polymer Composite Young’s Modulus

Tables summarizing the values from the literature for CN'T-polymer composite Young’s

moduli and the corresponding weight percent or volume fraction in obtaining the value

provided.
Reference [218]: SWNT in EPON 862 cured W; Sonicated
wt % Storage Modulus (Gpa) | Normalized by Matrix
0 2.498 1

1 2.782 1.113691
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Reference [36]:

MWNT in Shell EPON 828

triethylene tetraamine hardener;Ultrasonicated

Tension Normalized | Compression | Normalized
wt % Modulus (GPa) Modulus (GPa)
0 3.1 1 3.63 1
5 3.71 1.196774 4.5 1.239669
Reference [49]: | SWCNTs in Epoxy; Functionalized w/
dicarboxylic acid acyl peroxide treatment
wt % Young’s Modulus (GPa) | Normalized
0 2.026 1
1 2.123 1.047878
1 2.65 1.307996
4 3.4 1.678184

Reference [219]:

Laser Ablation SWCNTs in EPON 862 w/ W; Sonicated

from nanoindentation

Young’s Normalized Young’s Normalized
wt % Modulus (GPa) Modulus (GPa)
0 3.91 1 3.91 1
1 4.03 1.030691 3.99 1.02046
3 4.2 1.074169 4.2 1.074169
5 4.58 1.171355 4.51 1.153453
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Reference [33]:

HiPCO SWCNTs in EPON 862 w/ W; Acid treated
and Flourinated to Functionalize F-SWNT-COOH

wt % Tensile Testing E (GPa) Normalized
0 2.026 1
1 2.123 1.047878
1 2.632 1.299112

Reference [220]:

Arc discharge SWCNTs in Epoxy
Functionalized and termed f~-SWN'T's

Nanoindentation | Normalized Storage Normalized
wt % Modulus (GPa) Modulus (GPa)
0 3.7 1 4 1
1 4.5 1.216216 5.5 1.375
3 5.9 1.594595 6 1.5
5 7 1.891892 7.1 1.775
Reference [245]: | (PMMA)-functionalized multiwalled carbon nanotubes
Tensile Modulus (GPa) Normalized
vol. frac. from films
0 0.71 1
0.0015 1.349 1.9
0.00019 0.925 1.302817
0.00038 1.02 1.43662
0.00075 1.27 1.788732
0.003 0.77 1.084507
0.006 1.05 1.478873




Reference [63]: SWNTs in isotropic pitch fibers
wt % Fiber Tensile Modulus (GPa) | Normalized
0 34 1
1 41 1.205882
3 7 2.264706
Reference [246]: MWNTs in PVA
vol. frac. Young’s Modulus (GPa) | Normalized
0 7 1
0.00001 8.4 1.2
0.00002 9.1 1.3
0.00004 9.8 1.4
0.00006 12.6 1.8
Reference [246]: MWNTs in PVK
vol. frac. Young’s Modulus (GPa) | Normalized
0 2 1
0.000095 2.3 1.15
0.00015 3.1 1.55
0.00021 2.6 1.3
0.00028 3.7 1.85
0.00034 2.7 1.35
0.00048 5.5 2.75
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Reference [51]:

MWNTs in Epoxy

wt % Tensile Test Young’s Modulus (GPa) | Normalized
0 0.118 1
1 0.236 2
4 0.465 3.940678
Reference [247]: MWNTs in Polystyrene Thin Films
wt % vol. frac. | Young’s Modulus (GPa) | Normalized
0 0 1.53 1
1 0.487 2.1 1.372549
2 0.98 2.73 1.784314
D 2.49 3.4 2.222222
Reference [248]: SWCNTs in Isotropic pitch fibers
wt % Fiber Young’s Modulus (GPa) | Normalized
0 34 1
1 41 1.205882
d 78 2.294118
Reference [248]: SWCNTs in PMMA fibers
wt % Young’s Modulus (GPa) | Normalized
0 3.1 1
1 3.3 1.064516
5 5 1.612903
8 6 1.935484

301



Reference [248|:

SWCNTs in Polypropylene

wt % Young’s Modulus (GPa) | Normalized
0 6.3 1
0.5 9.3 1.47619
1 9.8 1.555556

Reference [43]:

MWNTs in Polyurethane

wt % Young’s Modulus (GPa) | Normalized
0 0.013 1
1 0.015 1.153846
D 0.04 3.076923
10 0.0625 4.807692
17 0.095 7.307692
20 0.164 12.61538

Reference [52]:

MWNTs in Polyamide-6

wt % Young’s Modulus (GPa) | Normalized

0 2.59 1

1 2.98 1.150579
2 3.31 1.277992
4 3.49 1.34749
S 3.34 1.289575
6 3.76 1.451737
8 3.96 1.528958
10 4.13 1.594595
12 4.18 1.6139
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Reference [249]: | SWNTs in Poly(propylene fumarate) (PPF);
Functionalized with phenethylalcohol
wt % Compressive Modulus (GPa) | Normalized
0 0.318 1
0.05 0.468 1.471698
0.05 0.546 1.716981
0.05 0.554 1.742138
Reference [250]: SWNTs in PVA/PVP/SDS
Tensile Normalized Normalized
wt % Modulus (GPa) | by PVA | by PVA/PVP/SDS
0 1.9 1 -
0 2.5 X 1
S 4 2.105263 1.6

A3. Carbon Nanotube-Polymer Composite Electrical Conductivity
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Tables summarizing the values from the literature for CNT-polymer composite electri-

cal conductivity and the corresponding weight fraction or volume fraction in obtaining

the value provided.

Reference [53] : | SWNT in epoxy
wt. frac. Elec. Cond. S/cm
0 9.00E-11
0.0005 2.00E-05
0.001 2.00E-04
0.003 2.00E-03
0.005 0.01




Reference [61] :

nanotubes in PmPV

wt. frac. Elec. Cond. S/cm
0 4.00E-12
0.05 3.00E-11
0.1 7.00E-08
0.15 1.00E-06
0.35 2.00E-05

Reference [63]:

SWNT in Pitch

wt. frac. Elec. Cond. S/cm
0 117.6471
0.01 400
0.05 476.1905
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Reference [56]:

SWNT in PMMA (film direction)

wt. frac. Elec. Cond. S/cm

0 1.00E-12
0.005 1.50E-08
0.01 3.00E-06
0.015 2.00E-05
0.02 1.00E-04
0.025 6.00E-04
0.03 7.00E-04
0.035 8.00E-04
0.04 9.00E-04
0.045 1.00E-03
0.05 1.00E-03
0.055 1.00E-03
0.06 1.00E-03
0.065 1.00E-03
0.07 1.00E-03
0.08 1.00E-03
0.09 1.00E-03
0.1 1.00E-03
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Reference [56]:

SWNT in PMMA (perpendicular to film)

wt. frac. Elec. Cond. S/cm

0 1.00E-12
0.005 1.00E-11
0.01 1.00E-10
0.015 1.00E-09
0.02 3.00E-09
0.025 7.00E-09
0.03 2.00E-08
0.035 3.00E-08
0.04 5.00E-08
0.045 8.00E-08
0.05 9.00E-08
0.055 1.00E-07
0.06 1.50E-07
0.065 2.00E-07
0.07 3.00E-07
0.08 6.00E-07
0.09 9.00E-07
0.1 1.00E-06
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Reference [30]: | MWNT in Polycarbonate (150 rpm 5 min)
wt. frac. Elec. Cond. S/cm
0 2E-15
0.005 oE-13
0.01 5.56E-13
0.015 0.000345
0.02 0.000588
0.03 0.02
0.04 0.090909
0.05 0.105263
0.15 0.111111
Reference [30]: | MWNT in Polycarbonate (Haake)
wt. frac. Elec. Cond. S/cm
0 2.5E-14
0.005 oE-14
0.01 1.02E-13
0.02 0.000588
0.05 0.02
0.15 0.166667
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Reference [30]: | MWNT in Polycarbonate (50 rpm 15 min)
wt. frac. Elec. Cond. S/cm
0.01 1.25E-10
0.015 0.005
0.02 0.007692
0.03 0.018868
0.05 0.102041

Reference [30]:

MWNT in Polycarbonate (150 rpm 15 min)

wt. frac. Elec. Cond. S/cm
0.01 1.67E-06
0.015 5.26E-07
0.02 0.007143

Reference [30]:

MWNT in Polycarbonate (50 rpm 5 min)

wt. frac.

Elec. Cond. S/cm

0.02

0.000118

Reference [51]:

MWNT in epoxy

wt. frac. Elec. Cond. S/cm
0 3.00E-10
0.005 3.80E-10
0.01 2.00E-04
0.04 3.80E-03
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Reference [64]: | SWNT in Polyimide
vol. frac. Elec. Cond. S/cm
0 6.00E-18

0.00025 3.00E-17
0.001 1.50E-08
0.002 5.00E-08
0.005 1.30E-07
0.01 1.60E-07

Reference [22]: | MWNT in PMMA w/FE
wt. frac. Elec. Cond. S/cm
1.00E-03 1.10E-09
2.00E-03 1.00E-06
4.00E-03 1.50E-03
6.00E-03 9.00E-03
3.00E-02 2.50E-01
5.00E-02 8.00E-01
8.00E-02 2.00E4-00
1.00E-01 4.00E+400
1.25E-01 6.00E+00
2.00E-01 1.00E+01
3.00E-01 2.00E4-01
4.00E-01 2.50E+01




Reference [22]: | MWNT in PMMA w/Co
wt. frac. Elec. Cond. S/cm
5.00E-03 6.00E-04
1.00E-02 1.40E-03
2.00E-02 7.00E-02
1.00E-01 1.40E+400
2.00E-01 2.00E+00

Reference [42]: | SWNT in PMMA
wt. frac. Elec. Cond. S/cm
0.0039 2.00E-11
0.005 7.00E-09
0.01 1.00E-06
0.02 1.00E-05

Reference [62]:

Nanotube powder in PMPV

wt. frac. Elec. Cond. S/cm

0 4.00E-12
0.005 6.00E-12
0.027 6.90E-12
0.063 1.00E-11
0.077 3.00E-08
0.088 5.00E-06
0.109 1.00E-01
0.15 2.00E-01
0.16 8.00E-01
0.358 4.00E+400
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Reference [54]:

MWNT in epoxy

vol. frac. Elec. Cond. S/cm
0.00015 5.00E-11
0.00022 7.80E-05
0.00034 7.00E-05
0.00059 2.00E-04
0.00071 2.40E-04
0.00089 4.90E-03
Reference [57]: MWNT in PC

wt. frac. Elec. Cond. S/cm

0 1.80E-16
0.005 2.00E-16
0.01 4.00E-16
0.015 6.00E-06
0.02 3.00E-04
0.03 6.00E-03
0.04 9.00E-03
0.05 1.50E-02
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Reference [58]:

MWNT in PC

wt. frac. Elec. Cond. S/cm
0.01 7.00E-11
0.01125 1.50E-06
0.0125 3.00E-05
0.0135 6.00E-05
0.0175 1.00E-03
0.02 3.00E-03
0.0225 7.00E-03
0.025 1.30E-02
0.03 5.00E-02
Reference [52]: MWNT in PA

wt. frac. Elec. Cond. S/cm

0 1E-15

0.02 1E-13

0.03 2E-12

0.04 oE-11

0.05 1.56E-09

0.06 7.14E-08

0.08 4.17E-05

0.1 0.000588

0.12 0.035714
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Reference [43]:

MWNT in PU

vol. frac. Elec. Cond. S/cm
0.01 2.80E-05
0.01125 6.00E-05
0.0125 3.90E-03
0.025 1.00E-01
0.04 5.20E-01
0.068 1.10E+-00
0.085 4.00E+00
0.108 5.00E+00
0.125 8.50E4-00
0.142 1.80E+01
0.16 2.00E+01

Reference [45]: MWNT in PET

vol. frac. Elec. Cond. S/cm
0 7.00E-17
0.005 9.00E-16
0.01 1.00E-08
0.02 1.00E-05
0.048 8.00E-05
0.09 3.00E-04
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Reference [59]:

MWNT in PS

wt. frac. Elec. Cond. S/cm
0 1.00E-16
0.0005 6.00E-08
0.00185 1.00E-06
0.0025 1.00E-06
0.005 1.00E-06
0.006 1.00E-06
0.007 4.00E4-01
0.008 4.00E4-01
0.009 4.00E+4-01

Reference [21]:

MWNT in epoxy

wt. frac. Elec. Cond. S/cm
0 1.00E-11
0.00001 1.10E-11
0.000025 3.00E-10
0.00005 1.60E-05
0.0001 3.00E-05
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Reference [55] | Aligned MWNTSs in Epoxy
wt. frac. Elec. Cond. S/cm
0.00001 1.00E-11
0.000024 3E-10
0.00005 0.000016
0.0001 0.00003
0.0005 0.0005

0.001 0.0004
0.01 0.02

Reference [55]:

Entangled MWNTSs in Epoxy

wt. frac. Elec. Cond. S/cm
0.0001 2.5E-11
0.0004 0.000088
0.00059 0.000089
0.0008 0.000089
0.001 0.00021
0.0012 0.0003
0.0016 0.005
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Reference [60]: SWNT in PS
wt. % Elec. Cond. S/cm
0 9.50E-17
0.125 1.00E-06
0.25 6.50E-05
0.5 8.00E-04
1 1.40E-03
3 5.00E-03
D 1.00E-02
7 3.00E-02
10 1.20E-01
Reference [65] | Purified unfunctionalized and functionalized SWNT /nylon 6,6
wt % conductivity
0 9E-12
2 0.00002 Purified SWNT Nylon 6,6
5.1 0.003 Purified SWNT Nylon 6,6
2 0.000007 SWNT-NaDDBS Nylon 6,6
2 0.000001 SWNT-COOH Nylon 6,6
2 4E-09 SWNT-f12 Nylon 6,6
1.55 5E-12 | SWNT -f18 Nylon 6,6
475 1.6E-10 | SWNT -f18 Nylon 6,6

A4. Carbon Nanotube-Polymer Composite Thermal Conductivity

Tables summarizing the values from the literature for CN'T-polymer composite ther-

mal conductivity and the corresponding weight fraction or volume fraction in obtain-



ing the value provided.

Reference [72]:

SWNT in epoxy axial direction homog model CNT 100

vol. frac. Conductivity W/mK Normalized
0.0005 0.15 1.229508
0.0028 0.38 3.114754
0.0058 0.6 4.918033
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Reference [72]:

SWNT in epoxy parallel direction homog model CNT 100

vol. frac. Conductivity W/mK Normalized
0.0005 0.1211 0.992623
0.0028 0.1216 0.996721
0.0058 0.1224 1.003279

Reference [72]:

SWNT in epoxy exp data

vol. frac. Conductivity W/mK | Normalized
0.0028 0.205 1.22571
0.0058 0.24 1.434978




Reference [76]:

SWNT in PVDF

vol. frac. Conductivity W/mK | Normalized
0 0.223 1
0.05 0.278 1.246637
0.1 0.314 1.408072
0.19 0.366 1.641256
0.29 0.453 2.03139
0.39 0.479 2.147982
0.49 0.537 2.408072

Reference [53]:

DWCNT in Epoxy

vol. frac. Conductivity W/mK | Normalized
0 0.2421 1
0.0012 0.2445 1.009913
0.0036 0.2501 1.033044
0.00601 0.2521 1.041305
Reference [251]: | SWNT in Epoxy (assumed 0.2421 for epoxy)
wt. frac. Conductivity W/mK Normalized
0 0.2421 1
0.002 0.406728 1.68
0.005 0.384939 1.59
0.01 0.544725 2.25
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Reference [73]:

DMF Hipco SWNT in Epoxy

vol. frac. Conductivity W/mK | Normalized
0 0.198 1

0.000059 0.199 1.005051
0.00029 0.205 1.035354
0.0007 0.21 1.060606
0.0016 0.215 1.085859
0.0021 0.218 1.10101
0.0051 0.251 1.267677

Reference [73]:

Surfactant Hipco SWNT in Epoxy

vol. frac. Conductivity W/mK | Normalized
0 0.198 1
0.0051 0.21 1.060606
0.03 0.218 1.10101
0.05 0.27 1.363636
0.1 0.325 1.641414

Reference [233]:

at 300K for random SWNT in Epoxy

wt. frac. Conductivity W/mK | Normalized
0 2.25 1
0.03 5.9 2.622222

Reference [233]:

at 300K for aligned SWNT in Epoxy

wt. frac. Conductivity W/mK | Normalized
0 2.25 1
0.03 6.45 2.866667
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Reference [75]:

SWNT in PMMA

Lower Range Upper Range Lower Upper
wt. frac. Conductivity W/mK | Conductivity W/mK | Normalized | Normalized
0 0.18 0.19 1 1
0.02 0.185 0.25 1.027778 1.315789
0.03 0.21 0.275 1.166667 1.447368
0.05 0.245 0.27 1.361111 1.421053
0.07 0.395 0.46 2.194444 2.421053
Reference [74]: SWNT in PMMA avg val
wt. frac. Conductivity W/mK | Normalized
0 0.175 1
0.02 0.218 1.245714
0.03 0.25 1.428571
0.05 0.255 1.457143
0.07 0.435 2.485714
0.1 0.45 2.571429




Reference [235]:

SWNT in olefin oil suspension

vol. frac. Conductivity W/mK | Normalized
0 0.1448 1

0.0004 0.147696 1.02
0.0015 0.165072 1.14
0.002 0.17376 1.2
0.004 0.20996 1.45
0.006 0.233128 1.61
0.008 0.302632 2.09
0.01 0.373584 2.58

Reference [252]:

SWNT in silicone elastomer

wt. frac. Conductivity W/mK | Normalized
0 1.1 1
0.0075 1.25 1.136364
0.0225 1.41 1.281818
0.038 1.8 1.636364

Reference [253]:

MWNT in epoxy well dispersed

wt. frac. Conductivity W/mK | Normalized
0 0.121 1
0.005 0.209 1.727273
0.01 0.234 1.933884
0.015 0.256 2.115702
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Reference [253]:

MWNT in epoxy poorly dispersed

wt. frac. Conductivity W/mK | Normalized
0 0.121 1
0.005 0.131 1.082645
0.01 0.161 1.330579
0.015 0.19 1.570248
Reference [254]: | MWNT in S160 aligned in film
wt. frac. Conductivity W/mK | Normalized
0 0.56 1
0.00125 0.86 1.535714
0.003 1.21 2.160714

Reference [254]:

MWNT in S160 dispersed in film

wt. frac. Conductivity W/mK | Normalized
0 0.56 1
0.003 0.59 1.053571
0.01 0.635 1.133929
0.03 0.71 1.267857
Reference [255]: SWNT in PVAc Latex film
wt. frac. Conductivity W/mK | Normalized
0 0.21118 1
0.009 0.20822 0.985984
0.015 0.2204 1.043659
0.02 0.22937 1.086135
0.025 0.23293 1.102993
0.03 0.22685 1.074202
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Reference [256]:

Surfactant Treated CNTs in decene (DE) suspension

vol. frac. Conductivity W/mK Normalized
0 0.14 1
0.0025 0.7 5
0.005 1.33 9.5
0.0075 2.1 15
0.01 2.87 20.5
0.0125 3.64 26
0.015 4.69 33.5
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APPENDIX B

ILLUSTRATIVE EXAMPLE FOR ORIENTATIONAL AVERAGING

As an illustrative example of orientational averaging, consider taking a composite
of identical inhomogeneities (assume ellipsoidal shapes for the time being to facilitate
discussion) as shown in Figure 66. Defining the effective elastic properties via volume
averages as indicated in Eqn. 2.56a. Using phase constitutive relations one may write

(assuming homogeneous phases as in Eqn. 2.63a)
(0ij) = ClL%jkl(‘gllsl) + CQL?jkl(‘gil) (B.1)

which by definition of the strain concentration tensor, can be written as in Eqn. 2.67a

so that effective stiffness is given by

Lt

ymn

kilmn kimn

or by applying the concentration tensor consistency condition, i.e. Eqn. 2.69a, we

can write
(0ij) = {L?jmn + Cl(Lzljkl - L?jkl)Allclmn}<€mn> (B.3)

so that the effective stiffness can be written as

L?Ji':fmn = L?jmn + Cl(Lzljkl - L?jkl)‘Alldmn (B.4)

Now suppose that half of the aligned inhomogeneities instead have one orientation
defined by the angles o1, 17 and the other half have another orientation defined by the
angles @9, 19 as shown in Figure 67 These local inhomogeneity orientations are related
to the microscale RVE coordinate system by a change of basis which is determined

from a series of rotations as Q;; = Q7,Q1; where Q;; and Q7; are related to single axis
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Fig. 66. Identical inhomogeneities aligned in the matrix and a self-consistent approx-

imation.

or L= o-x'j ;
u =g,
or
A
ik
where
Y =&,
Approximation Used to Determine i Y
Phase Concentration Tensors
- _ .~ o‘A = 7
U =1u ij if

Macroscale Boundary Value Problem

Fig. 67. Identical inhomogeneities at two different orientations in the matrix in the

RVE coordinate system and self-consistent approximations of each orientation

in the local inhomogeneity coordinate system.
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(a) Change of Basis Q! (b) Change of Basis Q?

Fig. 68. Single axis rotations defining changes of basis Q! and Q2.

rotations as shown in Figure 68. Thus Q);; is expressed in engineering notation by

sin(p) 0 cos(y) cos(v) sin(¢) 0
@] [Q'] = 0 1 0 —sin(¥) cos(¥) 0 (B.5)
—cos(p) 0 sin(p) 0 0 1

so that
cos(1)) sin(¢p) sin(¢)) sin(p)  cos(p)

@] = — sin(y)) cos(¢)) 0 (B.6)

—cos(1)) cos(p) —sin(¥) cos(p) sin(yp)

Because the inhomogeneity phase is now treated as two separate phases, Eqn. B.1

can be written as
3

A 2 yad
(64) = ZCJLijkl<€kl> (B.7)
J=1
where the matrix volume fraction is c3 = 1—¢, the volume fraction of inhomogeneities

with orientation (¢1,;) is ¢; = ¢, and the volume fraction of inhomogeneities with

1
2

orientation (g, 1) is ca = %5, with ¢ denoting the total inhomogeneity volume frac-

Tt is noted that only two angles are needed here because we have assumed that
the axis of material symmetry is aligned with the major axis of the ellipsoid. If it
were not, then we would need the third angle as well, as rotating about the major
axis would cause differences.
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tion irrespective of orientation. The * denotes quantities expressed in the microscale

RVE coordinate system, i.e. (assuming the matrix phase is isotropic)

[A/lekl - 1Qim 1anL71nnpq lep 1qu (B8a)
fj'?]kl = QQim 2Qj”L72nnpq QQkp 2qu (B8b)
L = Lij (B.8c)

where 'Qi; = Qii(p1,¢1) and *Qij = Qij(p2, 1s).
Defining the strain concentration tensor in the microscale RVE system as (é;fj) =

A;‘]jkl<éij>a then Eqn. B.7 can be written as

3
(045) = Z CJL;]jklAglmn<émn> (B.9)

J=1

so that the effective stiffness in the microscale RVE coordinate system is given by

3
- L
Lijmn = Z CJL;']jklAilmn (B.10)
J=1
Applying the consistency condition in the global system, i.e. c3 A?J.kl = Ljn —

2 AJ :
> -1 C1 A, one can write

2

J=1
so that the effective stiffness in the microscale RVE coordinate system is given by

2
Lzefmn = L?jmn + Z CJ(L;]jkl - L?jkl)Aglmn (B12)
J=1
So therefore, in the global coordinate system, Eqns. B.7 and B.11 are analogous to
Eqns. B.1 and B.3.

However, when approximating the concentration tensor, it is easier to work in

the local coordinate system, especially if all inhomogeneities are the same, except for
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their different orientations, as you can then solve one concentration tensor and rotate

J

as necessary. So if A7y, is the approximated strain concentration tensor in the local

coordinate system (.i.e. for single inhomogeneity problem) obtained from

<5J‘> = A;']jkl<5k:l> (B.13)

)

then the fourth order coordinate transformation of the concentration tensor in the

local inhomogeneity coordinate system to that of the microscale RVE is given as

A{jkl - JQim JanAinnpq JQkp Jqu (B14)

1
mnpq

where it is emphasized that A is used as both inhomogeneities in the present

example have the same concentration tensor in their local inhomogeneity coordi-
nate systems, though those local systems have different orientations relative to the
microscale RVE coordinate system so that the transformation is 7@Q;;. Thus the

effective stiffness can be obtained from Eqn. B.12 as:

L?ﬁ;z = L?jkz"‘
2 R (B.15)
CJ( JQip JquLglyqrs Jer JQTLS - L?jmn) Jth JanAL}Uab JQka Jle

J=1

C c .. . .
where ¢; = 5 and co = 5.2 From similar approaches the effective compliance, con-

ductivity and resistivity can also be obtained.

2Here it was assumed that half of the inhomogeneities were at ¢1,4; and half
at g,12, but one could have assumed a different distribution, for example ¢; = 7
and ¢y = 325 . However, this would not change Eqn. B.15 as it is simply a different

distribution of ¢.
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Assuming now that there are M orientations (i.e. so that the number of phases

is N =M + 1), then Eqn. B.15 can be written as

f’?gf‘fkl z]kl +ZCJ o, V)( zgmn(%w) - zymn) A7 a(0,1)) (B.16)
where
Ln(0:0) = 7Qip " QgL grs " Quir ' Qs (B.17a)
Al (0, 0) = 7Qip T Qg AL Qur T Qs (B.17b)
o) = wye (B.17¢)

and where w; is the weight factor for the fraction of inhomogeneities with a given
(0, ).
Assuming further that as M — oo, that a continuous distribution of orientations

over a unit sphere, p(¢, 1), is obtained, such that one may write

fO z]mn((p w) zgmn]Amnkl(ﬁpa ¢) Sll’l((.p) d(p dw
f”fo ple. ) sin(p) di dy

Therefore, for a random orientation, each (i, 1) is equally likely therefore p(p, 1) = po

L(;]ffkl = Lz]kl + (B.18)

and

Lfﬁ;z Azgkl +— / / iimn (©, ¥) — Z]mn] Apnit (0, 0) sin(p) do dp (B.19a)

Mi?‘flffl zgkl + - / / ijmn (@, V) — z]mn] Bonii (0, ¥) sin(g) dg dip (B.19b)
=i [ Tnte) - KA st do v (319

Vo / / En(90) — E1Bos (0. 0) sin(p) dp iy (B.19d)

resulting in effective properties for the composite which are isotropic [153, 209, 210].
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It should be noted that the use of Eqn. B.14 can be directly applied when using
the self-consistent and generalized self-consistent concentration tensor approxima-
tions. However, when using the Mori-Tanaka approximation, one must use caution as
the Mori-Tanaka consistency condition must be applied in the global coordinate sys-
tem. Therefore one actually obtains global concentration tensor in the Mori-Tanaka
approach and can use the inverse of Eqn. B.14 to find the local concentration tensor
consistent with the use of Eqn. B.14 and the subsequent derivation. See Appendix C

for more details.
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APPENDIX C

CONSISTENCY CONDITIONS FOR ORIENTATIONAL AVERAGING

C1. Self-Consistent Consistency Condition and Random Orientation

Considering the self-consistent approximation for the concentration tensor as shown
in Figure 69. Therefore in the local system, the Eshelby equivalence principle yields

the heat flux in the inhomogeneity as
¢ = kLA + Y = KN aS + 80 - A7) (C.1)

where if I is anisotropic, it is noted that kfjﬂ # k.

Therefore one can write

Y = &1 (k5% — k) (C2)
but
A} = HE + H, = S;HT + H (C.3)
therefore
Y = [I; + Sa& (k] — ’%ff)]flﬁi (C.4)
so that
SOT = Iy + Sinlit (ki — ki)™ (C.5)

Expressing Eqn. C.5 in the global system to identify the concentration tensor

H! = 'QuH]! = 'Q; °T}H (C.6)
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T=Hjxj or K, =axnz

_ A
T=H'x
or
_ A
qn =49 n
where
" _
1 H*=H
1 1 i
2 A
Macroscale Boundary Value Problem " —
%3 q =4

Approximation Used to Determine
Phase Concentration Tensors

Fig. 69. Schematic of local orientations of the self-consistent approximation for con-
centration tensor to check consistency condition. Where the microscale RVE
and local inhomogeneity coordinate systems are related by v; = 7Q;;0; so
that for the equivalent inclusion problem, HA = H; where H; = 7 QL H; and
H; = (H;).
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therefore since ﬁl = JQ?}H j
H} = 7QiH] = 7Qy 5T}, " Qi H, (C.7)

and noting that intensity in the inhomogeneity is uniform, the concentration tensor
is identified as

SCA{j — TQu SCTI;IZ JQlTj (C.8)
and therefore satisfies the consistency condition as expressed in Eqn. 2.161b. This

will also hold for the generalized self consistent approximation.

C2. Mori-Tanaka Consistency Condition and Random Orientation

Considering the Mori-Tanaka approximation for the concentration tensor as shown in
Figure 70 Therefore in the local system, the Eshelby equivalence principle yields the
heat flux in the inhomogeneity as

J LT C | 1A (N(7C | TA _ 4T

q; = kij(Hj + Hj ) = kij (Hj + H — H; ) (C,9)
where if k] is isotropic it is noted that kfj =k}

Therefore one can write

HY = &5 (k) — ki) Hy! (C.10)
but
HZJ:Hf+ﬁi+]f]i:Sinf+ﬁi+ﬁi (C.11)
therefore
B = (I + SN (k] — BN~ + 1) (C.12)
so that

MTTJfé = [Ii; + Szkgljg\lf(kl;]] - k/]c\;)]fl (C.13)
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X
}’Xz Microscale RVE
X f-
N
k.
..... i_ni _ éi_ ni_
Tr=T

Macroscale Boundary Value Problem

Approximation Used to Determine
Phase Concentration Tensors

Fig. 70. Schematic of local orientations of the Mori-Tanaka approximation for concen-
tration tensor to check consistency condition. Where the microscale RVE and
local inhomogeneity coordinate systems are related by v; = “7Q;;0; so that
for the equivalent inclusion problem, HA = H; + H; where H; = 7 QL H; and
Hi = <Hz> and where f{z = JQZ;f{] and f{z = % fVN I{Z-TOt - Hz dv.
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The consistency condition is applied over all inhomogeneities and therefore should

be applied in the global coordinate system, i.e.

N-1

(H;) = en(HY) + ) es(HY) (C.14)

J=1

but the average intensity in the matrix is noted to be
(HNY = H, + H, (C.15)

In the inhomogeneity one may write

HY = 7QuH] = 7Qy MTTH(Hy + Hy) (C.16)
so therefore
H = 7QuH] = Qi ™15, ' QL (H, + I)) (C.17)

Noting that the intensity in the inhomogeneity is uniform, one can therefore write

N—1
(H) = H;, = [(;NIZ-J- + > e 7Qu M Ty QL | (Hy + Hy) (C.18)
J=1
and finally the perturbation in the matrix is given by
N-1 -1
Hj = [CNIij + Z Cjy JQZ‘k MTT];]I JQ;I;] — Iji Hz (019)
J=1

so that in the inhomogeneity one observes

HZJ — JQ'L] MTYWJ{L JQEHZ—F

, N-1 ) - ) (C.20)
1Qi MTTj{g TQu [CN[ml + Z e X Qumn MTij, K Zl] — Ly » Hyp,
K=1
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and again noting that the intensity in the inhomogeneity is uniform

N -1
H = 7Qu; ™T5Qf, [cNImz + > ek K Quan T K@,E] H,  (C21)
K=1

so that the concentration tensor is identified as
N —1
AL, = Qi T T Qy [CNIml + ) e KQun MR K Zl] (C.22)
K=1

Therefore in order to satisfy the consistency condition, one can not directly rotate
the concentration tensor from local to global coordinates as expressed in Eqn. 2.161b

the Mori-Tanaka approximation.
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APPENDIX D

DERIVATION OF DISPLACEMENT FIELDS FOR COMPOSITE CYLINDERS
METHOD

D1. Multi-Layer Composite Cylinder: In Plane Bulk Modulus Isotropic Phase Dis-

placement
Assume the following displacement field in each phase:
u, = U, (1) (D.1)

ug =u, =0 (D.2)

Sub into the strain-displacement relations:

599:%%+%:% (D.4)
e, = a;: ~0 (D.5)
e
Ern = % (%Z‘ + agf) =0 (D.7)
€0r = % (% 88“02 + %) —0 (D.8)
Sub into the constitutive relations:
T = Gt N+ Aew + o) = Qut N ST AT (DY)
g9 = 2+ N egg + Ae +622) = 2u+ A) % + )\dgr (D.10)



dUy + )\%

Ozz = (QM + )‘) €22+ A (57‘7‘ + 509) = A
dr r

0rg = 2/urg =0

Oz = 208, = 0

06, = 2pugq, =0
Sub into the equilibrium equations: r-direction

aarr + 1807‘0 aarz + 1 ( . ) -0
or r 00 9z 0T 0=

d?U, ldUr B iU _0
dr? r dr r2 "

which has solution

B
U, =Ar+ —
r

In the theta-direction:

307«9 i 1(9099 4 (9092 i 2 —0
or r 00 0z TUre N

therefore

In the z-direction:

therefore
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(D.11)
(D.12)
(D.13)

(D.14)

(D.15)

(D.16)

(D.17)

(D.18)

(D.19)

(D.20)

(D.21)
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D2. Multi-Layer Composite Cylinder: In Plane Bulk Modulus Effective Cylinder

Displacement
Assume the following displacement field in each phase:
u, = U, (1)

ug=u, =0
Sub into the strain-displacement relations:

~ Ou, dU,
Or dr
10w  u, U,
o= ae T
~ Ou,
0z

1 /10u,  Oupg ug\
€W—§Gae+57—7)—0

. _1 au“rauz —0
2\ 9z or )

_1 lauz+% =0
= =5\r 00 "9z )

67"/‘

€.z =0

Sub into the constitutive relations:

dU, U,
Opr = 07‘7‘7‘7‘57’7’ + Crr90509 + Orrzzgzz = Crrrr dr + CTTGG_
dU, U,
090 = Crreacrr + Coogocon + Cpoz2€.. = Crr@@ﬁ + 099997
dU, U,
Ory = CpponEprr + 00022509 + Ozzzzezz = Orrzz dr + O@Gzz?

Org = Cr9r9€r9 =0
Orz = Urzrz€rz = 0

0¢, = C@z@zegz =0

(D.22)

(D.23)

(D.24)

(D.25)
(D.26)

(D.27)

(D.28)

(D.29)

(D.30)

(D.31)
(D.32)
(D.33)
(D.34)

(D.35)
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Sub into the equilibrium equations: r-direction

do,, 100, 0o, 1
_'._ _

5 T od 5, T (0pr — 0g9) =0 (D.36)
OT’/"/‘T% +% (Crro0 + Crrrr — Crro0) % —% (Crroo — Crroo + Cogon) U = 0 (D.37)
Crrrr% + Crrrr%% - 09999:_2[]7“ =0 (D.38)
d;ZT "L SU.=0 (D.39)
Therefore,

B

D3. Multi-Layer GSC-CC: Transverse Shear Modulus Isotropic Phase Displacement

Assume? the following displacement field in each phase from 1 to N:

u' = BiU! + BYU? + BLU? + BiU? (D.41)
up = BjUy + ByU; + BiU; + BiU, (D.42)
u’ =0 (D.43)
where
Ul = % (D.44)
U? = 7"2% + ooy (D.45)
U? = % (D.46)
Ul = 7"2% + abpor (D.47)

3This can be derived in a similar manner to the previous displacement fields in
assuming a functional from for the displacement and identifying general solutions to
the equilibrium equations. This representation is derived from the method of plane
harmonics which Hashin [158] simplified from Love’s [211] representation.



and
10
U=
and where

¢1 = 2973 = 7% cos () sin ()

ToT3

P2 = = 772 cos (/) sin (0)
L —2(3—4u)
M= (3 - QI/Z)
= (3 - QI/Z)

which after substitution gives

i i Ai i i — 20 + Ai i 21 .
un. = (Blr + (m) Bir® — Bir™® + (71) Byr 1) sin (26)

up = (Bir + Byr® + Bir—® 4+ Bir') cos (26)

i
u, =0
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(D.48)
(D.49)
(D.50)

(D.51)

(D.52)

(D.53)

(D.54)

(D.55)

(D.56)

(D.57)

(D.58)

The displacement field for the effective homogeneous solid material, is given by:

O (Y (2, sin (o
U, (4G23> (Tgr) sin (26)

* - 2
ué ) — (4(;:;) (—Er) cos (20) for 0 <r <rs

ul” =0

z

(D.59)

where the boundary conditions have been applied, and the condition that the dis-
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placement remained bounded has been enforced.
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APPENDIX E

SOLUTIONS FOR DISPLACEMENT FIELD CONSTANTS FOR N =2 AND
N =3 NON-GRADED LAYERS AND GRADED LAYERS

The following displacement constants correspond to hollow composite cylinder

assemblages.

E1. Solutions for N = 2 Isotropic Homogeneous Layers

Solutions for the displacement field constants for a composite cylinder assemblage
(Figure 16) of N = 2 isotropic, non-graded layers are provided for the displace-
ment fields associated with the determination of the in-plane bulk modulus, the axial
Young’s modulus, the axial stiffness component, and the axial shear modulus. These
solutions are developed by starting with the application of the innermost boundary
and matching conditions and proceeding outward to the N*" layer boundary condi-
tion. As such, the constants are provided from the it® to the first layer as each (i+ 1)

layer set of constants is expressed in terms of the N*® constants.

1. In-plane Bulk Modulus N = 2 Constants

The solution of Eqns 3.6 and 3.7 for N = 2 isotropic layers results in the displacement
field constants of Eqn. 3.2 being given by:

€0
Ea Coaren)]
rs i \arae — (p2 + A2

2 _ — (102 + o) 2
h (T%[Oﬂ% — (u2 + )\2)]) P (E1b)

D3 = (E.1a)
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aq 1
D= —=(D?+ =D? E.1
2 1 ( 1+ 7“% 2) ( C)

D! — L) D! E.1d
! (7“(2)(#1 +A)) 7 ( )

where p; and \; are the i*" layer Lamé constants and where «; and oy are given by:

H1
H1 1 1
— 4+ =
(e
1 1

2. Axial Young’s Modulus N = 2 Constants

o = (E.2a)

The solution of Eqns 3.23 and 3.7 for N = 2 isotropic layers results in the displacement

field constants of Eqn. 3.20 being given by:

D = &so (E.3a)
Qg
ﬂ2 as 1 2
D? == —D E.3b
1 oz4€0 + 0 7“% 2 ( )
1
D% = (9 (ﬂ1€0 + D% -+ —2D§) (EBC)
1
1
D% = O[lr—QD% — ﬁ1€0 (Egd)
0
where the «; are given by:
251
o] = E.4a
' p1+ A ( )
1
Qg = T (E.4b)
a R —_—
EAE
1 1
Q3 = 2 (Ml + /\1) a1T—2 - 2M1ﬁ (E4C)
0 1

4 = Q03 — 2(,&2 + )\2) (E4d)
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5 = —(Qip(Xz — 2/1/2 (E4e)
(673 1 1
=2 Ao)—— — 22— E.4f
Qg (o + 2)@4 r% 2 T% ( )
and where the [3; are given by:
A1
=" E.5a
o 2(p1 + A1) (E.5¢)
ﬂg = )\2 — )\1 + Bl [2(/12 + )\2) - 042] (E5b)
_ Do
By = —Xa — 2(u2 + /\2)&— (E.5¢)
4

3. Axial Stiffness Component N = 2 Constants

The solution of Eqns 3.24 and 3.7 for N = 2 isotropic layers results in the displacement

field constants of Eqn. 3.20 being given by:

2
= E.
D3 o 1 T <0 (E.6a)
a _—
Nagr? 2
2 as 1
D} == — D2 E.6b
1 oz4€0 + 72 2 ( )
1
D) = ay (ﬁlgo + D} + T—2D§) (E.6¢)
1
1 L
Dl = 041T—2D2 - ﬂ1€0 (E6d)
0
where the «; are given by:
H1
= E.7a
o H1+ A ( )
_ ! (E.7b)
Qg = 1 B 1 .
a{ J— RN
EA
1 1
3 = 2 (/,Ll + )\1) 041T—2 — 2/,Llﬁ (E?C)
0 1

ay = agag — 2(fg + A2) (E.7d)
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5 = —(Qip(Xz — 2/1/2 (E?e)
and where the (3; are given by:
At
= E.8a
g 2(p1 + A1) (E8)
ﬁg = )\2 — )\1 + 51 [Q(Mg + /\2) - OZQ] (E8b)

where it is noted that, due to the similarities between the axial Young’s modulus
and stiffness components, the only difference in the displacement constants visible
in Eqn. E.6 as compared to Eqn. E.3 is the expression for D2 (i.e., only Eqn. E.6a
differs from Eqn. E.3a) . However, the remaining D;- in Eqn. E.6 depend on D3 and
thus, the D;'- of the axial stiffness component test are in fact quite different from those

obtained for the axial Young’s modulus test.

4. Axial Shear Modulus N = 2 Constants

The solution of Eqns 3.34 and 3.35 for N = 2 isotropic layers results in the displace-

ment field constants of Eqn. 3.31 being given by:

280

D3 = E.
2 o 1 R 1 (E.9a)
Qg r% r%
QY 1
D} = L D} + iDg (E.9¢)
ay r?
1
D% = ﬁDg (E.9d)
0

where the «; are given by:

o= (4 ) (E.100)



347

oy — (i _ i%) (E.10b)

reoor

s = (@ - @) (E.10¢)
aq M1

= (—% . @) (E.10d)
aq 251

5. In-plane Shear Modulus N = 2 Constants

For determining the effective in-plane shear modulus, only one displacement field
constant solution was needed (i.e., DY or D} for N = 2). However, in order to
determine the components of the concentration tensor associated with the in-plane
shear modulus, all of the displacement constants are needed. As such, the solution
of Eqns 3.45 and 3.46 for N = 2 isotropic layers results in the displacement field

constants of Eqns. 3.42 and 3.59. However, the expressions are too lengthy to present

in detail here.

6. Transverse Extension N = 2 Constants

Here, as with the in-plane shear modulus, the expressions for the displacement field
constants are too lengthy to present in detail, but are obtained from Eqns. 3.57

and 3.58.

E2. Solutions for N = 3 Isotropic Homogeneous Layers

As a result of the solution of the boundary and matching conditions proceeding from
the innermost surface of the composite to the outermost, the equations used to de-
termine the first three displacement field constants for N = 2 (i.e., D}, D3, and D?)
remain the same for N = 3 and as such, so do the functional forms of the these dis-

placement field constants. However, because these displacement constants ultimately
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are dependent on the remaining constants (i.e., D3, D3, and D3), the final values
determined for the displacement constants for the N = 3 composite cylinder assem-
blage are quite different from those determined for N = 2. The N = 3 displacement

constants for each test are summarized below.

1. In-plane Bulk Modulus N = 3 Constants
The solution of Eqns 3.6 and 3.7 for N = 3 isotropic layers results in the displacement
field constants of Eqn. 3.2 being given by:
€0

L,
a{ JR— JR—
33

1
D} = 046T—2D§ (E.11b)
2

Di = (E.11a)

1
D} + —Dj
pi=—_— T2 E.11
2 1 N 1 ( C)
a —_— —_—
2
where DX, D? and D} are given by Eqns. E.1b, E.1c, and E.1d, respectively, and

where the «; are given by:

Q10 + [

g = — E.12a
’ arag — (f2 + A2) ( )
1 1
ay = (063(/,62 + )\2)p — /,Lgp) (E12b)
1 2
1 1
Qg5 = (&3@ -+ %) (E12C)
Qg
(G n)
g = — o (E12d)
[—4 — (s + )\3)]
a5

where o and as are given by Eqns. E.2a and E.2b, respectively.



349

2. Axial Young’s Modulus N = 3 Constants

The solution of Eqns 3.23 and 3.7 for N = 3 isotropic layers results in the displacement

field constants of Eqn. 3.20 being given by:

Dj = &50 (E.13a)
Q10
1
D3 =22 D8 4+ Byey (E.13b)
1
D3 = ag (Df + Dgﬁ - %50) (E.13¢)
2 4

where DX, D? and D} are given by Eqns. E.3b, E.3c, and E.3d, respectively, and

where the «; are given by:

E.14
S (E.14a)
2T
2 pts + A) 25 0y (E.14b)
oy = —— = — )
7 M2 2 o 7“% ,UQT%
ag = gy — 2(/,63 + )\3) (E14C)
g = —agarr — 23 (E.14d)
Qg 1 1
=2 A3)—— — 2U3— E.14
10 (s + Az) g 72 M3 2 ( e)

with oy through as of the same form as provided in Eqn. E.4 and where it should be

noted that ag in Eqn. E.14a is different from a4 in Eqn. E.4f. The §; are given by:
Pa
53 = /\3 — /\2 + a—(a6067 - 2(,[1/2 + Ag)) (E15a)
4

Ba=—A3 —2(uz + A3)03s (E.15b)

with 31 and (3 of the same form as provided in Eqn. E.5 and where it should be noted

that g3 in Eqn. E.15a is different from g3 in Eqn. E.5c.
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3. Axial Stiffness Component N = 3 Constants

The solution of Eqns 3.24 and 3.7 for N = 3 isotropic layers results in the displacement
field constants of Eqn. 3.20 being again identical in functional form to those obtained
for the axial Young’s modulus for N = 3 provided in Eqns. E.3 and E.13 for D{, D3,
and D? and for D3 and D3, respectively. The only term with a difference in functional
form between the axial Young’s modulus and axial stiffness component is D3 which

for the axial stiffness component is instead given by:

Bs
g 1 1

The «; and (; used for the axial stiffness component are therefore of identical func-

Di = — €0 (E.16)

tional form as those provided for the axial Young’s modulus in Eqns E.4 and E.14 for
a’s one through five and six through nine, respectively, and in Eqns. E.5 and E.15 for
(’s one and two and three, respectively. Note that for the axial stiffness component,

it was not necessary to define an a;yy or (.

4. Axial Shear Modulus N = 3 Constants

The solution of Eqns 3.34 and 3.35 for N = 3 isotropic layers results in the displace-

ment field constants of Eqn. 3.31 being given by:

280
D3 = E.1
2 ag 1 R 1 (E.17a)
arrs 13
(673 1
D? = Q—7T—%D§ (E.17b)

1 1
D2 = — (D{’ - EDS) (E.17¢)
2
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where DX, D? and D} are given by Eqns. E.9b, E.9c, and E.9d, respectively, and

where the «; are given by:

[87) 1 1
(el 1 E.18
(i) e
Qy 1 1
(e L E.18b
w(5m3) (A5
ay = (% - @) (E.18¢)
Qs M2
g = (—% - @) (E.18d)
Qs M2

with a; through a4 of the same form as provided in Eqn. E.10

E3. Solutions for N = 3 Layers: Homogeneous-Graded-Homogeneous

1. In-plane Bulk Modulus N = 3 Constants

Solutions for the displacement field constants for a composite cylinder assemblage
(Figure 19) with N = 3 where the interphase region has a gradation in material
properties as given by Ey(r) = &, r™ are provided for the displacement fields associated
with the determination of the in-plane bulk modulus. These solutions are developed
by starting with the application of the innermost boundary and matching conditions
and proceeding outward to the N*® layer boundary condition. As such, the constants
are provided from the i*" to the first layer as each (i + 1) layer set of constants is
expressed in terms of the N* constants. The solution of Eqns 3.6 and 3.7 for N = 3
with a graded interphase layer results in the displacement field constants of Eqns. 3.2

and 3.75 (with v = 72 and v = 1) being given by:

€0T32a8

D3 = (E.19a)

a7 r3? + ag

(07%4 Dg

Qg

D? = (E.19b)
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= E.19
2 - (B.190)
e (E.19d)
a5
pl— 1, 220 (E.19)
Q3 3
Dl
D= 2 (E.19f)
ro? (1 + A1)
where the «; are given by:
ar = 1o’y (Mm% 412 A) (E.20a)
ay = 1o%r1 (Mm% +711% A) (E.20b)
ag = pi 1’ 4107 g1+ 10° M (E.20c)

2 2 n 2 n 2
oy =4 T + &M vargT asri P + & 1T s 11 1% 02
n_. 2 2 2 2 2
— &' ro o3I TP 0o Ve + 2707 Qg 1 — 2707 Qg iy Vo — 410" Qg i o
9 29 2
— 209 U1 T1" 209 U1 T Vo
(E.20d)
—9 2 n 2 01 n, 2 01
a5 =20 p 1" =& oo s =& o as i ?t 0
n 2 01 2 2 2 2 4 2 2
+ &m0 g1 01 Ve — 270" iy 1 + 270" iy g Vo + 4107 vy g Vo

2 2 2
— 201" vy =4y it vy

(E.20e)
Qg = T9 (Oé4 ngl + 7,,2@2 0[5) (EQOf)

ar = —2pgagve +2pu3as — &y T o 5 1% 0o Vg + &, 1" T iy T2 04
— Az agvy® 4+ Eu o Ve o iy o — £, 1" Ty g 1% 01 1y (E.20g)

n 02 n 02
F & T % 09 + & T Voo 5 Ty
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2 n n
ag =197 (§n " ro a5 1% 09 vy — &, o™ o iy 2% 01 + 2 A3 g
n n
— & o s e — En e e T i 2% + 2 i3 g
(E.20h)

n n 2
+§n7“2 7’20647”2&)1@11/2—5”7“2 T2065T2g292_4A3OZ6V2 —2)\30(6V2

—2pz ag v — 4 iz o 1)



APPENDIX F

MULTI-LAYER COMPOSITE CYLINDER:
VOLUME/SURFACE EQUIVALENCIES

F1. In-plane Bulk Modulus

e Prove:
N
Heff o <arr> o Orr r=rN
22, 9wy
U p— TN
e Proof:

The average stress is identified as:

1 1
<0ij> = V /aijdV = V /Uik$j7kdv
|4 |4

1

1
(o35) = V/ <—0z‘k,k%' + (Uik%),k) dV =+ / (i) , AV
14 14

1 1
(0ij) = V/O'ikxjnkds = V/tixde

S S
Therefore in cylindrical coordinates,

1 1
(Opr) = v /tTrdS =7 /O'TTTQd@dZ

354

(F.3)

(F.4)

(F.6)

(F.7)



353

The average strain is identified as:

1 1 1 11
<5ij> = V/sudV: V/i( i7j+uj,i) dV = Vi /ude—l—/ude (F8)
\% \% \% \%
11
Eij) = 5= ;N5 U5 .
) =75 | [umds+ [ s (F.9)
S S

Therefore in cylindrical coordinates,

11 1 1
(Err) V3 /uTanSjL/uranS v /umrdS v /urrdedz (F.10)
s

s s S
1 1 2nL
(Erp) = v / uf,v}r:w rndfdz = v uﬂrim TN/deZ = % uiV}T:rN ry  (F.11)
S S
Therefore
Il N r? olN
o = 0 _ oy Oy (k.12

2] 2O e ry) 2l )

Since the original volume integrals are equivalent to the energy, so too then are

these surface respresentations.

F2. Axial Young’s Modulus

e Prove:

Efflf — <011> <0zz> (F13)

e Proof:
The average strain is identified as:

N
1 1 4
(€22) = v /azde =7 gqmral + g /eide (F.14)
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(F.15)
N
27 L 07“(2) rf—rf_l
m?VL< 2 +€°; 2
Therefore
2 507“(2) €o (TJQV_T(Q))
2z = — = F16
() = o (2 4 2200 so (F.16

N
1 1 i
(0,.) = v /azde =7 E /O'ZZdV (F.17)
1% v,

1 Moo 2L o [T
(0,,) = v QWL; - o rdr | = =N Z_; - o, rdr
= = (F.18)
2 o [T
= — Z/ o, rdr
"N i=1 v Ti-1
Therefore,
N .
2 L
Eef‘f — <011> — <Ozz> — / aizrdr (F19)
H <€11> <€zz> 607ﬂ]2V zzl Ti—1

where it is noted that, as a result of the traction-free internal surface boundary

condition, the stress in the void is zero and therefore does not enter the sum above.

3. Axial Shear Modulus

e Prove:

(0i3) (eig) = (057 ) (5 (F.20)
can be expressed as
ouly e ouctt
HN or | = M2 or | (F.21)
r=ry r=rn

e Proof:
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From the Hill-Mandel theorem.

<0‘Z]€Z]> <O’fjﬂ fjﬁ (F.22)
1 eff _eff
V UZJ€Z] - O"Lj E:Zj dv (F23)
14

= / / syt as (F.24)

So for the assumed axial displacement we have:

1
v /aﬁugrdgdz = /affuiﬂrdez (F.25)

v[ms

S
1 N _ BY N, BY
v /,UN (Bl — 7) cos (0) (Bl + —. | cos (0) rdfdz
S

—/ pes 82 utrdfdz (F.26)

: L et (F.27)
_ eff eff 2 eff 2
— V/IU/TZ (B1 3 )COS (0) (Bl + . )cos (0) rdfdz
5
1 BY BY
—UN (B{V —Z ) (BN + —) 7’N/cos2 (0) dbd=
V Ty Ty
S
F.28
1 eff eff Beﬁ eff Beﬁ 2 ( )
= g7 Hr: By — = B . rn [ cos®(0)dOdz
S
where
) 1 . 1 21
cos” (0)dfdz = | = cos (0)sin(0) + =60 ) L (F.29)
J 2 2" ),
so that

BN BN Beff Beff
N (va - T—g) (va + —2) = st (Bfﬁ - T—g) (BTH + —2) (F.30)

N LY N Y
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N N
LN (B{V — B—22) cos (6) (B{V + B—2> cos (0)
3 r

N
Beft Bt (F.31)
= pcff (Bfﬁ -2 ) cos (0) (Bfff + 2 ) cos (0)
N Y
auiv N eff au(;ﬂ eff
22\ or B U, }TZTN = Mz or B U, }r:TN (F32)
r=ry r=rnN
therefore,
oulY g Ouctt
z = us z F.33
U or | 25D or | ( )
r=ry r=ry
F4. Axial Poisson’s Ratio
e Prove:
ul| _ / TN
V(fg _ <€22> _ <€rr> - r=rN (F34)
<€11> <€zz> €o
e Proof:

The average strain is identified as:

1 1 1 11
<5ij> = V /@-jdV = V / 5 (U@j + Ujﬂ') dV = Vi /UZ‘JdV + /uj,idV (F35)

%4 %4 \%4 \%

11
5 5
The average strain in the radial direction is:

11 1 1
(Err) V3 /uTanSjL/urnrdS v /umrdS v /urrdedz (F.37)
S s S s

1 1 27 L
(em) = 5 / uy |, rvdddz = v up |, TN / dfdz = % ur |, orv o (F.38)

S S



The average strain in the axial direction is:

1 1 174
<5zz> = V /5zzdv = V /50dV = Vgo = £y
%4

\%
Therefore,
Veﬂ _ <822> _ <€r7’>
12 — —
(e11) (€22)
2nl ., N N
eff % uf“v r=ry I'N _ WT%L Uy }7‘:7’1\7 N Uy ’r:TN/TN

12 — == =
€o o €0
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(F.39)

(F.40)

(F.A1)
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APPENDIX G

ADDITIONAL DISPLACEMENT FIELDS FOR CONTINUOUS GRADED
INTERPHASE REGIONS

The displacement fields satisfying the equilibrium equations for continuous graded
interphase regions having a power-law gradation in Young’s modulus and constant
Poisson’s ratio are provided herein for the axial Young’s modulus, axial shear modu-
lus, and axial Poisson’s ratio, with displacement field for the in-plane bulk modulus
previously given in Eqn. 3.75. The derivations of these displacement fields follow the
same procedure as for the in-plane bulk modulus where the functional dependence
of the displacement field and the desired material property gradation are substituted
into the equilibrium equations, and the form of the displacement field obtained. The
derivations can be found in work by Jaisuk and Kouider [168, 257].

The displacement field satisfying equilibrium for the axial Young’s modulus

boundary conditions is in fact similar to that provided in Eqn. 3.75 and is given

by
uzr =0 pn—nvte) 4 Cy pn—nv—o) _ VeQT
up =0 (G.1)
uzz =0

where

_ \/(V — Dv(n+2)2 — (n2+4)]
2(v—1)

(G.2)
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The displacement field satisfying equilibrium for the simple axial shear boundary

conditions is given by

ul =0
i (G.3)
ul = (Cl e S 2) cos(0)

The displacement field employed for determining the transverse shear modulus

is assumed to be of the form

ul = (e1r¥" + cor? + c3r¥ 4 cyr¥*) sin(26)

uy = (prear? + pacar?® + pscsr®® + pycyrt) cos(20) (G4)

ul =0
where the y; and p; are yet be determined exponents and factors, respectively. The
displacement field in Eqn. G.4 is substituted into the equilibrium equations. Both
the r- and 0-direction equilibrium equation are non-trivial. As the c; are constants
determined from the boundary and matching conditions, the resulting equilibrium
equations are satisfied by the cofactors of the c¢; being zero. This results in two
equations for each ¢; which are then solved for the p; and y;. If the resulting p; and
y; are real, they are substituted into the displacement field provided in Eqn. G.4,
and the effective transverse shear modulus determined through the generalized self-
consistent composite cylinder method.

If, however, the resulting p; and y; are imaginary, the displacement field in the

graded interphase region for determining the effective transverse shear modulus is
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taken from [257] and is given by

i = (cy cos(By In(r))r® — cysin(By In(r))r™
+ e3cos(Bs In(r))r® — cysin(By In(r))ro*) sin(26)
up = {c1[ér cos(Bi In(r)) — by sin(By In(r))]r™
— C2[@2sin(f2 In(r)) + 12 cos(Bz In(r))]r? (G.5)
+ cs[¢s cos(B3In(r)) — s sin(fs In(r))]r*?
— ca[dasin(ByIn(r)) + 1ba cos(By In(r))]r**} cos(26)
i =0

where the o and (3; are the real and imaginary parts, respectively, of the exponent

Yj, L.e.
y; = a; + B41 (G.6)
and where
¢j = (alja2j + blijJ)/(&Qf + b23)
(G.7)
¥; = (bl;a2; — al;b2;)/(a25 + b23)
with
alj = —C — Oéj(B + A(C(j — 1)) + Aﬂ?
(G.8)

bly = —(85(B + Aoy — 1)) + a3, A)

ijZﬁj*D
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and with



364

APPENDIX H

COMPUTATIONAL MICROMECHANICS FORMULATION

The finite element cases are run with ADAGIO [258], Sandia National Laborato-
ries’ finite element software for linear and nonlinear quasi-static analysis of structures.
A summary of the equations solved in ADAGIO is provided in reference [162]. Here,
examples of the meshes and boundary conditions employed in the computational
micromechanics approach implemented in ADAGIO are provided.

Sample meshes of the well-dispersed RVE for both the hollow and effective fiber
CNT representations are shown in Figure 71. These meshes are three-dimensional
with a single element used in the Z-direction, which is sufficient as no gradients in
the Z-direction result when the periodic boundary conditions are applied. ADA-
GIO offers a range of elements, but here the computations are performed using the
under-integrated, mean quadrature 8-node brick element. The hourglass modes are
controlled via a fictitious hourglass force scheme similar to that described in [259]
and [260]. It is noted that, new meshes are generated for each fiber volume fraction
for which the effective elastic properties are determined. As the fiber dimensions are
considered to be fixed, changes in fiber volume fraction result in changes in the size
of the RVE.

In order to facilitate the discussion of the applied periodic boundary conditions,
the six faces will be referred to as +X/—X, +Y /=Y, and +Z/—Z which are per-
pendicular to the X-, Y-, and Z-axes, respectively. Also, a numbering scheme will be
used for the principal material directions such that 1 refers to the fiber axis direction
(Z-axis) and 2 and 3 correspond to the X- and Y-axes, respectively, or the trans-

verse axes. A total of six numerical simulations are used to determine the effective
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(b) Effective Fiber Representation

Fig. 71. Original and deformed FEA meshes. Meshes are for aligned, well-dispersed
hollow fiber (3554 nodes/1648 elements) and effective fiber (4496 nodes/2154
elements) representations at 50% volume fraction. The deformed meshes are
for the case of applied shear, 7,5, of 1%, with 20X displacement magnification
demonstrating that straight edges are not required to remain straight for the

applied periodic boundary conditions.
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composite properties at a given fiber volume fraction for both the well-dispersed and
clustered fiber arrangements. Each simulation corresponds to the application of an
average strain state with a single non-zero component. These six simulations are nec-
essary to determine the complete set of engineering elastic constants of an orthotropic
material, i.e., the three Young’s moduli (Ey;, Eq, and Es3), the three Poisson’s ra-
tios (112, 23, and v31) and the three shear moduli (G1a, Gag, and G), from which
all other effective moduli can be calculated. The resulting sets of volume averaged
stress components for a an applied average strain are then determined from the FEA
solution, allowing the components of the corresponding column of the effective stiff-
ness matrix to be obtained by dividing the average stress components by the applied
average strain. Once the effective stiffness is computed, it is inverted to obtain the
effective compliance from which the corresponding engineering effective elastic con-
stants are determined. It should be noted that in the well-dispersed case, where
the effective elastic properties are transversely isotropic, only three simulations are
needed to obtain the five independent engineering properties. The additional three
tests become consistency checks for the well-dispersed cases.

The periodic boundary conditions can be expressed in terms of the displacement
components on face pairs. For example, taking the origin of the mesh coordinate
system to be at the RVE centroid, the periodic conditions for the +X/—X face pair

can be expressed as:
u(L%/2,Y,Z) = u(—L%/2,Y, Z)
u(L%/2,Y, Z) = v(=L%/2,Y. Z) (H.1)

w(L%/2,Y,Z) = w(—L%/2,Y, Z)
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where u, v, and w are the components of the displacement in the X, Y, and Z
directions, respectively, and where the undeformed mesh has an original length along
the X-axis of L%. Similarly, on the +Y /=Y and +7/—Z face pairs, the periodic

conditions are expressed as:
U(X, L?’/Qa Z) = U(X, —L;/Q, Z)
v(X,L%)2,7) = v(X,—L% /2, Z) (H.2)

UJ(X, L%/Q, Z) = w(X7 —L%/Q, Z)
and

w(X,Y,1%/2) = u(X,Y, ~L%/2)
W(X,Y,L3)2) = v(X,Y, ~L%/2) (H.3)

U}(X, Ya L%/2) = w(X7 Y7 _L%/Q)

respectively, and where the undeformed mesh has original lengths of LY., and L9, along
the Y and Z coordinate axes. In order to perform one of the required six numerical
simulations, the desired non-zero average strain component is introduced into the
periodic conditions in the form of a relative displacement. For example, in order to
determine the first column of the stiffness tensor, the only non-zero average strain,
£11, is applied by the addition of a relative displacement between +7 and —Z in the

w component of Eqn. H.3, i.e.,
W(X, Y, L3/2) = w(X, Y, ~L3,/2) + L, (HA4)

where the relative displacement is given by w,; = €°L%, where £° is the applied strain.
For this case, the remaining displacement components in Eqn. H.3 are unaltered, and

the same is true of all of the displacement components in Eqns. H.1 and H.2. The
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other columns of the stiffness tensor are determined in much the same way, with the
only difference being to which face and to which displacement component a relative
displacement is applied. The specifics of the periodic boundary conditions (PBCs)
used in each simulation to apply the desired component of average strain (&;;) are
listed in Table XI, where the corresponding relative displacements are denoted by
Urel, Urel, and w,e. Note that most nodes belong to a single PBC pair (+2/—-2),
while some belong to two PBC pairs (+7/—Z with either +X/—X or +Y /—Y") and
the eight corner nodes belong to all three PBC pairs. Also note that the inner surface
of the fiber in the hollow fiber FEA representation of the CNTs is taken to be stress
free. Finally, note that initially straight edges need not remain straight under the

applied periodic boundary conditions as is also shown in Figure 71.
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Table XI. Details of applied periodic boundary conditions in FEA analysis. The
non-zero relative displacements necessary to achieve the desired average
strain over the RVE are given. All unlisted relative displacements are spec-
ified to be zero. In all numerical simulations for a given RVE, a single
applied strain level of €° is used and L%, LY, and L% refer to undeformed
RVE lengths in the X-, Y-, and Z-directions, respectively, and ¢, Ve,

and w,..; are the corresponding relative displacements.

Average +X/-X +Y/-Y +Z/-7
Simulation Applied Strain PBC PBC PBC
1. Z-Direction &y =¢&,, =¢€° — — Wrep = €° LY,

Extension

2. X-Direction 99 =4y =€° U =€’ LK — —
Extension

3. Y-Direction £33 = &, = ¢€° — Upet = €% LY, —
Extension

4. ZX Shear 2819 =2¢,, =€° Wy =¢°L% — —

5. XY Shear 2893 = 2&,, = €° — Upep = €° LY, —

6. YZ Shear 283 = 28, =¢° — Wy = €° LY —
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