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(ABSTRACT)



It has been observed that carbon nanotube (CNT)-polymer nanocomposite material has
observable piezoresistive effect, that is to say that changes in applied strain may induce
measurable changes in resistance. The first focus of the work is on modeling the piezoresis-
tive response of the CNT-polymer nanocomposites by using computational micromechanics
techniques based on finite element analysis. The in-plane, axial, the three dimensional
piezoresistive responses of the CNT-polymer nanocomposites are studied by using 2D, ax-
isymmetric, and 3D electromechanically coupled and multiscale finite element models. The
microscale mechanisms that may have a substantial influence on the overall piezoresistivity
of the nanocomposites, i.e. the electrical tunneling effect and the inherent piezoresistiv-
ity of the CNT, are included in microscale RVEs in order to understand their influence on
macroscale piezoresistive response in terms of both the normalized change in effective resis-
tivity and the corresponding effective gauge factor under applied strain. The computational
results are used to better understand the driving mechanisms for the observed piezoresistive
response of the material. The second focus of the work is on modeling the piezoresistive
response of fuzzy fiber reinforced polymer composites by applying a 3D multiscale microme-
chanics model based on finite element analysis. Through explicitly accounting for the local
piezoresistive response of the anisotropic interphase region, the piezoresistive responses of
the overall fuzzy fiber reinforced polymer composites are obtained. The modeling results not
only provide a possible explanation for the small gauge factors as observed in experiments,
but also give guidance for the manufacture of fuzzy fiber reinforced polymer composites in
order to achieve large, consistent, and predictable gauge factors. The third focus of the
work is on modeling the coupled effect between continuum damage and piezoresistivity in
the CNT-polymer nanocomposites by using computational micromechanics techniques based
on a concurrent multiscale finite element analysis. The results show that there is a good
correlation between continuum damage and piezoresistive response of the nanocomposites,
which gives theoretical and modeling support for the use of CNT-polymer nanocomposites

in structural health monitoring (SHM) applications for damage detections.
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Chapter 1

Introduction

Carbon nanotubes (CNT) are cylindrical fullerenes with closed or open ends. Since their
discovery by lijima (1991), they have drawn great attention of the scientific and engineering
communities. While single-walled carbon nanotubes (SWCNT) or multi-walled carbon nan-
otubes (MWCNT) have radii on the order of nanometers, they can have their lengths ranging
from less than one micrometer to several millimeters. The CNT’ unique molecular structures
make them yield extraordinary material properties. For example, it has been found that the
SWCNT have Young’s modulus on the average of 1000 GPa (Yu et al., 2000a), which is five
time higher than the one of steel, and in the mean while is only of one fifth to one sixth of the
density. The tensile strengths of MWCNT are observed to be from 11 GPa (Yu et al., 2000b)
to 150 GPa (Demczyk et al., 2002), which are one to two orders higher than the one of steel.
In addition, it is found that a SWCNT has a room-temperature thermal conductivity of 3500
W-m~'- K ! along its axis (Pop et al., 2006), which is one order higher than copper. Due to
the CNT’s multifaceted extraordinary material properties, it is beneficial to add the CNT

as a strengthening phase in the composite materials to improve their overall performances.

The CNT-polymer nanocomposite material is a type of polymer composites added by CNT's
as a strengthening phase. To date, several kinds of CNT-polymer nanocomposites have been

shown to have linear piezoresistive responses with small loadings of SWCNT or MWCNT (Zhang
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et al., 2006; Kang et al., 2006b, 2009; Bautista-Quijano et al., 2010; Oliva-Aviles et al., 2011;
Ferreira et al., 2012a,b). For example, Zhang et al. (2006) found in the small strain range of
1% that MWCNT /Polycarbonate (PC) films loaded with 5%wt MWCNT can yield a strain
sensitivity approximately 3.5 times that of a commercial (metallic) strain gauge. Kang et al.
(2006b) found the gauge factor of sensors made of SWNT/PMMA composites to range from
about 1 to 5 when the weight percentage of SWCNT range from 0.5%wt to 10%wt, with
the higher sensitivity being achieved using 3%wt to 10%wt SWCNT. Kang et al. (2009)
reported that for the SWNT/Polyimide composites sensors, the maximum gauge factor is
achieved at a concentration just above the percolation threshold concentration (0.05%wt
SWCNT) with a magnitude of 4.21. Bautista-Quijano et al. (2010) reported the gauge fac-
tors of thin films made of Polysulfone (PSF) and dispersed MWCNT to range from 0.48
to 0.73 when the weight percentage of MWCNT is between 0.2%wt to 1.0%wt. Ferreira
et al. (2012b) reported that the maximum gauge factor ranges up to 6.2 for the hot pressed
SWCNT/PVDF composites when the weight percentage of SWCNT is just below 2%wt. For
aligned MWCNT /PSF films with 0.5%wt MWCNTSs aligned by application of AC electric
fields during processing, Oliva-Aviles et al. (2011) reported a gauge factor of 2.78+0.42 for
tensile loading in the MWCNT alignment direction. It has also been observed that at a
concentration just above the CNT electrical percolation threshold, the piezoresistive stress
coefficient of SWCNT /Polyimide nanocomposites exceeds those of metallic materials (alu-
minum) by two orders of magnitude (Kang et al., 2009). Such piezoresistive properties make
CNT-polymer nanocomposites very attractive in the manufacturing of high gauge-factor

light-weight strain gauges.

In addition, researchers have also found that the piezoresistive response of the CN'T-polymer
nanocomposites can be an indicator of damage events within the material (Park et al., 2007;
Li and Chou, 2008; Saafi, 2009; Kim et al., 2010; Alexopoulos et al., 2010; Vadlamani et al.,
2012b,a; Cardoso et al., 2012; Heeder et al., 2012). For example, by using double-matrix
composite techniques, the carbon fiber fracture events were inherently sensed by the piezore-

sistive response of CNT-polymer nanocomposites, and it was found that the piezoresistivity
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of the nanocomposites can well capture the fiber fracture events (Park et al., 2007). Saafi
(2009) used wireless cement-CNT sensors for damage detection in concrete structures, and
it was found that the carbon nanotube networks can in-situ detect crack initiation and prop-
agation. Vadlamani et al. (2012b) dispersed 0.3%wt-0.5%wt CNTs into epoxy, and through
measuring the piezoresistivity of the CNT-polymer nanocomposites they studied the in-situ
sensing of nonlinear deformation, damage initiation, and growth within the material. There-
fore, in contrast to the customary surface strain measurements obtained from commercial
strain gauges bonded to the surface of structures, the CNT-polymer nanocomposite strain
gauges have the potential to be directly embedded in structural composites during composite

processing to provide internal and in-situ strain and damage sensing.

While there are ample experimental evidences demonstrating the piezoresistive response of
CNT-polymer nanocomposites, the mechanisms governing piezoresistivity of CNT-polymer
nanocomposites are less clear in terms of relative magnitude and interactions. At present,
several mechanisms are believed to contribute to the piezoresistive response of CNT-polymer
nanocomposites. For example, Fernberg et al. (2009) indicated that the geometric change
of the specimen will have an effect on its macroscale resistance behavior. Kang et al. (2009)
have indicated that the piezoresistive response of macroscale nanocomposite material origi-
nates from the tunneling effect (Simmons, 1963; Fuhrer et al., 2000; Budlum and Lu, 2001;
Li et al., 2007; Xia and Curtin, 2007; Li and Chou, 2008; Li et al., 2008; Theodosiou and
Saravanos, 2010; Hu et al., 2012) between conducting inclusions (CNTs) at the nanoscale
under compression or tension. It has been observed both experimentally and in modeling
that mechanical deformation of CNTs can directly lead to significant changes in their con-
ductance (Peng and Cho, 2000), indicating CNTs are themselves good strain sensors due to
inherent piezoresistivity. In order to aide in the design of piezoresistive nanocomposite strain
gauges with tailored sensitivities, it is necessary to develop an understanding of the under-
lying mechanisms at the micro and nanoscales which govern the macroscale piezoresistive

response.

The fuzzy fiber material (Bower et al., 2000; Thostenson et al., 2002; Zhu et al., 2003; Zhao
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et al., 2005; Ci et al., 2005; Mathur et al., 2008; Garcia et al., 2008; Sager et al., 2009; Ya-
mamoto et al., 2009, 2012; Wood et al., 2012; Sebastian et al., 2014) is an engineering material
that has a carbon, glass, ceramic, or alumina structural fiber core, with dense CNT ”forest”

coated on the fiber surface, as observed in Fig. 1.1. In the fuzzy fiber reinforced polymer

2um
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Figure 1.1: Fuzzy fiber material: a) A single fuzzy fiber with densely-packed and radi-
ally oriented CNTs on the surface (http://muril8.tamu.edu/). b) A single fuzzy fiber with

densely-packed and randomly oriented CNTs on the surface.

composites (FFRPC), the CNTs on the structural fiber surface form a multifunctional inter-
phase region, which can provide enhanced load transfer, damage resistance, higher thermal
and electrical conductivities, and electromechanical coupling in the form of piezoresistivity.
For example, it is found that fuzzy fibers coated with randomly oriented MWCNTs and
aligned MWCNTSs can have 71% and 11% increase respectively in interfacial shear strength
over the unsized and untreated fibers (Sager et al., 2009). It is measured that FFRPC with
alumina-fiber cores have a high electrical conductivity of >100 S/m and an enhancement of
thermal conductivity (~1 W/m K) (Yamamoto et al., 2012). Sebastian et al. (2014) inte-
grated fuzzy fiber sensors into composite structures to explore their internal sensing abilities.
It is found that the fuzzy fiber sensors with a gauge factor of 1.6 - 2.3, which is similar to con-

ventional strain gauges, can provide sensing over large sections and in locations not accessible
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to conventional strain gauging techniques. The multi-functionality of the interphase region
makes FFRPC good candidates for multifunctional applications such as structural health
monitoring (SHM), electromagnetic shielding, fire resisting and deicing (Yamamoto et al.,
2012; Sebastian et al., 2014). In contrast to the customary surface strain measurements,
FFRPC strain gauges have the potential to be directly embedded in structural composites
during composite processing to provide internal strain sensing (Veedu et al., 2006; Boger
et al., 2008; Yamamoto et al., 2012). In order to aid in the design of FFRPC strain gauges
with tailored sensitivities for SHM applications, it is necessary to develop an understanding

of the underlying mechanisms which govern the macroscale piezoresistive response.

To date, researchers have spent significant amount of efforts in modeling different kinds of ma-
terial properties, such as mechanical, thermal, electrical, acoustic, and magnetic properties
among others. Modeling efforts are of importance not only for better understanding of the
underling physics, but also sometimes for analysis, prediction, and optimization purposes.
For the CNT-polymer nanocomposite materials, different modeling techniques and meth-
ods such as molecular dynamics approaches (Frankland et al., 2003; Griebel and Hamaekers,
2004; Adnan et al., 2007; Zhu et al., 2007) and continuum micromechanics approaches (Fisher
and Brinson, 2001; Fisher et al., 2002, 2003; Bradshaw et al., 2003; Buryachenko and Roy,
2005; Liu et al., 2005; Liu and Brinson, 2006; Seidel and Lagoudas, 2006, 2009; Seidel and
Puydupin-Jamin, 2011; Ren and Seidel, 2013a,b; Spanos and Kontsos, 2008; Hadjiev et al.,
2006; Wagner, 2002) have been applied either independently or in a combination manner (Li
and Chou, 2003; Odegard et al., 2003, 2004; Seidel and Lagoudas, 2008). Such models are
substantially multiscale, and are developed not only based on observations and approxima-
tions of engineering physics, but also based on rigorous mathematics such as calculus and

statistics.

In this study, multiscale micromechanics piezoresistive models based on finite element anal-
ysis have been developed to systematically study the piezoresistive mechanisms of CNT-
polymer nanocomposites and FFRPC. The contents of the dissertation are arranged as fol-

lows: Chapter 2 discusses the work on modeling the influence of inherent piezoresistivity of
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the CNT on the overall piezoresistive response of the nanocomposites; Chapter 3 discusses
the work on modeling the coupled effect of electrical tunneling and inherent piezoresistive
effects within the CNT-polymer nanocomposites; Chapter 4 discusses the work on model-
ing the dispersion effect on the piezoresistive response of the CNT-polymer nanocomposites
via using a 3D multiscale computational model; Chapter 5 discusses the work on modeling
the initial electrostatic properties of fuzzy fiber reinforced polymer composites; Chapter 6
discusses the work on computational multiscale modeling and characterization of the piezore-
sistivity within the fuzzy fiber reinforced polymer composites; last but not least Chapter 7
gives modeling work of the coupled effect of damage and piezoresistivity within the CNT-

polymer nanocomposites.



Chapter 2

Computational Micromechanics
Modeling of Inherent Piezoresistivity

in CNT-Polymer Nanocomposites

2.1 Introduction

As introduction in Chapter 1, CNT-polymer nanocomposites have been shown to have linear
piezoresistive responses with small loadings of single-walled carbon nanotubes (SWCNT) or
multi-walled carbon nanotubes (MWCNT) (Zhang et al., 2006; Kang et al., 2006b, 2009;
Bautista-Quijano et al., 2010; Oliva-Aviles et al., 2011; Ferreira et al., 2012a,b). A mecha-
nism is associated with the CNTs themselves which have been shown to have a considerable
inherent effect which should not be neglected. It has been observed both experimentally and
in modeling that mechanical deformation of CNTs can directly lead to significant changes in
their conductance (Peng and Cho, 2000), indicating CNTs are themselves good strain sen-
sors due to inherent piezoresistivity. Efforts to quantify the inherent piezoresistivity of CNT's

have taken the form of both characterization and modeling experiments. For example, Chen
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et al. employed molecular dynamics simulations and quantum transport theory to study
the electrical properties of (12,0) zigzag carbon nanotubes under different uniaxial strains,
and found that a 1% strain can result in a 6.4% decrease in resistance (Chen and Weng,
2007). Tight-binding and zone-folding approximations have been used to predict the strain
sensitivity of a carbon nanotube, which is found to be based on its chiral indices (n,m), and
varies widely with the electrical structures (Cullinan and Culpepper, 2010; Anantram et al.,
1999). Experimentally, Tombler et al. (2000) applied strain to a suspended CNT using AFM
tips and observed that the conductance of the CNT could change by as much as two orders
of magnitude under the applied strains. Stampfer et al. (2006) measured the relative differ-
ential resistance sensitivity for a metallic SWNT of up to 27.5% per nanometer of deflection
from which a piezoresistive gauge factor of a SWNT of up to 2900 was extracted. To our
knowledge, there has been no clear discussion and quantification as to what magnitude of in-
herent CN'T piezoresistivity is needed to achieve macroscale nanocomposite gauge factors on
the order of 2 to 5 if this mechanism was indeed the driving force behind the nanocomposite

piezoresistive response.

In this study, a computational multiscale micromechanics model based on finite elements
analysis is developed and used to determine the changes in macroscale resistance (i.e. ef-
fective macroscale piezoresistance) due to changes at the microscale associated with CNT
deformation and inherent piezoresistivity. The effects of CNT geometry, local volume frac-
tion, and inherent piezoresistive coefficients on the macroscale piezoresistivity are studied
parametrically. The results are discussed in the context of experimentally observed gauge
factors for nanocomposites and the strength of electromechanical coupling needed to achieve

observed responses.
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2.2 Multiscale Model for the CNT-Polymer Nanocom-

posites

In the CNT-polymer nanocomposites, the strains in the CN'T's may have an effect on their
resistivities, therefore the mechanical and electrical properties of the nanocomposites are
one way coupled. In other words, the mechanical properties of the domain may influence
its electrical properties, but not vice versa. Typically, the dispersion and shape of CNTs in
the CNT-polymer nanocomposites may be complicated, e.g. the CNTs can be curved along
their axes, randomly oriented, and bundled with the other CNTs. In order to focus the
present study on the potential impact of inherent piezoresistivity of CNTs on the macroscale
piezoresistive response of nanocomposites, we have selected a multiscale idealization as shown
in Fig. 3.1. In this representation, the CNTs are assumed to be well-dispersed, aligned and
perfectly bonded to the surrounding polymer. The governing differential equations describing

mechanical and electrostatic responses of the nanocomposites are given below:

ae - CNT |
e Polymer matrix
J E;® )23 5{1 111J::11,.l![:\‘k' d

="M

i
lll .. :I :I 3‘ ){2
" (1 il

i i Xl

ég% r@&ﬁ;y @o=xE (%) .

Macroscale B.V.P. Microscale B.V.P. Microscale RVE

Figure 2.1: The hierarchical multiscale modeling of nanocomposites in which there are well-

dispersed and aligned CNT's
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Mechanical Governing Differential Equations at the Macroscale

For quasi-static conditions and omitting body forces, conservation of linear momentum at

the macroscale can be written in cartesian coordinate system as
&ij,j == 0 (21)

where the overscript "~” denotes variables at the macroscale. Note that the summation
convention is used with i, j ranging from 1 to 3 and the comma denotes spatial differentiation.
The infinitesimal strain displacement relations at the macroscale are given by

- L, ~

Eij = 5 (Ui + ;) (2.2)
The macroscale constitutive relation for the mechanical boundary can be expressed as:

Gi; = Cién (2.3)

where CFJ; are the effective macroscale stiffness components which are obtained from the

volume averaged stress-strain response at the microscale as
(03j) = Chi{en) (2.4)

where the brackets (-) denote volume averaging over the appropriate microscale representa-
tive volume element (RVE). The mechanical boundary value problem is completed through

the specification of the boundary conditions which can be given by
@ =) onS, (2.5a)
and
ti = TNL]'&Z‘]‘ = to on Sa (25b)

where the complete macroscale boundary is specified as the union of .S, and S,. It is noted
that the macroscale effective mechanical properties obtained from the microscale bound-

ary value problem are independent of the macroscale boundary conditions, and thus, need
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only be determined once at the initiation of the piezoresistive simulations. The macroscale
effective elastic properties can therefore be obtained by using either computational microme-
chanics method (Hammerand et al., 2007) or by using composite cylinder method (Seidel
and Lagoudas, 2006).

Electrostatic Governing Differential Equations at the Macroscale

The steady-state conservation of charge equation at the macroscale can be denoted in carte-
sian coordinate system as:

)

where J; is the current density at the macroscale. The macroscale electrical field is obtained

as the negative of the gradient of the macroscale potential as
E,=—-9; (2.7)

where E; and @ are the electric field and electric potential respectively at the macroscale.
In an analogous manner as in the macroscale mechanical boundary value problem, the con-

stitutive relation for the macroscale electrical boundary value can be expressed as

or

J; = kPR E; (2.8b)

where p;Ejﬁ and ﬁ%ﬁ are the effective macroscale resistivity and conductivity components
respectively, which are obtained from the volume averaged current density-electric field re-

sponse at the microscale as

(Ei) = pii (J) (2.9a)

or
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where the brackets again denote volume averaging over the appropriate microscale RVE. The
electrical boundary value problem is completed through the specification of the boundary
conditions which can be given by

&0
— o _
d =" onS. (2.10a)

and

7 J; = J° on Sy (2.10D)

where the complete macroscale boundary is specified as the union of Sg and S;. It is noted
that the macroscale effective electrical properties obtained from the microscale boundary
value problem are independent of the macroscale electrical boundary conditions. However,
due to the piezoresistivity at the microscale, the macroscale effective electrical properties
do depend on the macroscale mechanical boundary conditions. As such, the effective elec-
trical properties must be determined at each mechanical load step. The macroscale effec-
tive electrical properties must therefore be obtained in an incremental manner using either
computational micromechanics method or composite cylinder method for specific material
symmetries of electrical material properties (Seidel and Lagoudas, 2009; Ren and Seidel,

2011).

Mechanical Governing Differential Equations for the Microscale RVE

The 3D microscale RVE for aligned CNT nanocomposites (Fig. 3.1) can be reduced to two 2D
RVEs in order to save computational time. As seen in Fig. 3.2a, due to high aspect ratios
(>200) of CNTs, the transverse properties of the nanocomposites are typically modeled
using the regular hexagonal array RVE under in-plane strain assumption. The annulus
areas represent the cross-sections of CNTs, and the remaining area is pure polymer matrix.
Correspondingly, a plane strain periodic finite element model is constructed to model the
piezoresistive response of the nanocomposites in the transverse directions. On the other
hand, for cases where the loading is axisymmetric, for example in the uniaxial tension test,

the axial properties of the nanocomposites are modeled by using a 2D axisymmetric RVE
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Figure 2.2: Microscale RVEs for the nanocomposites with well-dispersed and aligned CNTs.
a) is the transverse hexagonal microscale RVE with the volume fraction of the CNTs being
10%. b) is the axisymmetric microscale RVE with the volume fraction of the CNT being
0.5%vol and the aspect ratio of the CNT being 20 (The aspect ratio used here is only for
demonstration purposes as the real aspect ratio used in the computations is much higher
(>200)). X; and X5 are in the same plane as X, and Xy. W is the width of the hexagonal
microscale RVE in X; direction, and Wy is the width of the hexagonal microscale RVE in
X, direction. L is the length of the axisymmetric microscale RVE in X, (or X3) direction,

Lent is the length of CNT, and R is the half distance between two adjacent CNTs.

that is axisymmetric about the axis (Fig. 3.2b). The highlighted area is CNT, and the
remaining area is pure polymer matrix. Correspondingly, an axisymmetric finite element

model is constructed to model the axial piezoresistive response of the nanocomposites.

For quasi-static conditions omitting body forces, conservation of linear momentum for the

microscale RVE can be written in cartesian coordinate system as

Oij.5 — 0 (211)
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where under the plane strain assumptions of the transverse hexagonal RVE o3 and o93 are
zero. For the axisymmetric microscale RVE, it is more convenient to express conservation of

linear momentum in cylindrical coordinates as

aarr agrz Orr — 000
+ =+

5 =0 (2.12a)
80—7‘2 80—2’2 O-TZ
—_— 4 —= = 2.12
or 0z r 0 ( b)

where it is noted that terms involving 6 shear components or differentiation with respect to
have been eliminated from the general cylindrical form. The infinitesimal strain-displacement

relations for the microscale RVE are given in Cartesian coordinates by
1
62‘]' = E(Ui,j + iji) (213)

where under the plane strain assumptions for the transverse hexagonal RVE €13 = 0, 93 = 0,
and €33 = 0. For the axisymmetric microscale RVE the strain-displacement relations in

cylindrical coordinates are given as

ou, Uy ou,
Err = €00 = —, Ezz =
o or’ r’ =0z
1 0u, Ou,

€9. =0, &, g0 = 0. (2.14)

=— + 7

2( or 0z )
At the microscale, the CNT annulus and polymer matrix can be assumed to be isotropic
linear elastic materials (Saito et al., 1998) such that their constitutive relationships can be

denoted with the Lame constants as
045 = 2,uC€Z-j + Acgkkéij (215&)

Oij = 2/,LM€Z']' + )\Mekk&j (215b)

where the superscripts C and M on the material properties denote CNT and polymer matrix

respectively, and the standard relationships p = ﬁ and \ = (1+Vﬁ+21/) hold. The bound-

ary conditions on the microscale RVE can be expressed as either traction or displacement

boundary conditions by
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such that in general the macroscale and microscale RVE stresses and strains can be related

to one another through microscale volume averages as
5i;(Xx) = (015) (2.17a)
£ii(Xx) = (eis) (2.17b)
where 7;; (X;) and é'ij(f( 1) are the macroscale stress and strain at a macroscale material point
X which the microscale RVE represents. Note that in Eqs. (3.1) - (3.3),1,j,k = 1,2, 3 in the

Cartesian coordinate system of the transverse hexagonal microscale RVE, while i,j,k = 1,0, 2

in the cylindrical coordinate system of the axisymmetric microscale RVE.

Electrostatic Governing Differential Equations for the Microscale RVEs

The steady-state conservation of charge equation for the microscale RVE can be denoted in
Cartesian coordinates as:

)

where J; is the current density, and where under in-plane electrostatic assumptions Js 3 = 0.
For the axisymmetric microscale RVE, it is again more convenient to express conservation

of charge in cylindrical coordinates as

aJ, o0J. 1
or i 0z +;Jr =0 (2.19)

where it is noted that terms involving 6 current density components or differentiation with
respect to 6 have been eliminated from the general cylindrical form. The microscale RVE

electric field is obtained as the negative of the gradient of the microscale potential as
Ei=—, (2.20)

where F; (i = 1,2,3) and ® are the electric field and electric potential respectively as applied

in Cartesian coordinate system at the microscale and where under in-plane electro-static
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assumptions it is noted that EF3 = 0. For the axisymmetric microscale RVE the electric field

is obtained from the potential in cylindrical coordinates as

0P
0P
B, = (2.21b)

where it is noted that terms involving the differentiation with respect to # have been elimi-
nated from the general cylindrical form. For the microscale RVEs, Ohm’s law can be written
as

E; = p§,J; (2.22a)

E; = p}J; (2.22Db)

J
where the superscripts C and M on the resistivities denote CNT and polymer matrix, re-
spectively, such that the inverses of Eq. (3.6a) and (3.6b) yield the electrical conductivities

of the CNT and polymer matrix, respectively, as
Ji = K E; (2.23a)
Ji = K} E; (2.23b)

Note that in Eq. (3.6) and Eq. (2.23), i,j,k = 1,2,3 in the Cartesian coordinate system of
the transverse hexagonal microscale RVE, while i,j,k = 7,6, z in the cylindrical coordinate

system of the axisymmetric microscale RVE.

As the pure polymer matrix is not expected to be piezoresistive, the resistivity remains fixed
under the applied strains. However, the CNTs are expected to exhibit inherent piezoresis-
tivity such that the instantaneous resistivity, picj is a function of the local strain state within

the CNT and can therefore be written as
Pl = pij +Dpi; (2:24)

in which pgo are the initial zero strain resistivities of the CNT, and Ap?j are the change in

resistivities induced by inherent piezoresistive effect of the CNT as obtained from

Apg- = gicjklgkl (2.25)
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The gicjkl are the piezoresistive strain coefficient components of the fourth order piezoresistive

coefficient tensor of the CNT which in general has 81 components. However, due to the

symmetry of both the resistivity and strain, i.e.

Apy = Apj,

€kl = €k
one may write
c _ ,C
8ijkl = 8Bjiki

c _ C
8ijkl = 8ijlk

(2.26a)

(2.26D)

(2.27a)

(2.27b)

The piezoresistive constitutive equation can therefore be denoted in Voigt notation as

Y I A AR Y
Apf§ g5 8% 8% 85 85 8 2
Apf || &5 g% g5 g5 g5 8% €3
Ap§ gh 8 85 8L 8% g 2e4
Apg ggl ggz gg?) g5c4 gs% gSCG 2e5

L A5 ) [ e sk 86 g6 86 86k | 2

)

/

(2.28)

in which the number of the piezoresistive strain coefficients gicj is reduced to 36 with the

Voigt notation correspondence in Cartesian coordinates given by
Apy = Apyy,  Apy = Apy,  Apy = Apsy

Apf = Apsy,  Aps = Aply,  Apg = Apl,
€1 =¢€11, ¢&E2=¢E922, £E3=E33

€4 = €23, &5 =¢€13, £ =CE12

(2.29)

Similarly, in Eq. (2.28) the Voigt notation correspondence to cylindrical components is given

by:
Apy = Apr Apy = Dpgg,  Apy = Ap,
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Ap§ = Dpg.,  Ap§ = Apr, Dpg = Dply
&1 = &Epr, E9 = Eyg, E3 = &,
E4=CEps, E5=Er, E6=Erp (2.30)

Based on CNT geometry and composition!, the CNT piezoresistive strain coefficients are at

most of transversely isotropic symmetry, and can therefore be expressed as

(200 66 2% g% 0 0 o ][ &)

Ap§ g eh e 0 0 0 €2

Ap§ _ gi; & g5 0 0 0 ) €3 (2.31)
Ap§ 0 0 0 ¢gf 0 0 2e4

ApS 0 0 0 0 g o0 25

(A§ ) L0 0 0 0 0 g5 | 20

The number of independent components of the gicj matrix is thus reduced to 5 with g5; =
%. However, gicj = g]CZ- is based on an assumption which still needs to be further verified
by either laboratory or lower length scale computational experiments as current efforts in
this area have only explored the axial component, g3. It is further noted that Eq. (2.31)
can be reduced according to the assumptions regarding zero strain components for both the
plane strain hexagonal and axisymmetric microscale RVEs as indicated above. The electrical

boundary conditions on the microscale RVE can be expressed as either current density or

potential conditions by

® = 2;E:(Xy) (2.32b)

such that in general the macroscale and microscale RVE current densities and electric fields

can be related to one another through microscale volume averages as

Ji(X) = (i) (2.33a)

LObserving that the piezoresitive stress coefficient matrix for Germanium and Silicon displays diagonal
symmetry (Smith, 1954), we assume this to likewise be the case for the piezoresistive strain coefficient matrix

for the CNT.
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(X)) = (E) (2.33b)

where J;(X},) and F;(X},) are the macroscale current density and electric field at a macroscale
material point X which the microscale RVE represents. Finally, as the local CNT resistivity
according to Eq. (2.31) is now a function of the local strain in the CNT which in turn is in-
fluenced by the specific mechanical boundary conditions being imposed from the macroscale,
the CN'T and hence effective nanocomposite conductivities will therefore be functions of the

applied mechanical loads at the macroscale.

2.2.1 Boundary Conditions and Effective Properties
Mechanical Boundary Conditions

The macroscale material’s effective elastic material properties can be obtained by construct-
ing strain energy equivalence between the microscale RVE and the effective homogeneous
representation using homogeneous periodic mechanical boundary conditions (Bensoussan
et al., 1978). In the present work, periodic displacement boundary conditions consistent
with certain desired uniform macroscale strain states are applied to the microscale RVEs
which are known to be good representations for aligned well-dispersed fiber arrangements.
The uniform strain fields chosen here are consistent with those present in macroscale plane-
strain tension tests and uniaxial tension test, which could be used to get effective elastic
properties for the nanocomposites from the volume averaged stress and strain relationships
provided in Eq. (2.4) (Hammerand et al., 2007). Herein the focus is on the piezoresistive
effect, thus the choice of the tests are to demonstrate the magnitude of the impact of different
strain states on the effective piezoresistive response of the nanocomposite material. The de-
tailed periodic mechanical boundary conditions are listed in Table 3.1. It can be noted that
under the in-plane strain assumption, the displacement field components u; and us for the
transverse hexagonal microscale RVE are independent of X3, while under the axisymmetric

assumption, the displacement field components u, and wu, for the axisymmetric microscale
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Table 2.1: Boundary conditions for the 2D microscale RVEs as shown in Fig. 3.2a and

Fig. 3.2b.
Type of test B.C:s
Uniaxial tension test for the t-(R, X,) =t.(R,X,) =0

axisymmetric microscale RVE of

Fig. 3.2b ur(Xe, %) — up(Xp, %) =0

Plane-strain uniaxial tension test for — uy (32!, Xo) — ug(— %2, Xp) = —v4,60W;
transverse hexagonal microscale RVE

of Fig. 3.2a up (%L, Xo) — ua(— 1, X5) = 0

Plane-strain biaxial tension test for ul(%, Xo) — ul(—%, Xo) = oW,
transverse hexagonal microscale RVE
of Fig. 3.2a up (B, Xo) — ua(— 3, X5) = 0

uy (X1, B2) —ug (X, —%2) =0

2

ug (X1, Y2) — up (X1, =) = 6gW,

Eff Eff Eff
V. v 12 . . . .
a ) =Yt See Appendix A for detailed derivations.
21 1-vzsivys
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RVE are independent of Xy. The strain £y corresponds to the strain on a macroscale material

point under tension, and is quasi-statically increased within the linear elastic range.

In general, the effective elastic properties can be obtained from the strain energy equivalency
between the microstructural representation (i.e. the RVE) and an effective homogeneous
material having the same exterior geometry and boundary conditions. The equivalency can

be expressed as

(i) = (WHVB) = (WBT) = (BB (2:34)

where 0' f and 8 ' denote the stress and strain fields in the homogenous material represen-
tation. Through the application of the Hill-Mandel theorem, the energy equivalency can be

expressed as

(i) ei) = (o5 ) el ) = (Ciimer Meii) = Chmler e (2.35)

As both the microstructural RVE and effective homogeneous representation are subjected to
the same displacement boundary conditions (g;;) = (g;)F), and thus Eq. (2.4) is recovered.
It can be shown that CEX i;i Obtained in this manner under the assumptions of linear elastic
perfectly bonded phases within the microstructure is independent of the strains associated

with the applied displacements, i.e. of &g.

Electrostatic Boundary Conditions

In an analogous manner as in the mechanical problem, the macroscale material’s effective
electrostatic material properties can be obtained by constructing electrical energy equivalence
between the microscale RVE and the effective one with homogeneous periodic electrical
boundary conditions applied. In the present work, periodic potential boundary conditions
consistent with certain desired uniform electric field states are applied to the microscale
RVEs, as listed in Table 3.2. Under the in-plane electrostatic assumption, the potential
field ® for the transverse hexagonal microscale RVE is independent of X3, while under the

axisymmetric assumption, the potential field ® for the axisymmetric microscale RVE is
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Table 2.2: Electrostatic boundary conditions for obtaining the effective electrical conductiv-

ities.

Type of test B.Cs
For obtaining k2% (k51) in the ®(X,, %) — ®(X,, —%) = EL

axisymmetric microscale RVE ~ J.(R, X,) =0

For obtaining < in the (X, ) — @(X;,—22) =0
transverse hexagonal RVE OV, X)) — (-T2, Xo) = EgW,
For obtaining x5 in the (X, ¥2) — O(Xq, —2) = EgW,
transverse hexagonal RVE OV, X)) — (B2, X5) =0
For obtaining xf in the OV, Xy) — P(—%2, Xo) = EgW,
transverse hexagonal RVE (X, ¥2) — @(X;, —22) = EgW,

independent of Xj.

In general, the electrical conductivities can be obtained from the electrical energy equivalency
between the microstructural representation (i.e. the RVE) and an effective homogeneous
material having the same exterior geometry and boundary conditions. The equivalency can
be expressed as

(JiB;) = (WRVE) = (WP = (JFREPT) (2.36)
where JET and EFT denote the current density and electric field in the homogenous material
representation. Through the application of the electrical analogy to the Hill-Mandel theorem,

the energy equivalency can be expressed as
(S Es) = (JPN(EPT) = (i EFT(EST) = ki (BFT)(EPT) (2.37)

As both the microstructural RVE and effective homogeneous representation are subjected
to the same potential boundary conditions, (E;) = (ET), and thus Eq. (2.9b) is recovered.
While it can be shown that H;Ejﬂ obtained in this manner under the assumptions of linear
material behavior and perfectly connected phases within the microstructure is independent

of the electric fields associated with the applied potentials, i.e. of Eg, it must be noted
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however, that due to the inherent piezoresistivity of the CNTs, the effective conductivity is

a function of the strains associated with the applied displacements, i.e. m?jﬁ = m?jﬁ(ekl).

2.2.2 Piezoresistive Algorithm

An incremental algorithm for determining the piezoresistive response of the nanocomposites
is developed within a finite element framework, and is applied to the 2D microscale RVEs as
shown in Fig. 3.2. The Galerkin and Ritz methods are used, respectively, for the formulation
of in-plane and axisymmetric piezoresistive finite element models. The mechanical and elec-
trostatic finite element formulations are coupled together sequentially with the mechanical
formulation used to first obtain the strains in the microscale RVEs which are then used as
inputs for the electrostatic formulation. The detailed piezoresistive algorithm is provided in

Fig. 2.3. In step 1 of the algorithm, the electrostatic potential boundary value problems as

Step 1: (Electrostatic) Determine zero strain effective
electrical conductivities at desired
volume fraction

4

Step 2: (Mechanical) Apply load increment and
determine strain distribution

4

SE‘;e/f 33( o Mochanidal Apply piezoresistive equation
(Electrostatic-Mechanica and update local resistivities

coupling)

Step 4: (Electiostatic) Ny | \PPIY @ppropriate electrical
potential to determine effective

electrical conductivity

Figure 2.3: The piezoresistive algorithm of the finite element model

identified in Table 3.2 are applied to the initial undeformed microscale RVEs resulting in
potential distributions, and the electrical energy equivalence is used to obtain the conduc-

tivities of the effective microscale RVEs. In step 2, the first mechanical load increments are
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applied to the microscale RVEs according to the boundary conditions identified in Table 3.1,
resulting in the local strain distributions. In step 3, the local strains in the CNT obtained
from step 2 are used in the piezoresistive constitutive relation to determine changes in the
local resistivities of the CNTs. In step 4, the same electrostatic potential boundary value
problems from step 1 are applied again to the microscale RVEs with updated local electrical

properties of the CNT, with the electrical energy equivalency enforced to obtain the effective

conductivities /{;Ejﬂ(skl) of the effective microscale RVEs. Step 2 through step 4 are then
repeated for subsequent loading increments. From this process the effective electrical prop-
erties of the microscale RVEs with inherent piezoresistive effect of the CNT can be obtained
as a function of the applied macroscale homogeneous strain, i.e. the load dependent but

reversible macroscale effective piezoresistive response.

In order to compare with measures more commonly used in experiments, the effective re-
sistivities i (e) (inverse of k)" (e4)) obtained in the plane-strain tension tests and uniax-
ial tension test can be converted into macrsocale nanocomposite gauge factors. As shown

schematically in Fig. 6.2, the gauge factor for a uniaxial tension test can be expressed in

general as
eLf oL
P AT P a0
G = — A (2.38)
g o

where G is the gauge factor, ¢ is the applied strain, and R is the resistance measured
between two electrodes. The change in resistance can be expressed in terms of the initial
resistivity, p°, the undeformed distance between electrodes, L°, the undeformed electrode
area, A, and their corresponding measures in the deformed configuration of p/, L/, and A/,
respectively. For the uniaxial tension test, the deformed distance between electrodes and
deformed electrode area can be expressed in terms of the applied strain as L/ = L°(1 + &)
and AY = A%(1 — v3160)(1 — v3260), respectively, so that G in Eq. (2.38) becomes

1 pf 1—|—€0
G=—(— -1 2.39
€O(p0 (1 — 1/3180)(1 — V32€0) ) ( )

For the metal alloy wires commonly used in strain gauges, the initial and final resistivities

are the same, so that the gauge factor is governed by the isotropic Poisson’s ratio, and results
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in an approximately linear relationship between normalized change in resistance and strain

(i.e. with G as the slope of the curve) for small strains.

However, the inherent piezoresistivity of the CNTs means that the initial and final resistiv-
ities of the nanocomposite will differ from one another, introducing additional non-linearity
in the gauge factor. As such, the effective gauge factor for the nanocomposite as obtained

from a uniaxial tension test in the CNT alignment direction (i.e. from the axisymmetric
RVE) would be determined as

1 pgg(éfo) 1 + o

GEff — _(
o p5I(0) (1 — vAfTeg)?

~1) (2.40)

Eff _ E

where the transverse direction is the isotropic plane such that vt = I = B which can

be obtained from the volume averaged strain response from one of the strain increments
(i.e. the first time conducting step 2 of the algorithm), or may be calculated a priori using
established tools such as the Mori-Tanaka method (Mori and Tanaka, 1973; Benveniste, 1987)
for microscale RVEs containing finite aspect ratio CNTs or from the composite cylinders
method (Seidel and Lagoudas, 2006) for infinitely long CNTs (i.e. aspect ratios greater than
2002 (McCullough, 1990)). For the case of plane strain uniaxial tension (i.e. uniaxial tension

in the transverse microscale RVE), the nanocomposite gauge factor can be derived from

Eq. (2.38) and obtained as®

1 p5 (o) 1+¢9
GEf — — (222 —1) (2.41)
g0 Py (0) 1 — —(”glfj:g:g)m

2Micromechanics analysis for fiber reinforced composites with aspect ratios of 200 or greater have been
observed to yield effective elastic properties nearly equal to those obtained when using infinitely long (con-
tinuous) fibers, even when the differences in elastic properties are 2 to 3 orders of magnitude between the
fiber and matrix (McCullough, 1990). However, for the effective electrical properties which have differences
in conductivities of more than 14 orders of magnitude, much larger aspect ratios are required to have the
same correspondence between the finite aspect ratio and continuous fiber cases, i.e. to be able to ignore end
effects, as observed in Ref. (Seidel and Lagoudas, 2009; Seidel and Puydupin-Jamin, 2011) and in here in

Fig. 2.8(b) in which the zero strain effective resistivities are plotted as a function of aspect ratio.
3See Appendix B for detailed derivations of the effective gauge factors of the plane-strain tension tests.



Xiang Ren Chapter 2 26

Similarly, for the transverse plane strain symmetric biaxial tension case, Eq. (2.38) becomes

independent of the effective Poisson’s ratios, and is given by

Eff
g 1 Pao (€0)
G™ = —( —1) (2.42)
BT 0
g0 p3s (0)
Area: A Area: A Electrode
& ;
Electrode L Electrode L
Electrode Electrode CNT
X[ - |
Xz

(a) (b) (c)

Figure 2.4: Schematic representation of the calculation of macroscale gauge factors for a) a
general uniaxial tension tension test, b) a uniaxial tension test in the alignment direction
of an effectively transversely isotropic nanocomposite, and c) a uniaxial tension test in the

transverse direction of an effectively transversely isotropic nanocomposite.

2.3 Results and Discussion

The polymer matrix used in the model is the epoxy resin EPON 828 which is assumed to
be isotropic linear elastic below its glass transition temperature. The detailed mechanical,
electrical and geometric parameters of the CNT and EPON 828 matrix are listed in Table 2.3:
Experimental efforts have demonstrated that the gauge factor of a single metallic SWCNT
(GY) can be as high as 2900 (Stampfer et al., 2006), which can thus be used to determine
an initial value for the CNT piezoresistive strain coefficient by rearranging Eq. (2.38) as

(1 —vec)?

zTr

2.43
- (2.43)

pe.(ec) = pSL (G + 1)
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Table 2.3: Mechanical, electrical and geometric parameters for the CNT and EPON 828
polymer matrix (Hammerand et al., 2007; Seidel and Lagoudas, 2009; Ebbesen et al., 1996;
Schadler et al., 1998; Arris, 2000). The conductivity of the CNT listed here is the initial

conductivity with zero strain.

Properties )
Geometry Mechanical Electrical
Materials
Rouw=0.85nm | £ = 1100Gpa
Single-walled CNT Kk =10°S/m

R1,=0.51nm v=0.14

v E =3.07Gpa

EPON 828 Vi=1-— 5z k=149 x 10795/m

e v=0.3

where it has been understood that the experimental conditions are most reflective of uniaxial
tension of the CNT along the CNT axis. Applying the piezoresistive constitutive equation

and solving for the axial piezoresistive strain coefficient one obtains

1 (1 —1vC¢ec)?
C Co C zr Co
= — G +1)—= — 2.44

Using the data from Table 2.3 and the gauge factor of 2900 and CNT strain value of
ec = 1.5% obtained from Ref. (Stampfer et al., 2006), a CNT axial piezoresistive strain
coefficient of g€ =2.84E-2Q - m is obtained and used along with additional selected values
in a parametric study of the piezoresistive response of CNT-polymer nanocomposites the

outcomes of which are discussed below.

2.3.1 Nanocomposite Piezoresistive Response Under Uniaxial Ten-

sion in the CNT Alignment Direction

The axisymmetric microscale RVE is used to parametrically assess the influence of CNT
gauge factor on the macroscale piezoresistive response of nanocomposites in tension in the

CNT alignment direction. Five CN'T gauge factors are considered, with the first case cor-
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responding to the experimentally reported CNT gauge factor. The CNT gauge factors and
their corresponding axial piezoresistive strain coefficients are provided in Table 2.4. It is
noted that in order to focus on the dominant strain component’s impact on piezoresistivity

it is assumed that only the axial piezoresistive strain coefficient is non-zero. The evolution

Table 2.4: The conversions from CNT gauge factor to CN'T axial piezoresistive strain coeffi-
cient g€, in which case AU1 is converted at the strain ec = 1.5% as in Ref. (Stampfer et al.,
2006), and cases AU2-AU5 are converted at the strain e = 1%. For each case it assumed

that all other glcj are zero.

Case# GO gl (2-m)
AU1 2900 2.84E-2
AU2 1E6 9.87E0
AU3 1E11 9.87EbH
AU4 1E13 9.87E7
AU5 1E17 9.87E11

of local strains and resistivities under applied macroscale strain increments are provided
in Fig. 2.5 for a CNT volume fraction of 0.20 and aspect ratio (AR = ﬁ) of 5 and for
a CNT gauge factor corresponding to Case AU1l. The contour plots demonstrate the di-
rect correspondence between changes in local strain in the CNT and changes in the local
CNT resistivity while the local matrix resistivity remains unchanged despite changes in local
strains. Further verification of the piezoresistive implementation within the microscale RVE
is obtained by plotting the resistivity as a function of applied boundary strain for an ele-
ment located in the middle of the CNT as provided in Fig. 2.6. It is observed that the axial
resistivity of the CNT element is changing as a linear function of the boundary strain while
the conductivity varies as its inverse, and therefore accurately reflects the linear piezore-
sistive constitutive response of the CN'T. Though not present in the axisymmetric uniaxial

tension results provided here, it is worth noting that compressive strains of a sufficiently
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large value for a given CNT piezoresistive strain coefficient can lead to negative values for
the conductivity. As such cases are deemed to be not of physical interest herein, tension-
compression asymmetry is introduced into the piezoresistive response such that at a critical
compressive strain value, the linear piezoresistive response should smoothly transitions to
one which asymptotically approaches zero. For practical simplicity, in the present work a
constant small resistivity value is used at the critical compressive strain value and maintained
throughout further compressive strains in a manner analogous to a perfectly plastic response
in mechanical loading, with the exception being that unloading follows the same path as
loading in the piezoresistive case (as opposed to unloading elastically in the mechanical ana-
log). This behavior will play a role in some of the transverse hexagonal microscale RVE cases
to be discussed in Section 3.2 for large CN'T gauge factors. Having demonstrated successful
implementation of the piezorsistive algorithm, the remaining results focus on nanocomposite
effective piezoresistive response for CNT having higher aspect ratios (e.g. 50, 100, 200, 300,
1000, 3000 and infinite), and at CNT volume fractions of 0.005, 0.01, 0.05, and 0.10. It is
noted that common SWCNT aspect ratios range between 300 to 600, and in some cases to
more than 1000. It is also noted that, the vertical separation between the end of the CNT
and the boundary of the axisymmetric RVE is set to be consistent with the maximum allow-
able separation at the CN'T aspect ratio of 1 for every given volume fraction. The separation
is then held constant for higher aspect ratios so that in the limit case the radius R becomes

the one of the infinite case of which the transverse hexagonal RVE is a good approximation®.

The influence of the CN'T gauge factor on the change in effective axial resistivity component
as a function of applied boundary strain, i.e. ApEt = pEl(g) — pPH(0), is provided in Fig. 2.7.
In Fig. 2.7(a) the change in effective axial resistivity of the nanocomposite for Case AU1
(CNT gauge factor of 2900) is observed to behave in an approximately linear fashion with

respect to the applied boundary strain up to 1% strain. As such, one could directly determine

an effective piezoresistive strain coefficient for the nanocomposite of g = 4.26 Q - m from

4See Appendix C for the geometry correspondence between axial and transverse RVEs.
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Figure 2.5: The evolution of local strains and resistivities under applied macroscale strain
increments for a CN'T volume fraction of 0.20 and aspect ratio of 5 and for a CNT gauge
factor corresponding to Case AUl. A potential difference of 1V is applied between the
top and bottom edge of the microscale RVE. The results are shown in the form of contour
plots of the axial strain component ¢,, and axial resistivity component p,, in response to
the applied homogeneous boundary strain which is linearly increased from 0% to 1%. The
volume fraction of the CNT in the microscale RVE is 0.20, with an aspect ratio of 5, which
are higher and lower, respectively, than typical CNT-polymer nanocomposite values, but are

selected here to better view changes within the CNT.

the slope of the line. However, as the CNT gauge factor is increased, the change in the
effective axial resistivity of the nanocomposite as a function of applied boundary strain
becomes non-linear, as shown in Fig. 2.7(b) for Case AU4 (CNT gauge factor of 1E13). As
this non-linearity is observed at applied strains of less than 1% where the common metallic
materials in strain gauges would demonstrate a linear response due strictly to geometry and

Poisson’s ratio (i.e. pf/p® = 1), the non-linearity is directly attributed to difference in final
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Figure 2.6: The change of electrical properties within an element of the CNT in response to
the applied boundary strain, €3. The results correspond to an element near the center of the
CNT shown in Fig. 2.5, and are therefore reflective of a CNT with AR = 5 and gauge factor
of that of Case AU1 at a CNT volume fraction of 0.20.

and initial nanocomposite conductivities. Further, as the CNT piezoresistive constitutive
response remains linear throughout the range of applied boundary strains, the nanocomposite
non-linearity is therefore associated with the evolution of the local strain fields under the
applied load. In Fig. 2.7(c) it is noted, however, that the change in effective nanocomposite
conductivity as function of applied boundary strain can reach a saturation limit. This
is because, under sufficiently large enough applied strains, the CNT resistivity effectively
becomes greater than that of matrix, thereby switching the composite behavior from that
of conductive fillers in a non-conducting matrix to a non-conducting matrix with voids.
Even though the piezoresistivity of the CNT may lead to CNT resistivities which are very
large compared to that of the matrix, as the volume fraction of CNT remains fixed, at the
saturation point the matrix essentially only experiences a negligibly better approximation
of void from the CNT so that the effective nanocomposite resistivity no longer appreciably
increases with increasing applied boundary strain. The larger the CNT gauge factor, the
lower the value of applied boundary strain one can expect to achieve saturation. For the
Case AU5 (CNT gauge factor of 1E17), the saturation point occurs at an applied boundary
strain of approximately 0.05%, after which the percent difference increase of the change of

effective resistivity is no higher than 0.1%. It is worth noting, however, that the use of linear
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Figure 2.7: Nanocomposite effective axial resistivities p™I obtained from the axisymmetric
microscale RVE in response to the applied boundary strain ¢ for a CN'T volume fraction of
0.005 and CNT aspect ratio of AR=300. a) Change of the effective resistivity component
ApET as a function of the applied boundary strain of the microscale RVE for Case AU1 with
GY = 2900. b) Apf vs gy for Case AU4 with G° = 1E13. ¢) ApPf vs gy for Case AU
with G¢ = 1E17. d) ApET vs g in semi-log plot for the five CNT gauge factor cases listed
in Table 2.4.

elastic field equations to obtain the local strains means that the effective nanocomposite
piezoresistive response, whether linear, non-linear or saturated, is completely reversible upon
unloading. Finally, a comparison of all five axisymmetric uniaxial tension test results is
provided in Fig. 2.7(d) in terms of the semi-log plot of the difference between final and
initial nanocomposite axial resistivity. There it is observed for Cases AU2 and AU3 that the

orders of magnitude increases in CN'T gauge factor leads to comparable orders of magnitude



Xiang Ren Chapter 2 33

Eff

zz

increases in Ap>.', whereas Cases AU4 and AU5 demonstrate the saturation effect associated
with the effective switch from conductive inclusions to voids such that further increases in
CNT gauge factor will have negligible effects on the effective nanocomposite’s piezoresistive

response.

The effects on the piezoresistive response of the nanocomposite of increasing the aspect ratio
of the CNTs at a fixed volume fraction of 0.01 are provided in Fig. 2.8 for CNT aspect ratios
of 50, 100, 200, 300, 1000, 3000 and for the infinitely long (i.e. continuous) CNT case for the
CNT gauge factor of AU3. In Fig. 2.8(a) the difference in the volume averaged resistivity
of the CNT relative to its zero strain value, i.e. ApS, is observed to demonstrate a quickly
converging trend, with percent differences relative to the infinitely long CNT response at
an applied strain of 1% of -64.8%, -46.6%, and -7.41% for aspect ratios of 50, 100, and
1000, respectively. As all of the CNTs regardless of aspect ratio have the same uniform
zero strain resistivity and piezoresistive strain coefficient, the observed differences in Ap<
are attributed to the differences in the amount of strain transferred to the CNT, where the
infinitely long case directly carries the applied strain while the CNTs with aspect ratios of
50, 100, and 1000 carry volume averaged strains of 35.2%, 53.4%, and 92.6% of the applied
strain, respectively. However, unlike the CNT, the nanocomposite effective resistivities at
zero strain vary significantly with aspect ratio as shown in Fig 12b. In fact, while the
100 and 1000 aspect ratio cases have zero strain effective resistivities which are 16.2% and
79.2% lower than the aspect ratio of the 50 case, due to the large differences between the
zero strain CN'T resistivity and that of the matrix, all of the aspect ratios considered here
remain orders of magnitude higher (~11) than the nanocomposite effective resistivity of
the infinitely long case, indicating that significantly larger aspect ratios are needed in order
to see the same convergence towards the infinitely long behavior for the effective electrical
properties than was observed for the convergence of effective mechanical properties of the
nanocomposite. Thus, even though all of the aspect ratios considered demonstrate CNT
piezoresistive responses (ApS.) which converge over a range of a few orders of magnitude

(102 to 10%), resulting in the change in nanocomposite effective resistivity (Ap™i(gp)) also
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varying over a range of a few orders of magnitude (10* to 107), it is perhaps more meaningful
to consider the change in nanocomposite effective resistivity normalized by the given aspect
ratio’s zero strain resistivity, i.e. ApE(gq)/pPE(0) as provided in Fig 2.8(c). From such a
representation one can quickly observe two key points. The first is that the aspect ratio
strongly influences the sensitivity of the piezoresistive response, with higher aspect ratios
demonstrating greater sensitivity, e.g. an aspect ratio of 100 yields a 0.14% increase in
resistivity at 1% strain whereas an aspect ratio of 3000 yields a 22.8% increase in resistivity
at that same strain level. The second key point observed from the normalized change in
resistivity is that sensitivity, like the overall effective resistivity, requires much higher aspect
ratios than considered here in order to converge to the infinitely long CN'T case which has a
sensitivity measured in orders of magnitude at 1% strain. Thus, aspect ratio can be viewed
as a tuning parameter for having a desired uniaxial strain sensitivity at a given volume

fraction.

The influence of CN'T volume fraction on the effective piezoresistive response of the nanocom-
posite to applied uniaxial strain in the CNT alignment direction is provided in Fig. 2.9 for
a fixed CNT aspect ratio of 300 and for CNT gauge factors corresponding to cases AU3 and
AU4. As the strains within the CNT vary by only a small amount (<1% with lower volume
fractions having larger strains) so that the changes in nanocomposite effective resistivity
(ApPfi(gy)) are all of the same order of magnitude, it is again deemed more informative to
observe the zero strain normalized response, i.e. ApPi(gq)/pPE(0). As the zero strain re-
sistivities vary by as much as 88%, with resistivities of 3.91E8 €2 - m, 2.78E8 € - m, 8.58E7
Q-m, and 4.64E7 €2 - m at volume fractions of 0.005, 0.01, 0.05, and 0.1, respectively, large
differences in the sensitivity of the nanocomposite piezoresistive response can be observed,
with the higher volume fractions being more sensitive to the applied strain than the lower
volume fractions. In Fig. 2.9(a) the CNT gauge factor of G = 1E11 is observed to yield a
linear normalized piezoresistive response at all volume fractions considered, with the volume
fraction of 0.1 demonstrating much higher sensitivity than the volume fraction of 0.005 by

roughly two times. The same trend in terms of higher volume fractions yielding higher sen-
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Figure 2.8: The effect of aspect ratio of the CNT on the effective electrical properties of
the nanocomposites for a CN'T volume fraction of 0.01 and CNT gauge factor of case AU3
(GY = 1E11). a) Volume averaged ApS, (g9) within the CNT vs ¢ for different aspect ratios

of the CNT. b) The zero strain effective resistivity p(0) of the nanocomposites vs aspect

ratio of the CNT. ¢) Ap(eo) g go for different aspect ratios of the CN'T.

pEE(0)

sitivities is again observed in Fig. 2.9(b) for the CNT gauge factor of G¢ = 1E13, however,
the sensitivities are an order of magnitude higher and demonstrate a non linear response
as observed in Fig. 2.7(b) for the same CNT strains and zero strain resistivities. It is of
interest to note that response for the volume fraction of 0.05 is consistently closer to the 0.1
volume fraction response than it is to the 0.01 volume fraction. While the difference in CN'T
strains between the 0.05 volume fraction case and the 0.01 and 0.1 volume fraction cases
are 0.23% and 0.36%, respectively, the difference in zero strain resistivities between these
cases are 224% and 46%, respectively, so that the sensitivity of the 0.05 volume fraction case
behaves more like that of the 0.1 volume fraction. This is perhaps best understood from

observing a comparison between the results obtained from the axisymmetric finite element
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Figure 2.9: The relative change of the effective axial resistivities of the nanocomposites in
response to the applied boundary strain 9 with 4 different volume fractions of the CNT,

which are 0.005, 0.01, 0.05, and 0.1. a) Ao 100% vs g0 for Case AU3 with G = 1E11.

pEE(0)
b) /ﬁﬁ—%ﬁf) x 100% vs €q for Case AU4 with G® = 1E13. The aspect ratio of the CNT is 300.

model for the infinitely long CNT case with results from composite cylinders model where
the CNT resistivity has been modified according to the piezoresistive constitutive equation
based on the applied strain and a CNT gauge factor of G = 1E11. Such a comparison in
terms of nanocomposite effective axial resistivity versus CNT volume fraction is provided in
Fig. 2.10, and demonstrates excellent agreement between the finite element and composite
cylinder models at all strain levels and volume fractions. The effective axial conductivity
obtained from the composite cylinder model is known to be well-approximated by the rule
of mixtures, so that the effective resistivity varies as its inverse so that, as is observed in
Fig. 2.10, the higher volume fractions have lower overall resistivities, but greater sensitivities
such that the volume fraction of 0.05 results are closer to the 0.1 volume fraction results
than to the 0.01. Thus, through a combination of aspect ratio and volume fraction, the
piezoresistive response in the axial direction under uniaxial tension can be tailored towards

a desired overall resistivity and sensitivity level.

It is observed that with a higher volume fraction of the CNT, the initial effective resistivity
is lower and the curve increases more slowly than the ones with a lower volume fraction of

the CNT, which behaves different than the results of the transverse piezoresistive response.



Xiang Ren Chapter 2 37

Qm ~+~CCM_1%
3.0E+6 CCM_0.7%
CCM_0.4%
+CCM_0.1%
= CCM_0%
AFEM_1%
FEM_0.7%
CFEM_0.4%
OFEM_0.1%

2.5E+6

2.0E+6

LSE+6

LOE+6

o=
mQR] S.0E+S @\;\*—‘—’_A *FEM_0%
LOE-2
LOE-3
LOE-4
0 001 002 003 004 005 006 0.07 008 009 01V

Volume fraction of CNT

Figure 2.10: Comparison between the results obtained from the axisymmetric finite element
model for the infinitely long CNT case with results from composite cylinders model where
the CNT resistivity has been modified according to the piezoresistive constitutive equation
based on the applied strain and a CNT gauge factor of G = 1E11. It is noted that all cases
converge to the matrix resistivity of 6.71E8 €2 - m at a volume fraction of 0, but would lead
to different values at a volume fraction of 1 due to the changing resistivity of the CNT with

applied strain.

This is because the initial effective resistivity is directly influenced by the volume fraction
of the CNT, and with a higher volume fraction the effective resistivity can be lower, on the
other hand the slope of the curve is influenced by the strain level within the CN'T, and with
a higher volume fraction the strains within the CNT are lower, causing the curves increase

less rapidly.

By applying Eq. (6.6), one can obtain the effective gauge factors of the nanocomposites, G*f,
under uniaxial tension in the CNT alignment direction. Values for the effective nanocom-
posite gauge factors are provided in Table 2.5 at volume fractions of 0.005 and 0.01 for CNT's
having the five CNT gauge factors considered and aspect ratio of 300. For cases AUl and
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Table 2.5: The effective nanocomposite gauge factors G* at strain levels of 0.1%, 0.4% 0.7%
and 1.0% for CNT-polymer nanocomposites having CNT volume fractions of 0.005 and 0.01
and CNTs with CNT gauge factors corresponding to cases AUl through AU5 for a CNT
aspect ratio of 300.

V¢ = 0.005 Vi =0.01

Case e =| 01% 04% 0.7% 1% 0.1% 04%  0.7% 1%
AUL  GMT | 1,60 1.60 1.60 1.61 1.60 1.60 1.60 1.61
AU2 GMT | 1,60 1.60 1.60 1.61 1.60 1.60 1.60 1.61
AU3 GFT | 244 2.44 245 245 2.74 2.75 2.76 2.76
AU4 GCMT | 7675 58.84 47.94 40.60 | 107.54 88.28 75.08 6547
AU5  GMT | 71939 182.05 105.28 74.53 | 1416.16 357.29 205.97 145.35

AU?2 the effective nanocomposite gauge factor is observed to have a constant value of 1.6 up
to 1% strain indicating 1) that the piezoresistive response is linear and 2) that the inherent
piezoresistivity has not had a significant impact on the effective piezoresistive response of
the nanocomposite at these strain levels and volume fractions as 1.6 corresponds to the value
that would be obtained by purely geometric considerations, i.e. when p5fi(gy) = p=f(0) in
Eq. (6.6). As case AUl was derived from the currently available data on inherent CNT
piezoresistivity, these observations imply that the CNTs must have larger gauge factors
if inherent CN'T piezoresistivity were to be the driving mechanism behind the observed
nanocomposite piezoresistivity, or that additional mechanisms such as CNT network defor-
mation and electron hopping play a much a larger role than inherent CNT piezoresistivity
in driving nanocomposite piezoresistivity. In terms of assessing larger CNT gauge factors,
it is observed that case AU3, having a CNT gauge factor which is of eight orders larger
than case AU, yields effective nanocomposite gauge factors which retain an approximately
linear piezoresistive response at values of 2.4 and 2.7 for volume fractions of 0.005 and 0.01,

respectively, which are on the same order as the gauge factor measured in the axial direction
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of a nanocomposite made of 0.5%wt MWCNT that aligned by AC electric field which has
been reported as 2.78+0.42 (Oliva-Aviles et al., 2011). In contrast, cases AU4 and AU5
demonstrate non-linear effective nanocomposite piezoresistive responses which yield effec-
tive nanocomposite gauge factors that are orders of magnitude larger than experimentally
reported values, and therefore can be used to set upper bounds on potential CNT gauge

factors.

2.3.2 Results for the Transverse Piezoresistive Response of the

Nanocomposites

The transverse microscale RVE is used to parametrically assess the influence of CNT inherent
piezoresistivity on the macroscale piezoresistive response of nanocomposites in the transverse
directions with respect to CNT alignment direction. As noted in the introduction, the
majority of data regarding inherent piezoresistivity of CNTs is limited to axial testing. As
such, there is little data available regarding the remaining independent piezoresistive strain
coefficients needed to fully characterize the transversely isotropic piezoresistive response of
the CNT. As such, two reduced sets of CNT piezoresistive strain coefficients in the transverse
direction are considered. In the first set the normal strain response are equally weighted in
terms of piezoresistive strain coefficients, but are decoupled, i.e. g¥; = g5, and g%, = 0, while
in the second set, normal strain responses are equally weighted and coupled, i.e. g} = g, =
g%, The initial value for the piezoresistive strain coefficients is taken to be the same value as
applied in the axial case, with the parametric study focusing on orders of magnitude increases
from this base value as reported in Table 2.6. Both sets of piezoresistive strain coefficients

are subjected to transverse uniaxial tension and transverse biaxial tension loadings.

The distributions of local strain and resistivity components of the plane-strain uniaxial ten-
sion in the 2-direction test are provided in Fig. 2.11 for a CNT volume fraction of 0.60 and
for CNT piezoresistive strain coefficients corresponding to cases T1 and T6, respectively.

The contour plots demonstrate the direct correspondence between changes in local strains
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Table 2.6: The conversions from CN'T gauge factor to CNT piezoresistive strain coefficients,
in which cases T1 and T6 are converted at the strain ec = 1.5% as in Ref. (Stampfer et al.,
2006), and the remaining cases are converted at the strain ec = 1%. For each case, it is

assumed that all other g?j are zero.

Case# G  Piezo coefficients (- m)
T1 2900 gf, = g5, =2.84E-2
T2 1E8  gf = g5, =9.87E2
T3  1E14 ¢f, = g5, =9.87E8
T4 1E17 gf, = gf, =9.87E11
T5  1E20 gf, = g5, =9.87E14
T6 2900 gf) = ¢S, = g%, =2.84E-2
T7  1E8 gf = g5, = g¥, =9.87E2
T8 1E14 ¢ = ¢S, = g%, =9.87E8
T9  1E17 gf =¢5 =%, =9.87E11
T10 1E20 g8 =gf, = ¢f, =9.87E14

in the CNTs and changes in the local CNT resistivities while the local matrix resistivity
remains unchanged despite changes in local strains. In Fig. 2.11(b) one can observe that p$
and p% within the CNTs are decoupled and directly correspond to €1; and 95 of the CNTs,
respectively, which are provided in Fig. 2.11(a). In contrast, in Fig. 2.11(c) it is observed
that under those same strain distributions, p§, and pS, have identical contours due to the use
of the coupling term g$, and its being equal to the values assigned to both g$| and g$%,. As
mentioned before, tension-compression asymmetry is introduced in the CNT piezoresistive
response to avoid having compressive CN'T strains sufficiently large so as to induce resistivity
components which would be less than zero. The compressive strain cutoff is demonstrated
in Fig. 2.12 using an element in compression in €1; obtained from the transverse uniaxial

tension loading in the 2-direction for a CNT piezoresistive strain coefficient corresponding to
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Figure 2.11: The distribution of local strains and resistivities of the plane-strain uniaxial
tension in the 2-direction test at ¢ = 1%. a) Distribution of £1; and &9 for cases T1 and
T6 at £g = 1%. b) Distribution of p;; and pgg for case T1 at g = 1%. ¢) Distribution of py;
and pyy for case T6 at eg = 1%. The volume fraction of the CNTs in the microscale RVE
is 0.60, which is higher than typical CNT-polymer nanocomposite volume fraction, but is

selected here to better view changes within the CNTs.

case T1. There it is observed that the resistivity of the CNT initially follows the same linear
piezoresistive response as elements in tension up until the point where the subsequent strain
increment would lead to a negative resistivity. At this point, the previous strain increment’s
resistivity value is instead prescribed and maintained for all subsequent compressive loading
steps. The behavior is analogous to perfectly plastic response, with the exception being that

unloading follows the same path as loading.

Having demonstrated the implementation of the piezoresistive algorithm, the remaining re-

sults focus on nanocomposite effective piezoresistive response for CNT having lower volume
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Figure 2.12: The CNT resistivity component p§; of an element within the CNT in response
to local compressive strain component €17 for case T1 of the plane-strain uniaxial tension
test as gg in the 2-direction increases from 0% to 1% for a transverse RVE with CNT volume

fraction of 0.60.

fractions (e.g. 0.005, 0.01, 0.05, and 0.10). The influence of CNT piezoresistive strain coeffi-
cients on the change in effective resistivity component p5i as a function of applied boundary
strain (i.e. ApSlt = pPli(eq) — pE(0)) for the plane-strain uniaxial tension in the 2-direction
test is provided in Fig. 2.13. In comparing the response in Fig. 2.13(a) to the piezoresis-
tive response of the nanocomposite to uniaxial tension in the axial direction provided in
Fig. 2.7(a), one can observe that ApHil of the plane-strain uniaxial tension test for cases T1
and T6 are 6 orders smaller than ApEf of the axisymmetric uniaxial tension test for case
AU1 having the same G° = 2900, and display a slightly non-linear response. Similarly, one
can compare the curves in Fig. 2.13(b) for ApEf under the plane-strain uniaxial tension in
the 2-direction test for cases T4 and T9 to the ApPf curve in Fig. 2.7(c) for axisymmetric
case AU5 having the same G® = 1E17 and observe that both T4 and T9 are 2 or more
orders of magnitude smaller than AU5. As a result, the transverse uniaxial tension cases
have yet to have achieved the saturation limit observed in the axisymmetric uniaxial loading

case. Further, in comparing the curves in Fig. 2.13(c) and Fig. 2.13(d) to the curves in

Fig. 2.7(d), one can observe that the saturated ApEf of the plane-strain uniaxial tension
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Figure 2.13: Nanocomposite effective transverse resistivity component ApHl obtained from
the transverse hexagonal microscale RVE in response to the applied boundary strain gy of
the plane-strain uniaxial tension in the 2-direction test, in which the volume fraction of the
CNT is 0.005. a) Change of the effective resistivity component ApSf as a function of the
applied boundary strain of the microscale RVE for cases T1 and T6 with G = 2900. b)
ApSIT vs g for cases T4 and T9 with G© = 1E17. ¢) Ap5tl vs &¢ in semi-log plot for cases

T1-T5. d) ApHE vs ¢ in semi-log plot for cases T6-T10.

test for cases T5 and T10 with G° = 1E20 are still 1 to 2 orders smaller than ApPT for
case AU5 with G° = 1E17. This is in part because in the axisymmetric uniaxial tension
test with AR=300, the CNT can take 78.3% of the applied boundary strain £, in a volume
averaged sense, while in the plane-strain uniaxial tension test the CNTs can only take 0.16%

and 0.83% respectively for e1; and e99, respectively, of the applied boundary strain ey, and
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therefore have smaller piezoresistive induced changes in the resistivity of the CNTs. It is
also due in part to the well-documented micromechanics observation that the transverse
properties in aligned fiber composites are dominated by the matrix properties. For example,
in the present work, the zero strain axial effective resistivity, p2%(0), at a volume fraction of
0.005 is 42% below that of the matrix while the zero strain transverse effective resistivity,
p5(0), at that same volume fraction is only 1% below that of the matrix, thus indicating
that whatever piezoresistive changes are brought in the transverse directions of the CNTs

will be more difficult detect than in the axial direction.

In Fig. 2.13(c) and Fig. 2.13(d) one can also observe that Ap5i of cases T6-T10 are consis-
tently greater than ApHl of the corresponding cases T1-T5. This is due to the combination
of the selected off-diagonal piezoresistive strain coefficient g, for cases T6-T10 and the de-
pendence of ApH on both Ap§, and ApS, of the CNT. The latter may be understood by
considering the annular geometry of the CNT as promoting a conductive hoop path which
would be governed by the hoop resistivity, pS,, and which by standard transformation is a
combination of both p$, and p$,. From Fig. 2.11(a) it was observed that under the plane
strain uniaxial tension in the 2-direction, that a significant portion of the CNT was in com-
pression in £1; and in tension in £95. This observation is better quantified in Fig. 2.14(a)
which provides the volume averaged strain components, i.e. (g17) and (g92). As a result,
the resistivity distribution within the CN'T under the application of the piezoresistive strain
coefficients g} = gf, becomes non-uniform and orthotropic for cases T1-T5, with the com-
pressive 1-direction strains leading to reductions in 1-direction resistivities, i.e. negative
Ap§), and the tensile 2-direction strains leading to increases in 2-direction resistivity, i.e.
positive ApS,, as can be seen in the volume averaged CNT resistivities provided for case T1
in Fig. 2.14(b). However, the application of an off-diagonal piezoresistive strain coefficient
which is equal to the diagonal coefficients in cases T6-T10 results in a CNT resistivity distri-
bution which is still non-uniform, but is now isotropic, with the much larger tensile strains in
the 2-direction resulting in large net increases in CNT resistivity, i.e. positive Ap$, = ApS,.

As can be seen in Fig. 2.14(b), even though the volume averaged change in CNT resistivity
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(ApS,) for case T1 is 24% greater than that of T6 at 1% strain, the volume averaged change
in CNT resistivity (Apf)) for case T1 is 124% lower than that of T6 so that net effect is a
larger (ApHl) for T6 than T1.
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Figure 2.14: a) The volume averaged strain components (¢§}) and (¢5,) and b) The volume
averaged change of resistivity components (Ap$) and (ApS,) of the CNTs in response to
the applied boundary strain ¢y of the plane-strain uniaxial tension in the 2-direction test for

cases T1 and T6.

The influence of CN'T volume fraction on the effective piezoresistive response of the nanocom-
posite to the applied strain in the plane-strain uniaxial tension in the 2-direction test is pro-
vided in Fig. 2.15 for CN'T gauge factors corresponding to cases T8 and T9. Similar to what
was observed in the axisymmetric uniaxial tension test, large differences in the sensitivity of
the nanocomposite piezoresistive response can be observed, with the higher volume fractions
being more sensitive to the applied strain than the lower volume fractions. In Fig. 2.15(a),
case T8 is observed to yield a seemingly linear normalized piezoresistive response at all
volume fractions considered, with the volume fraction of 0.10 demonstrating much higher
sensitivity than the volume fraction of 0.005 by roughly 31.7 times. The same trend in terms
of higher volume fractions yielding higher sensitivities is again observed in Fig. 2.15(b) for
case T9, however, the sensitivities are 3 orders of magnitude higher than the T8 case and

demonstrate a slightly non linear response. However, when compared with the sensitivities
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observed in the axial direction, the sensitivities observed in the transverse uniaxial tension
test are orders of magnitude smaller even for CNT gauge factors which are orders of magni-
tude larger and include off-diagonal terms. This is due to the matrix dominance of effective
properties in the transverse direction which leads to reduced influence of changes in the CN'T
is of interest to note that unlike what was observed in the axisymmetric uniaxial tension test,
the difference between the curves for volume fractions of 0.05 and 0.10 is much larger than
the difference between the curves for volume fractions of 0.005 and 0.01. It will be seen that
this observation can be attributed to the manner in which the effective transverse resistivity
increases with increasing effective CN'T volume fraction for each strain level starting from a

large negative slope at zero strain and approaching zero slope as the strain increases.

800%

A
0.8% 700% y
0.7% o 600% A
o g ACase T9_0.10
§ 0.6% rCase T8_0.10 S 5000 L A -
x o 05% OCase T8_0.05 ~X OCase T9_0.05
~ $| 5 400% A
LS 04% ©Case T8_0.01 g P A o O DCaseT 0.01
SQEa =15 300% o
SR 0% ®Case T8 0.005 < A o o ©Case T9_0.005
200%
0.2% ’ A o °
o
0.1% M 100% A o R — R
0.0% & 4 =——a—=a g 8888 8 o o 06 09
0.0% 0.2% 0.4% 0.6% 0.8% 1.0% &, 0.0% 0.2% 0.4% 0.6% 0.8% 1.0% &
Applied boundary strain Applied boundary strain
C C
(a) Case T8 (G~ = 1E14) (b) Case T9 (G~ = 1E17)

Figure 2.15: The relative change of the effective resistivity components p5i of the nanocom-
posites in response to the applied boundary strain ¢, of plane-strain uniaxial tension test for
CNT volume fractions of 0.005, 0.01, 0.05, and 0.10. a) %xmo% vs g for case T8 with
GC = 1E14. b) /%22—%;><100% vs ey for case T9 with GC = 1E17.

The results of the plane-strain biaxial tension test are shown in Fig. 2.16. By comparing with
the results of plane-strain uniaxial tension test in Fig. 2.13, one can observe that for cases T'1
through T10, the changes in effective resistivity component Ap5l of the plane-strain biaxial

tension test are higher than the plane-strain uniaxial tension test by at most two orders.

This is because, in contrast to the plane-strain uniaxial tension test, both the £1; and e9
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strain components in the CNT are predominantly tensile, resulting in net increases in both
components of CNT resistivity, i.e. both (Ap) and (ApS,) are positive. Again in Fig. 2.16
as was observed in Fig. 2.13, the cases T1-T5 are consistently lower in Ap5i than cases
T6-T10. However, this is understood in a more straight forward manner for the symmetric
biaxial tension case as the overall tensile strain components in both the 1- and 2-directions
results in positive contributions to Ap$, and ApS, from the off-diagonal piezoresistive strain

coefficient in cases T6-T10 which are not present in cases T1-T5.

It is noted that for the plane-strain biaxial tension cases the strain field in the CNT is nearly
uniform, so that for both the T1-T5 and the T6-T10 cases the resistivity in the CNT remains
nearly uniform and isotropic. As such, it is possible to use the volume averaged resistivity
of the CNT at the various strain levels in a composite cylinders model and construct a
comparison with the finite element results for the change in resistivity with applied strain
as provided in Fig. 2.17 for case T9. From Fig. 2.17(a) it is observed that as the strain level
increases, the slopes of the resistivity vs volume fraction curves obtained from the composite
cylinder model rapidly increase in a non-linear fashion such that there is greater divergence
between strain levels with increasing volume fraction. Converting this data into the change
in resistivity as function of applied strain and overlaying with the finite element results a very
good correspondence is obtained between the two models indicating that the nonlinearity
observed in the finite element results is consistent within the micromechanics framework,
and therefore applicable to other loading states where tools such as the composite cylinder
model cannot be used due to the nonuniformity and material symmetry distribution within

the CNT, e.g. the plane-strain uniaxial tension or in-plane shear loadings.

By applying Eq.s (3.15) and (2.42), one can obtain the effective gauge factors of the nanocom-
posites, G for the plane-strain uniaxial and biaxial tension tests, respectively, in the
transverse directions with respect to the CN'T alignment direction. Values for the effective
nanocomposite gauge factors are provided in Table 2.7 for a CNT volume fraction of 0.005 for
each of the ten CN'T gauge factors considered in cases T1-T10. For the plane-strain uniaxial

tension test, the effective gauge factors of cases T1-T3 and T6-T8 are observed to have a
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Figure 2.16: Nanocomposite effective transverse resistivity component Ap5il obtained from
the transverse hexagonal microscale RVE in response to the applied boundary strain gy of
the plane-strain biaxial tension test, in which the volume fraction of the CNT is 0.005. a)
Change of the effective resistivity component Ap5il as a function of the applied boundary
strain of the microscale RVE for cases T1 and T6 with G = 2900. b) Apff vs ¢, for cases
T4 and T9 with G© = 1E17. ¢) Apbff vs ¢ in semi-log plot for the cases T1-T5. d) Ap5il vs

£o in semi-log plot for the cases T6-T10.

constant value of 1.43 up to 1% strain indicating 1) that the piezoresistive response is linear
and 2) that the inherent piezoresistivity has not had a significant impact on the effective
piezoresistive response of the nanocomposite at these strain levels and volume fractions as
1.43 corresponds to the value that would be obtained by purely geometric considerations,

i.e. when pli(gg) = p5(0) in Eq. (3.15). The same conclusions can be drawn for cases
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Figure 2.17: Comparison between the results obtained from finite element model with results
from composite cylinder model for case T9 of the plane-strain biaxial tension test, where in
the CCM model the CNT transverse resistivity has been modified to the volume averaged
resistivity based on applied strains on the CNT. a) The effective resistivity component p5it
obtained from CCM model with change of CNT volume fraction at applied boundary strain
levels of 0.0%, 0.2%, 0.4%, 0.6%, 0.8%, and 1.0% respectively. b) Comparison between
ApEl of CCM with ApEf of FEM at CNT volume fractions of 0.005, 0.01, 0.05, and 0.10

respectively.

T1-T3 and T6-T8 of the plane-strain biaxial tension test, with an exception being that the
effective gauge factors are small enough to be considered 0. This is because, as indicated in
Eq. (2.42), the effective gauge factors of the plane-strain biaxial tension test do not rely on
geometric effects, but instead depend purely on how the inherent piezoresistivities of CNTs
govern the ratio of the effective resistivity to the zero strain effective resistivity. Only when
the CNT gauge factor becomes very large as in cases T4-T5 and T9-T10 does the inher-
ent piezoresistivity become a significant influence on the transverse effective nanocomposite
gauge factors, doing so in a nonlinear fashion. As case T1 was related to the currently avail-
able data on inherent CNT piezoresistivity, these observations imply that the CNTs must
have larger gauge factors if inherent CN'T piezoresistivity were to be the driving mechanism
behind the transverse nanocomposite piezoresistivity, or that additional mechanisms such

as CNT network deformation and electron hopping play a much larger role than inherent
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CNT piezoresistivity in driving transverse nanocomposite piezoresistivity. Further, these
other mechanisms must have a substantial impact on the change in effective transverse re-
sistivity with applied strain if they are to have a noticeable effect on the transverse effective
nanocomposite gauge factor. Thus, in terms of deformation sensing, it is believed that SHM
applications should focus on tailoring the gauge factor in the alignment direction of aligned

CNT-polymer nanocomposites.

Table 2.7: The effective nanocomposite gauge factors G at strain levels of 0.1%, 0.4%, 0.7%,
and 1.0% of the plane-strain uniaxial and biaxial tension tests for CNT-polymer nanocompos-
ites having CN'T volume fractions of 0.005 and CNTs with CN'T gauge factors corresponding
to cases T1 through T10.

Plane-strain uniaxial tension test | Plane-strain biaxial tension test
Case eo=|01% 04% 0.7% 1% 01% 04% 0.7% 1%

T1 GM | 143 143 143 1.43 1E-14 1E-14 1E-14 1E-14
T2 GFf| 143 143 143 1.43 1E-9 1E9 1E-9 1E-9
T3 GFf| 143 143 143 1.43 1E-3  1E-3 1E-3 1E-3
T4 GFF| 143 143 144 1.44 095 083 0.74 0.66
T5 GEf| 208 1.62 154 1.51 19.69  5.00  2.87 2.01

T6 GFf| 143 143 143 1.43 2E-14 2E-14 2E-14 2E-14
T7  GFf| 143 143 143 1.43 2E-9  2E-9 2E-9 2E-9
TS GFf | 143 143 143 1.43 2E-3  2E-3  2E-3 2E-3
T9 G"| 1.70 170 1.68 1.68 1.57 156 156  1.56
T10 G | 1810 5.83 3.98 3.23 19.86  5.01  2.87 2.01
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2.4 Conclusions

Computational micromechanics models are constructed to assess the piezoresistive responses
of aligned CNT-polymer nanocomposites in the axial and transverse directions due to the
inherent piezoresistivities of CNTs, which are assumed to be well dispersed, and perfectly
bonded to the surrounding polymer. A parametric study in terms of CNT gauge factor,
aspect ratio, and volume fraction is undertaken to study the influence of these factors on the
effective nanocomposite piezoresistive response and gauge factors under uniaxial loading in
the axial and transverse directions and symmetric biaxial tension in the transverse direction.
The results of the axisymmetric piezoresistive model show that through a combination of
aspect ratio and volume fraction, the piezoresistive response in the axial direction under uni-
axial tension can be tailored towards a desired overall resistivity and sensitivity level. The
obtained effective axial gauge factors suggest that in order for the macroscale axial piezore-
sistive response of the nanocomposites to be comparable with the experimental results in the
literature, that very large CNT gauge factors are needed (e.g. 1E11 in case AU3), several or-
ders of magnitude larger than the the maximum CNT gauge factors currently reported in the
literature (i.e., ~2900). In the transverse direction still larger CNT gauge factors are needed
for the inherent piezoresistivity mechanism to have a noticeable effect on the nanocomposite
gauge factors in the transverse directions as the electrostatic interactions in the transverse
direction are strongly governed by the matrix material. Therefore the analysis implies that
either larger CNT gauge factors (in the neighborhood of 1E11 in the axial direction; in
the neighborhood of 1E17 in the transverse directions) would be required if inherent CNT
piezoresistivity were the principal mechanism driving the observed nanocomposite piezore-
sistivity, or that the piezoresistive response of the CNT-polymer nanocomposites is due to
some additional mechanisms, e.g. electrical tunnelling effect or contact resistance between
two adjacent CNTs. Further, these other mechanisms must have a substantial impact on the
change in effective resistivity with applied strain, particularly if they are to have a noticeable

effect on the transverse effective nanocomposite gauge factor. Thus, in terms of deformation
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sensing, it is believed that SHM applications should focus on tailoring the gauge factor in
the alignment direction of aligned CN'T-polymer nanocomposites by controlling CN'T aspect
ratio, dispersion and volume fraction to maximize the influence of inherent CN'T piezoresis-

tivity in conjunction with tunnelling and contact resistance effects.



Chapter 3

Computational Micromechanics
Modeling of Piezoresistivity in

CNT-Polymer Nanocomposites

3.1 Introduction

Currently several mechanisms, which may potentially account for the observed overall piezore-
sistivity of the nanocomposites, have been identified. For example, the electrical tunneling
effect is a phenomena that when the CN'Ts are close enough to each other, conducting paths
can be formed in the insulating polymer matrix for the electrons to be transported from one
CNT to another (Simmons, 1963; Fuhrer et al., 2000; Budlum and Lu, 2001; Li et al., 2007;
Xia and Curtin, 2007; Li and Chou, 2008; Li et al., 2008; Theodosiou and Saravanos, 2010;
Hu et al., 2012). The electrical tunneling effect has been observed to be highly sensitive to
the distances of adjacent CNTs. When distance between two neighboring CNT's is increased
by several nanometers, the electrical conductivity in the conductive path between the two

CNTs corresponding to electron tunneling is sharply reduced, returning to the insulating

93
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matrix value at the maximum electrical tunneling distance.

In this study, a computational micromechanics model based on finite element analysis is
developed and used to determine the relative changes in macroscale resistance (i.e. effec-
tive macroscale piezoresistivity) due to changes at the microscale and due to changes of
macroscale geometry. Specifically, the microscale mechanisms include the electrical tunnel-
ing effect and the coupled effect of electrical tunneling and inherent piezoresistivity of the
CNT. The FEM based computational micromechanics approach explicitly accounts for ma-
terial deformation while tracking CNT relative displacements for electrical tunneling model.
Such a approach is able to capture not only this but other deformation based mechanisms
affecting the gauge factor such as inherent CN'T resistivity and geometry. By varying the
volume fraction of the CNT and the height of barrier of the polymer matrix, their influence
on the overall piezoresistivity of the nanocomposites is systematically studied. Some initial
simulations on the RVE with random aligned CNTs are also conducted and compared with

the ones with well-dispersed and aligned CNTs.

3.2 Model Description

We have selected a multiscale idealization as shown in Fig. 3.1, in which the CNTs are
assumed to be aligned and perfectly bonded to the surrounding polymer in the microscale.
The solution of the macroscale boundary value problem (BVP) is obtained by solving the
microscale BVP with periodic boundary conditions applied to the microscale RVEs, as seen
in Fig. 3.2. Under in-plane strain assumption consistent with high aspect ratio fibers, the
regular hexagonal array RVE as in Fig. 3.2a is used for the case in which there are well-
dispersed and aligned CNTs, and the RVE as in Fig. 3.2b is used for the case in which
there are aligned but randomly distributed CNTs in the transverse plane. The annulus
areas represent the cross-sections of CNTs, and the remaining area is pure polymer matrix.

Correspondingly, a plane strain periodic finite element model is constructed to model the
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piezoresistive response of the nanocomposites in the transverse directions. In order to assess
the CN'T end effects on the axial effective electrical conductivity, a finite aspect axisymmetric
RVE (Fig. 2c) is considered. It is noted that the geometry of the axisymmetric RVE is
selected such that as the aspect ratio goes to infinity, that the transverse RVE dimensions

in Fig. 2a are obtained as indicated in Ref. (Ren and Seidel, 2013a).

Transverse and axial electrical tunneling effect

CNT
Polymer matrix

Macroscale B.V.P. Microscale B.V.P. Microscale RVE

Figure 3.1: The hierarchical multiscale modeling of nanocomposites in which there are

aligned CNT's

Boundary conditions applied to the microscale RVEs are selected so as to correspond to
uniform strain states in the homogeneous macroscale material BVP as described in Ref. (Ren
and Seidel, 2013a) for both the mechanical and electrostatic loadings. Thus, the focus
is on solving the microscale mechanical and electrostatic boundary value problems in an
appropriately coupled fashion so as to capture the influence of both the electrical tunneling

and inherent CN'T piezoresistivity mechanisms acting within the microscale RVE.

3.2.1 Mechanical Governing Differential Equations for the Mi-
croscale RVE

Under the plane strain assumptions for the transverse hexagonal RVE €13 = 0, £93 = 0, and

£33 = 0. At the microscale, the CNT annulus and polymer matrix can be assumed to be
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L CNT

X,
I
X 4 X,
Wy
c)

(

Figure 3.2: Microscale RVEs for the nanocomposites with 10% CNTs. a) is the transverse
hexagonal microscale RVE for the well-dispersed and aligned CNTs. b) is the transverse
microscale RVE for the aligned CNTs with random in-plane distribution, in which W, = Hs.
¢) is the axisymmetric microscale RVE, in which W} goes to @ as the aspect ratio of the
CNT A = % goes to infinity. (@ is the half distance between two adjacent CN'Ts in

a)). Note that the aspect ratio used here is 20, which is only for demonstration purposes as

the real aspect ratio used in the computations is much higher.

isotropic linear elastic materials (Saito et al., 1998) such that their constitutive relationships

can be denoted with the Lame constants as
0ij = 20’ eij + Nepidy (3.1)

where the superscript J takes values of C or M to denote the elastic constants of the CNT
and matrix, respectively, and where the standard relationships y = ﬁ and \ = (Hyﬁﬁ
hold. The boundary conditions on the microscale RVE can be expressed as displacement

boundary conditions by
U; = xjé@'j(Xk) (3-2>
such that in general the macroscale and microscale RVE strains can be related to one another

through microscale volume averages as

Eij(Xk) = (&) (3.3)
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where &;; (Xy) are the macroscale strain at a macroscale material point X which the mi-
croscale RVE represents. The microscale equations expressed here in cartesian coordinates
for the plane strain transverse RVEs are suitably represented in cylindrical coordinates for

use in the axisymmetric axial RVEs as discussed in Ref. (Ren and Seidel, 2013a).

3.2.2 Electrostatic Governing Differential Equations for the Mi-
croscale RVEs

The steady-state conservation of charge equation for the microscale RVE can be denoted in
Cartesian coordinates as:

)

where J; is the current density, and where under in-plane electrostatic assumptions J3 3 = 0.
The microscale RVE electric field is obtained as the negative of the gradient of the microscale
potential as

)

where E; (i = 1,2,3) and ® are the electric field and electric potential respectively as
applied in Cartesian coordinate system at the microscale and where under in-plane electro-
static assumptions it is noted that F5 = 0. For the microscale RVEs, Ohm’s law can be
written as

E; = p}}(d)J, (3.6b)

where the superscripts C and M on the resistivities denote CNT and polymer matrix re-
spectively. It is noted that the resistivity tensor of the CNT is dependent on the strain field
in the CNT due to the inherent piezoresistive effect, and that the resistivity tensor of the
polymer matrix is related to the distance (d) between adjacent CNTs in accounting for the
electrical tunneling effect. As such, both the CNT and matrix resistivities evolve with the

local microscale deformation under the applied macroscale boundary conditions leading to a
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one-way coupled effective piezoresistive response. The electrical boundary conditions on the

microscale RVEs can be expressed as potential conditions by

such that in general the macroscale and microscale RVE electric fields can be related to one

another through microscale volume averages as
Ei(Xy) = (Ei) (3.8)

where F;(X}) are the macroscale current density and electric field at a macroscale material
point X, which the microscale RVE represents. The microscale equations expressed here
in cartesian coordinates for the plane strain transverse RVEs are suitably represented in
cylindrical coordinates for use in the axisymmetric axial RVEs as discussed in Ref. (Ren and

Seidel, 2013a).

Governing Equations for the Electrical Tunneling Effect in the Polymer Matrix

According to (Simmons, 1963; Hu et al., 2012), the tunneling resistance between two adjacent

CNTs can be approximated as

Ry = AV W A
tunnel — AJ _A€2\/m % h

where AV is the electrical potential difference, A is the cross-section area of the tunnel, J

2mA) (3.9)

is the tunneling current density, h is Planck’s constant, d is the distance between adjacent
CNTs, e is the electric charge, m is the mass of electron, and A is the height of barrier of the
polymer matrix (e.g. for epoxy, A = 0.5 — 2.5 eV (Hu et al., 2010, 2012)). The tunneling
resistivity prunnel and tunneling resistance can be related through the CNT distance and the

cross-sectional area of the tunnel by

d
Rtunnel - ptunnelz (310)
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in which pyunner is defined as the tunneling resistivity, so that upon substitution of Eqn. (3.9),

the tunneling resistivity is expressed as
h? (47rd
Ptunnel = exp
' e2v2mA h

The advantage of using the tunneling resistivity instead of the tunneling resistance is that we

2mA) (3.11)

do not need to estimate the cross sectional area of the 'tunnel’ when constructing RVEs and
their corresponding finite element meshes, nor is the 'tunnel’ required to be of uniform cross
section. It is further noted that Eq. (7.6) indicates that the electrical tunneling resistivity
strongly depends on two variables: the distance between two adjacent CNTs (d) and the
height of barrier of the polymer matrix (A). Fig. 3.3(a) provides a map of constant tunneling
resistivities in the two parameter separation distance-barrier height space. It is noted that
as the barrier height decreases the corresponding separation distance grows asymptotically
whereas when the barrier height increases, the corresponding separation distance asymptot-
ically approaches zero. It is further noted that the tunneling resistivity between adjacent
CNTs should not become larger than the original matrix resistivity, in this case, a value of
1E14 as denoted by the dashed line in Fig. 3.3(a). Thus, for a given barrier height and limit
matrix resistivity value, the maximum electrical tunneling distance, i.e the cut off distance
for electrical tunneling, is set. For example, as observed in Fig. 3.3(b), if we choose a barrier
height of A = 1.5 eV, as the separation distance between adjacent CNT's increases from Onm
to 2nm, the tunneling resistivity can exponentially increase from the level of a conductor
(107> ©Q - m) to the level of an insulator (10° © - m), and continuing to increase up to a
distance of d = 3.14nm where the matrix resistivity is obtained. For a barrier height of A =
2.5 eV, the resistivity transitions from conductor to insulating matrix more rapidly with a
corresponding maximum tunneling distance of 2.66nm, while for barrier height A = 0.5 eV,
the transition proceeds at slower rate corresponding to a maximum tunneling distance of
5.83nm. For a specific polymer and a specific height of barrier A\, the corresponding distance
(d) that recovers the resistivity of the pristine polymer matrix is defined as the maximum
or cut off distance d. for the electrical tunneling effect. It is observed in Fig. 3.3(a) that as

A increases from 0.01 eV to 0.5 eV, d. decreases in a relatively large scale, which is from
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39.33nm to 5.83nm. However, when X increases from 0.5 eV to 5 eV, d. decreases in a rela-
tively small scale, which is from 5.83nm to 1.89nm. These cut off distances play a key role in
determining whether or not a given volume fraction, having a specified unstrained separation
distance between CNTs, corresponds to a percolated state, i.e. if d < d. so that electrical
tunneling is occurring. Further, in setting d., the barrier height sets the increment at which
deformations which bring CNTs closer together or further apart will change the tunneling
resistivity, and hence, has a strong influence on the corresponding macroscale piezoresistive

response.

d (nm)
20
: Ptunnel
: — 107*
; — 107!
15p 10
: — 10’
— 107
10 “. 10"

0. X . X A X S. W

Ptunnel (2-m)
1015}

1011}

107+

103}

101}

A=2.5¢eV
A=1.4eV
A=0.5 eV

Pristine polymer matrix

0
0 1 2 3 4 5 6 7 8 9 10
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9
(b)

1'0 d (nm)

Figure 3.3: a) The map of constant tunneling resistivities pgumnel in the space of separation
distance d and barrier height A. b) The semi-log plot of the electrical tunneling resistivity
Prunnel With increase of separation distance d as A is kept at 0.5 eV, 1.5 eV, and 2.5 eV

respectively. The inset is the one in non semi-log plot.
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For any point with the matrix material, which for our 2D finite element meshes will cor-
respond to the gauss point(s) of an element, the distances to nearest neighbor CNTs are
used to construct the local measure of separation distance (d) to be applied in Eqn. (3.10)
along with the selected barrier height in determining the matrix element’s local resistivity.
For example, for point 1 in Fig. 3.4(a) which lies between adjacent CNTs C1 and C2, the
connecting path is straight forwardly identified as dy = dy.1 + di.2 Where d;.; is the distance
from point 1 to CNT C1 and d;. is the distance from point 1 to CNT C2. For point 2,
however, which lies between CNTs C1, C2, and C3, the determination of the local element
resistivity is obtained by choosing the path of least resistance for the tunneling among three
possible paths, i.e. dy = min(dae; + doe2, doer + daoces, doea + daes). It is further noted that,
in being consistent with notion of the RVE being periodic, that tunneling paths between
neighboring RVEs must be accounted for. This is accomplished through the use of ghost
CNTs in the neighboring RVEs. For example, for point 3 in Fig. 3.4(a), the local resistivity
is obtained from the tunneling distance of d3 = dz. + d3.5, Wwhere C8 is the location of the

ghost CNT of the neighboring RVE.

Applying this algorithm to all matrix points in the well-dispersed transverse RVE (Fig. 3.4(b))
leads to clearly visible pattern of tunneling paths within the matrix for percolated vol-
ume fractions. The algorithm is likewise applied to a randomly dispersed transverse RVE
(Fig. 3.4(c)) and to axisymmetric axial RVE (Fig. 4d). For the randomly dispersed trans-
verse RVE which is noted to be at the same volume fraction as the well-dispersed transverse
RVE, it is noted that the dispersion is such that not all neighboring CNTs form tunneling
paths, so that there are torturous tunneling paths spanning the RVE and simultaneously
pockets of matrix resistivity where no tunneling is taking place. For the axisymmetric axial
RVE, it is noted that there is a very strong tunneling effect between the ends of the CN'T and
ghost CN'Ts above and below as compared to the transverse tunneling to the surrounding

ghost CNTs.

As a result of the applied periodic boundary conditions on the microscale RVE, the local

distances between CNTs will change. As such, the algorithm for determining the local
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Figure 3.4: a) The schematic illustration of the algorithm for obtaining the electrical tun-
neling resistivities in the polymer matrix. b)The contour distribution of isotropic resistivity
in the hexagonal microscale RVE. ¢) The contour distribution of isotropic resistivity in the
microscale RVE in which there are in-plane random aligned CNTs. d) The contour distri-
bution of isotropic resistivity in the axisymmetric microscale RVE. Note that as the aspect
ratio of the CNT is chosen to be 300, the RVE shown here is the zoomed in region focusing
on the tip of the axisymmetric RVE. In b), ¢) and d), the volume percentages of the CNT
are chosen to be the same of 10%vol, and the polymer matrixes are also chosen to be the
same, i.e. the original resistivity is 10'4Q - m and the height of barrier A =0.75 eV, and the

corresponding cut-off distance d. = 4.78nm.

resistivity due to the tunneling effect must be undertaken at each load step in order to

allow the microstructure to evolve according to Eq. (7.6). In some instances, new or lower
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resistivity tunneling paths will be formed as CNTs come closer together, while as CNTs
move further apart, tunneling paths may become more resistive or be completely disrupted
as the distance exceeds d.. These observations will have a strong influence on the observed

effective piezoresistive response of the nanocomposites.

Governing Equations for the Inherent Piezoresistivity of the CNT

The CNTs are expected to exhibit inherent piezoresistivity such that the instantaneous
resistivity, p% is a function of the local strain state within the CNT and can therefore be
written as

P = pi + Apf (3.12)
in which p%o are the initial zero strain resistivities of the CNT, and Apfj are the change in
resistivities induced by inherent piezoresistive effect of the CNT. The change in resistivity

is related to the strain in the CNT through the piezoresistive strain coefficients as
ApS: = g5 nEn (3.13)

Material symmetry implications and observations allowing the piezoresistive strain coeffi-
cients to be represented in a transversely isotropic form in Voigt notation are provided in
Ref. (Ren and Seidel, 2013a). Here, for simplified demonstration purposes, it is further

assumed that g11; = gag90 = G with all other g;;;, being zero.

As a result of the applied periodic boundary conditions on the microscale RVE, the amount
of strain transferred to the CN'Ts will increase, especially at higher volume fractions. The
corresponding change in CN'T resistivity due to inherent piezoresistivity of the CNT will in

turn have influence on the observed effective piezoresistive response of the nanocomposites.

3.2.3 Boundary Conditions and Effective Properties

In the present work, periodic displacement boundary conditions consistent with certain de-

sired uniform macroscale strain states are applied to the microscale RVEs. The uniform
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strain fields chosen here are consistent with those present in the macroscale plane-strain

uniaxial tension test.
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Figure 3.5: Schematic representation of the calculation of macroscale gauge factors for a) a
uniaxial tension test in the transverse directions of the nanocomposite specimen with aligned
CNTs and b) an axial tension test in the alignment direction of an effectively transversely

isotropic nanocomposite.

Herein the focus is on the piezoresistive effect, thus the choice of specific tests are to demon-
strate the magnitude of the impact of the strain state on the effective piezoresistive response
(e.g. gauge factor) of the nanocomposite material in a manner analogous to experimental
characterization efforts (Ren and Seidel, 2013a). The detailed periodic mechanical boundary
conditions are listed in Table 3.1. The strain ¢y corresponds to the strain on a macroscale
material point under tension, and is quasi-statically increased within the linear elastic range.
The effective properties as noted in Table 3.1 can come from CCM (Seidel and Lagoudas,
2006), Mori-Tanaka (Mori and Tanaka, 1973; Benveniste, 1987) or FEM energy equivalen-
cies (Hammerand et al., 2007) and are dependent only on the volume fraction, they do not
evolve with applied strain like the electrical properties do since the mechanical microstructure

is static.

In an analogous manner as in the mechanical problem, the macroscale material’s effective
electrostatic material properties can be obtained by constructing electrical energy equiva-

lence between the microscale RVE and the effective one with homogeneous periodic electrical
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Table 3.1: Boundary conditions for the 2D microscale RVEs as shown in Fig. 3.2a, Fig. 3.2b,

and Fig. 3.2c.

Type of test B.Cs
Transverse plane-strain uniaxial (%L, Xo) — ui (=22, X5) = —1h,59Wy
tension test U;Q(%, Xy) — uﬂ—%,Xg) =0

uy (X1, 22) — ug (X, —%2) = 0

ug (X1, %) — U (X1, —%) =eoWa
Axial tension test for the t-(R,X,) =t.(R,X,) =0
axisymmetric microscale RVE of
Fig. 3.2c ur(Xe, 3) = up(Xp, =) =0

off |  off off
a ,,/ __ Va1 tV3 Vo3

Va1 _
eff  eff
1—-vgyvsy

boundary conditions applied. In the present work, periodic potential boundary conditions
consistent with certain desired uniform electric field states are applied to the microscale
RVEs, as listed in Table 3.2 (Ren and Seidel, 2013a). In general, the electrical resistivities
can be obtained from the electrical energy equivalency between the microstructural repre-
sentation (i.e. the RVE) and an effective homogeneous material having the same exterior

geometry and boundary conditions. The equivalency can be expressed as
(JiEi) = (WRVE) = (W) = (JPREST) = (pi Jst 5™ (3.14)

where J and EfT denote the current density and electric field in the homogenous material
representation. While it can be shown that p‘fjﬁ obtained in this manner under the assump-
tions of linear material behavior and perfectly connected phases within the microstructure
is independent of the electric fields associated with the applied potentials, i.e. of Eo, it must

be noted however, that due to the electrical tunneling effect in the polymer matrix and the
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Table 3.2: Electrostatic boundary conditions for obtaining the effective electrical conductiv-

ities of the 2D microscale RVEs as shown in Fig. 3.2a, Fig. 3.2b, and Fig. 3.2c. Note that

kS are effective conductivities, which can be inversed to obtain the effective resistivities pfj.
Type of test B.Cs
For obtaining x5 (X, ) — @(X;,—22) =0
OV, X)) — (=02, Xo) = EgW,
For obtaining x§i (X, ¥2) — @(Xq, —22) = EgW,
(N, Xo) — B(—L, X)) = 0
For obtaining x$I OV, Xy) — (-2, Xo) = EgW,
(X, B2) — B(Xy, —T2) = EgW,
For obtaining <2 (k5) in the @®(X,, L) — @(X,, —L) = E;L

axisymmetric microscale RVE  J.(R, X,) =0

inherent piezoresistivity of the CNTs, the electronic microstructure is evolving so that the
effective resistivity is a function of the relative distances of the CNT and the strains in the
CNT, ie. pff = pf(d,ef;), and therefore, unlike the effective mechanical properties, must

be calculated at each mechanical load increment.

3.2.4 Piezoresistive Algorithm

An incremental algorithm for determining the piezoresistive response of the nanocomposites
is developed within a finite element framework, and is applied to the 2D microscale RVEs
as shown in Fig. 3.2. The Galerkin method is used to formulate the in-plane finite element
models, and the linear triangular elements are used. The mechanical and electrostatic finite
element formulations are coupled together sequentially with the mechanical formulation used

to first obtain the strains in the microscale RVEs which are then used as inputs for the
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electrostatic formulation!'. In step 1 of the algorithm, the electrostatic potential boundary
value problems as identified in Table 3.2 are applied to the initial undeformed microscale
RVEs, and the electrical energy equivalence is used to obtain the zero-strain resistivities,
P (0), of the microscale RVEs from which the zero strain resistance R%(0) is calculated.
In step 2, the first mechanical load increment is applied to the microscale RVEs according
to the boundary conditions identified in Table 3.1, resulting in the change relative distances
of the CNT and the local strain distributions in the CNT. In step 3, the relative distances
of the CNT and the local strains in the CNT obtained from step 2 are used to update
local resistivities of the polymer matrix and the CNT. In step 4, the same electrostatic
potential boundary value problems from step 1 are applied again to the microscale RVEs with
updated local electrical properties of the polymer matrix and the CNT, with the electrical
energy equivalency enforced to obtain the effective conductivities pfjf-f (d,e5) of the effective
microscale RVEs. Step 2 through step 4 are then repeated for subsequent mechanical loading
increments. From this process the effective electrical properties of the microscale RVEs with
electrical tunneling effect and inherent piezoresistive effect of the CN'T can be obtained as a
function of the applied macroscale homogeneous strain, i.e. the load dependent but reversible

macroscale effective piezoresistive response.

In order to compare with measures more commonly used in experiments, the effective resis-
tivities p‘fjﬁ(d, el) obtained in the transverse plane-strain uniaxial tension and axial tension
tests can be converted into their representative nanocomposite gauge factors. For the trans-
verse plane-strain uniaxial tension test, the nanocomposite gauge factor can be obtained
as (Ren and Seidel, 2013a)

AR (gg)

of 1 p55(o) 1 + e
22 €0 50( ps3(0) 1 _ sTusivsheo ) (3.15)
B
For the axial tension test, the corresponding gauge factor is
1, pst 1
e e Y 310
o p33(0) (1 — vieo)

1See verification of the modeling work in Appendix D.
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It is worth noticing that for the metal alloy wires commonly used in strain gauges, the initial
and final resistivities are the same, so that the gauge factor is governed by the isotropic
Poisson’s ratio in the transverse plain-strain uniaxial tension test, and results in an approx-
imately linear relationship between normalized change in resistance and strain (i.e. with G
as the slope of the curve) for small strains. Similarly, for the axial gauge factor with equal
initial and final resistivities, Eqn. (6.6) leads to a v dependence. For the nanocomposites
discussed herein, the initial and final resistivities are not equal, and depend on the param-
eters associated with electrical tunneling (d, A) and inherent CNT piezoresistivity (ggkl)
Here we discuss the relative influence of both mechanism and of their combined effects on

the macroscale effective gauge factors.

3.3 Results and Discussion

For the single-walled CNTs considered herein, the outer radius is chosen to be 0.85nm,
with the thickness of the annular region chosen to be 0.34nm (Schadler et al., 1998). The
CNT annulus and matrix are taken to be isotropic linear elastic with Young’s modulus and
Poisson’s ratios of 1100 GPa and 0.14 and 2.46 GPa and 0.3, respectively (Saito et al., 1998;
Zhou et al., 2008). The initial isotropic resistivity within the CNT annulus is chosen to be
1075 Q - m (Ebbesen et al., 1996; Seidel and Lagoudas, 2009), and the polymer matrix is
chosen to be Epoxy which is likewise isotropic with resistivity of 10'* Q- m in the absence
of electrical tunneling which is within the typical range of values commonly reported for
insulating polymers in experiments. Barrier heights for Epoxy have been reported to be
on the order of A = 0.5 - 2.5 eV (Hu et al., 2012), the range of which will be considered
here parametrically. Finally, the inherent piezoresistive gauge factor of 2900 reported in
Ref. (Stampfer et al., 2006) will be converted into diagonal isotropic piezoresistive coefficients

gicjkl as discussed in Ref. (Ren and Seidel, 2013a) and applied herein.
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3.3.1 Plane-strain uniaxial tension test on the well-dispersed trans-

verse hexagonal RVE

The plane-strain uniaxial tension test as identified in Table 3.1 is applied to the transverse
hexagonal RVEs to obtain the effective transverse piezoresistive properties, p5i(&y) and G,
for strains up to 1%. The influence of the electrical tunneling barrier height is studied
over a range of volume fractions up to 60%vol, both independently and in conjunction with
inherent CNT piezoresistivity.? The inclusion of both mechanisms leads to evolution in
electrical microstructure associated with increasing tensile strain on the RVE as shown in

Fig. 3.6.

As seen in Fig. 3.6(a) and Fig. 3.6(b), for the RVEs corresponding to 10%vol and 60%vol
CNTs, at zero boundary strain, the shortest CNT-CNT distance are 3.15 nm and 0.39 nm
respectively, which are within the cut-off distances of Epoxy at A = 0.5 eV. Therefore the
electrical tunneling effect takes place, i.e. the volume fractions are above the percolation
volume fraction, and the resistivities are significantly reduced in the polymer matrix. While
no portion of the matrix retains the original matrix resistivity at these volume fractions, the
most direct paths between neighboring CN'Ts have much lower resistivities, and therefore
form clearly visible tunneling paths. Upon application of strain g = 1.0%, the 'tunnels’ in
X, direction are observed to be thinner as compared to the ones at ¢g = 0.0% due to the
RVEs being stretched in Xy direction and the corresponding greater separation of CNTs in
the Xy direction. It is also observed that the resistivities of the CNTs are also changed with
the applied boundary strain due to the inherent piezoresistive effect. The change can be
more easily observed in the 60%vol RVE, as there is greater strain transfer to the CNTs at

higher volume fractions.

2While global volume fractions of 10%vol and higher are considered quite large by experimental standards
due to processing issues associated with viscosity increases and dispersion of CNTs within the liquid polymer,
such volume fractions are considered here as 1) they more capably demonstrate the combined effects of
electrical tunneling and inherent CNT piezoresistivity and 2) they are reflective of locally high volume

fractions within CNT bundles.
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Figure 3.6: Distribution of the resistivity component pso in the transverse hexagonal RVEs
under plane-strain uniaxial tension test, in which A\ = 0.5 eV, and G, = 2900. Note that
the scale bars are different for the two sets of contours. a) Distribution of pys in the 10%vol
RVE with the applied boundary strain at g = 0.0% and ey = 1.0%. b) Distribution of pay
in the 60%vol RVE with the applied boundary strain at e = 0.0% and g9 = 1.0%.

The corresponding effective relative change in resistance, i.e. AReﬁ/ R as a function of
the applied boundary strain for these two volume fractions are provided in Fig. 3.7 for
both electrical tunneling and combined tunneling and inherent CN'T piezoresistivity cases.
For the 10%vol well-dispersed transverse RVE (Fig. 3.7(a)), five cases are considered: 1)
only inherent CNT piezoresistivity of G. = 2900, 2) only inherent CNT piezoresistivity of
G. = 10%, 3) only electrical tunneling with A = 1.4 eV, 4) both electrical tunneling A =
1.4 eV and inherent CNT piezoresistivity G. = 2900, and 5) both electrical tunneling A\ =
1.4 eV and inherent CNT piezoresistivity G. = 10?3. As observed in Ref. (Ren and Seidel,
2013a), including only the inherent CNT piezoresistivity mechanism does not lead to large
gauge factors in the transverse direction. In fact, for the inherent CNT piezoresistive gauge
factor of G, = 2900, at a volume fraction of 10%vol the influence of the CNT piezoresistivity
is negligible as pSf(gy) ~ psI(0) so that the effective gauge factor is simply that of the
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Figure 3.7: The relative change of effective resistance of the microscale RVE with the change

AReff
Rcff

RVE as g9 = 0.0% — 1.0%, in which there are 10%vol CNTs. b) AR%EH of the microscale RVE
as €9 = 0.0% — 1.0%, in which there are 60%vol CNTs.

of the microscale

of boundary strain £y under plane-strain uniaxial tension test. a)

nominal geometric effect, 1.42. Even with a very large hypothetical CNT gauge factor of
G. = 10?3, the effective transverse gauge factor of the nanocomposite only increases by 73%
to GST = 2.45 at 10%vol. However, if contrast the electrical tunneling effect is independently
considered, for a mid range value of Epoxy barrier height of A = 1.4 eV, a large relative
change of effective resistance of the microscale RVE is observed, an order of magnitude larger
at g9 than when inherent CN'T piezoresistivity is independently considered, yielding a gauge
factor of 21.2 at 10%vol. This is because with the applied boundary strain increased from
0%-1%, the CNT-CNT distances are all within the critical tunneling distance of 3.53 nm at
A = 1.4 eV. Therefore the electrical tunneling effect takes place in the polymer matrix, which
is very sensitive to the change of relative locations of the CNT and induces large changes in

resistance even with the small boundary strains strains of up to only 1% are applied.
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For the cases in which the coupled effect of the electrical tunneling at A = 1.4 eV and the
inherent piezoresistivity of the CNT are considered, at 10%vol CNT negligible differences in
the relative resistance changes are observed between the coupled cases and the independent
electrical tunneling results. Even when the large hypothetical G, = 10? is coupled with
electrical tunneling effect, the transverse effective gauge factor at 10%vol only increases by
seven tenths to 21.9 at g = 1%. This is because in order for the CNT to influence the overall
piezoresistive response, the change of resistivity of the CNT has to be comparable to electrical
tunneling induced resistivity and resistivity changes within the matrix which at 10%vol CNT's
is driving the overall nanocomposite effective transverse resistivity. For example, as seen in
Table 3.3, with G, = 2900 the volume averaged resistivity of the CNT is increased from
1.00 x 107°Q -m to 1.17 x 107°Q - m, which is negligible compared to the effective resistivity
of the RVE, which is on the order of 1013Q-m. When the inherent piezoresistivity of the CNT
is increased to 10%%, the average resistivity of the CNT increases from 1.00 x 107°Q - m to
6.13 x 103Q - m, leading to a very modest increase in the nanocomposite transverse effective
resistivity of three hundredths over the effective resistivity of the nanocomposite when only
electrical tunneling is considered. Thus, at 10%vol CNT and barrier height of A = 1.4 eV, the
transverse piezoresistive response of the nanocomposite is governed entirely by the electrical

tunneling mechanism.

In order to see a larger influence of the inherent piezoresistivity of the CNT on the overall
piezoresistive response, one can either increase the volume fraction of the CNT or decrease
the height of barrier of the polymer matrix. Through increasing the volume fraction of the
CNT, the CNT-CNT distance is decreased, resulting in a lower overall resistivity of the
nanocomposites at zero strain (assuming already percolated), and depending on the barrier
height can be in a region of the pgunne vs d response which is very sensitive to small changes in
d with applied strain. While these observations would seem to make the electrical tunneling
effect even more influential than inherent CNT piezoresistivity effect, in actuality, they
bring the matrix resistivity to a value closer to that of the CNT such that changes in CNT

resistivity (especially with the higher CNT volume fraction) become increasingly significant
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Table 3.3: The volume averaged resistivity component p%vﬁTm) of the CNT and the effective
resistivity component pfvf{/E(m) of the 10%vol transverse hexagonal microscale RVE at the
applied boundary strains of g = 0.0% and gy = 1.0% respectively of the plane-strain uniaxial

tension test.

g0 = 0.0% szﬁT(Qz)(Q -m) p%f\f/E(m)(Q -m)
10%vol & A = 1.4 eV 1.00 x 107° 4.80 x 103
10%vol & A = 1.4 eV & G, =2900 | 1.00 x 107 4.80 x 103
10%vol & A = 1.4 eV & G, = 10% 1.00 x 107° 4.80 x 103

Eop = 10%

pacwléT(m) (€2-m)

p%f{/E(QQ) (€2 m)

10%vol & A = 1.4 eV 1.00 x 1075 5.74 x 1013
10%vol & A = 1.4 eV & G, = 2900 1.17 x 1075 5.74 x 1013
10%vol & A\ = 1.4 eV & G, = 10 6.13 x 103 5.77 x 1013

*The volume averaged resistivity component p&y& . (22) corresponds to the CNT annulus and does not

include the hollow region of the CNT.

to the overall effective nanocomposite response. In addition, the strains transferred to the
CNTs are higher at larger volume fractions, which can induce larger inherent piezoresistive
effects of the CNT. As an alternative to increasing the volume fraction, in decreasing the
height of the tunneling barrier of the polymer matrix, the electrical tunneling resistivities in
the polymer matrix are again decreased, which can also result in a lowered overall resistivity
that is more sensitive to the inherent piezoresistivity of the CNT. As seen in Table 3.4, when
the volume fraction of the CNT is increased to 60%, the difference between the resistivity of
the CNT and effective resistivity of the microscale RVE is reduced to within 1 to 2 orders
of magnitude for barrier heights of A = 0.5 eV and A = 1.4 eV, respectively. As such, the
inherent piezoresistivity of the CN'T can more effectively influence the overall piezoresistivity
of the microscale RVE. The influence of increasing the volume fraction and lowering the

barrier height on the relative change in effective resistance can be seen in Fig. 3.7(b). For
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the microscale RVE with 60%vol CNT, although the electrical tunneling effect is still the
main driving force, the inherent piezoresistivity of the CNT with G. = 2900 is observed to
be a contributing factor to the overall piezoresistive response. For the case of A = 1.4 eV,
the effective gauge factor of the microscale RVE is increased by 0.41 at g = 1.0%, and for
the case of A = 0.5 eV, the effective gauge factor of the microscale RVE is increased by 1.8

relative to the independent electrical tunneling gauge factors at 60%vol CNT.

Table 3.4: The volume averaged resistivity component p%vﬁT(Qz) of the CNT and the effective
resistivity component peRf{,Em) of the 60%vol transverse hexagonal microscale RVE at the
applied boundary strains of g = 0.0% and gy = 1.0% respectively of the plane-strain uniaxial

tension test.

g0 = 0.0% Ponten (@ m)  PRyp(ey (2 - m)
60%vol & A = 1.4 eV 1.00 x 107° 1.45 x 1073
60%vol & A =14 eV & G, =2900 | 1.00 x 107> 1.45 x 1073
60%vol & A = 0.5 eV 1.00 x 1075 3.15 x 107*
60%vol & A = 0.5 eV & G, =2900 | 1.00 x 107> 3.15 x 104

g0 = 1.0% Penten (@ m)  PRupey) (Q - m)
60%vol & A\ = 1.4 eV 1.00 x 10~° 1.69 x 1073
60%vol & A =1.4eV & G, =2900 | 1.43 x 107 1.70 x 1073
60%vol & A = 0.5 eV 1.00 x 10~° 3.43 x 1074
60%vol & A = 0.5 eV & G, =2900 | 1.43 x 10> 3.49 x 1074

*The volume averaged resistivity component p&y& . (22) corresponds to the CNT annulus and does not

include the hollow region of the CNT.

The change of the effective resistivity component p$i and the effective gauge factor GST of
the microscale RVE with the change of volume fraction of the CNT are shown in Fig. 3.8. As

observed in Fig. 3.9(a), at low volume fractions for a given barrier height (i.e. 0%-4.62%vol
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Figure 3.8: The change of effective resistivities and gauge factors of the transverse hexagonal
microscale RVEs at g = 1% with the change of volume fraction of the CNT. a) The effective
resistivity component pSI at g9 = 1% vs. the change of volume fraction of the CNT from 1%
to 60%. b) The effective gauge factor GST at €9 = 1% vs. the change of volume fraction of
the CNT from 1% to 60%.
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at A = 0.5 eV, 0%-9.59%vol at A = 1.4 eV, and 0%-13.8%vol at A = 2.5 eV), the effective
transverse resistivity is approximately equal to that of the nominal value of the Epoxy matrix
as the distances between neighboring CNTs are greater than the respective d. so that no
electrical tunneling is taking place. Over this range of volume fractions, as observed in
Fig. 3.9(b), the effective transverse gauge factors are entirely driven by the geometric effect,
yielding an average value of around 1.425. With the increase of volume fraction of the CNT,

the CNTs become close enough to engage the electrical tunneling effect, i.e. to form an
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electrical tunneling induced percolated network. As observed in Fig. 3.9(a), the percolation
volume fraction is manifest in the form of a sudden, order of magnitude change in effective
transverse resistivity corresponding to a deviation from the nominal volume fraction response
of the nanocomposite in the absence of the tunneling effect. As the volume fraction increases
beyond the percolation concentration, the separation distance dependence of the tunneling
effect leads to continued orders of magnitude deviation of the effective transverse resistivity
from the no tunneling effect behavior. It is noted that the lower barrier height results in a
lower volume fraction percolation and more rapid decrease in the resistivity. The percolation
effect is likewise visible in Fig. 3.9(b) where the effective transverse gauge factors are observed
to experience a sharp increase near the percolation concentration from the geometric value
to values of 25.9, 33.9, and 41.0 for barrier heights of A = 0.5 eV, A = 1.4 ¢V, and A
= 2.5 eV, respectively. It is worth noting that the effective gauge factors attain a peak
value before gradually decreasing with increasing volume fractions above the percolation
concentration, and that these peak values increase with increasing barrier height. These
observations can be explained in terms of the trade off between larger percolation volume
fractions and where the volume fraction places the zero-strain effective resistivity on the

Prunnel VS d curve (Fig. 3.3(b)) as shown in Table 3.5. At the start of percolation, though at

Table 3.5: The effective resistivity component pSI and the effective gauge factor G§' at the

percolating volume fraction and at 20%vol.

Unit: -m A 0.5 eV 1.4 eV 2.5 eV
(
PsE(eg = 0%) | 2.79 x 10'3 | 4.80 x 10%3 | 1.25 x 1013
per%vol psf(eo = 1%) | 3.44 x 103 | 5.74 x 10" | 1.73 x 10%3

Gf(eo = 1%) 25.3 21.2 40.5

6.42 x 10* | 5.86 x 10° | 1.28 x 10°
743 x 101 | 7.53 x 10° | 1.78 x 10
17.4 30.2 41.0
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different volume fractions all three barrier heights have nearly the same order of magnitude
effective resistivity at 1% strain, but very different zero-strain resistivities associated with the
barrier height’s d. and associated rate of resistivity change as demonstrated in Fig. 3.3(b).
This rate of change of resistivity for the given barrier height then governs the subsequent
reduction in effective gauge factor from the peak value leading to the differences observed at
a common volume fraction, e.g. 20%vol in Table 3.5. Having a peak gauge factor near the
percolation concentration has likewise been reported in experimental characterization efforts
for nanocomposites (Kang et al., 2006b, 2009; Bautista-Quijano et al., 2010; Oliva-Aviles
et al., 2011; Ferreira et al., 2012b), and is likely also a consequence of this trade off in the

electrical tunneling response.

Finally, recalling from Fig. 7 that the inherent CNT piezoresistivity can have an influence
on the effective transverse gauge factor at high volume fractions, the combined mechanism
effective gauge factors are provided in Fig. 8b for volume fractions between 40%vol and
60%vol for a CNT gauge factor of G, = 2900. It is found that the largest influence the
inherent piezoresistivity happens at 60%vol of CNTs and at the lowest barrier height A =
0.5 eV, where the effective gauge factor increases by 17% from 10.5 to 12.3. The influence of
the inherent CN'T piezoresistivity decreases with decreasing volume fraction due to reduced
strain transfer to the CNT, and decreases with increasing barrier height as the tunneling
resistivity becomes much larger than the CNT resistivity. For example, at 40%vol of the
CNT and barrier height of A = 0.5 eV, the effective gauge factor is only increased by 0.03
with the inclusion of inherent CNT piezoresistivity, while at 60%vol the gauge factors are
increased by 0.41 and 0.10 for A = 1.4 eV and A\ = 2.5 eV, respectively. Therefore we can
conclude that in the transverse directions, the influence of inherent piezoresistivity of the
CNT on the overall piezoresistive response of the nanocomposites is limited, unless 1) it is
coupled with the electrical tunneling effect 2) the volume fraction of the CNT is high, e.g.
60%vol 3) the height of barrier of the polymer matrix is low, e.g. 0.5 eV and 4) gauge factors
for the CNT are at least of the order of 2900.
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3.3.2 Plane-strain uniaxial tension test on the randomly dispersed

transverse RVE

The plane-strain uniaxial tension test is applied to the transverse RVEs in order to ob-
serve dispersion effects on the nanocomposite effective piezoresistive response. It has been
demonstrated that a RVE with 30 cylindrical inclusions is adequate to represent the effec-
tive macroscopic mechanical material properties in aligned fiber composites (Gonzalez and
Llorca, 2007), therefore in an analogous manner we have constructed RVEs with 30 CNTs
at a volume fraction of 10%vol CNT. The locations of the CNTs are randomly generated
under the constraint of no overlapping CNTs, and with CNTs on the boundary periodically
reflected on opposing sides of the RVE. For demonstration purposes, two different randomly
dispersed RVEs are constructed. Figures 3.9(c) and 3.9(d) provide contour plots of local
resistivity for the two RVEs at with and without strain for the barrier height of A = 1.4eV.
At zero strain one is able to identify a few tunneling paths which span the vertical dimension
of the RVE (denoted by dashed lines) are formed. Under the application of a strain of 1%,
tunneling paths in the X, direction generally increase in resistivity and narrow in width. In
RVE 2, very narrow tunneling paths visible at zero strain have been completely disrupted
when the strain is applied. In comparison to the well dispersed hexagonal RVE which is ex-
pected to yield at most an orthotropic piezoresistive response, the randomly dispersed RVEs
will yield an anisotropic piezoresistive response which will be highly sensitive to the specific
dispersion of CNTs. In contrast, with a barrier height of A = 0.5eV, the local resistivity
contour distribution of the two RVEs appear more like a statistically isotropic material. This
is because with A = 1.4 eV, the cut-off distance of the electrical tunneling effect is 3.53nm,
whereas the cut-off distance is 5.83nm with A = 0.5 eV. With a longer cut-off distance, the
CNTs are able to form a well-dispersed percolated network at the volume fraction of 10%vol
CNTs where the average distance between the CNTs is 2.09 nm and 2.45 nm in RVEs 1 and
2, respectively, and 3.42 nm in well-dispersed hexagonal. While disruptions in conductive

paths on applied strain were relatively easy to observe in Fig. 3.9, for the same strain but
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lower barrier height of A = 0.5eV in Fig. 3.10 it is much harder to observe the same phe-
nomenon as most of the tunnels are well within the cut-off distance. Careful inspection of
Fig. 3.10(a) reveals increases in width and decreases in resistivity (strengthening) of tunnels
at points A and B due to Poisson’s contraction in X; direction, and the weakening of the

tunnel at point C where the tunnel is more aligned with the Xy direction.
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Figure 3.9: The contour distribution of isotropic resistivity in the chosen two random trans-
verse RVEs, in both of which the volume fraction of the CNT is 10%. Note that the scale
bars are different for the contours. a) The contour distribution of resistivity at the applied
boundary strain of 0.0% and 1.0% respectively of the first random microscale RVE with A\ =
1.4 eV and for the transverse hexagonal RVE with A = 1.4 eV. b) The contour distribution
of resistivity at the applied boundary strain of 0.0% and 1.0% respectively of the second
random microscale RVE with A\ = 1.4 eV. The dashed box regions denote areas in which
there are stronger electrical tunneling paths due to the nonuniformity of the distribution of

the CNTs.

In order to observe how the randomness of the CNT's influence the overall performance of the

material, the relative change of resistance with the applied boundary strain of the microscale
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Figure 3.10: The contour distribution of isotropic resistivity in the chosen two random
transverse RVEs, in both of which the volume fraction of the CNT is 10%. Note that the
scale bars are different for the contours. a) The contour distribution of resistivity at the
applied boundary strain of 0.0% and 1.0% respectively of the first random microscale RVE
with A = 0.5 eV and for the transverse hexagonal RVE with A = 0.5 eV. b) The contour
distribution of resistivity at the applied boundary strain of 0.0% and 1.0% respectively of
the second random microscale RVE with A = 0.5 eV.

RVEs are obtained, and are compared with the ones based on the 10%vol transverse hexag-
onal RVE, as seen in Fig. 3.11(a) and Fig. 3.11(b). As would be expected from the clearly
visible changes in tunneling paths in Fig. 3.9, for the barrier height of A = 1.4eV there are
large differences in the effective relative resistance, with RVE 1 having an effective relative
resistance which is more than double that of the well-dispersed hexagonal RVE at 1% strain
while RVE 2 yields a value half that of the hexagonal RVE at the same strain. Such large
differences in piezoresistive behavior can be attributed not only to the large barrier height,
which dictates sensitivity to changes in the tunneling distance (Fig. 3.3(b)), but also to the

number of RVE-spanning tunneling paths and the average tunneling distance between the
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Table 3.6: The effective resistivity component pS, the average distance d*'® of the CNTs
in the stronger tunneling path, and the average tunneling resistivity pi.- ., in the stronger
tunneling path of the three transverse microscale RVEs at the barrier heights of A = 1.4 eV
and A = 0.5 eV respectively. Note that the units in the table are 2 - m for resistivities and

nm for lengths.

A=1.4¢eV RVE 1 Hexagonal RVE RVE 2
P5E(eg = 0%) 248 x 10" | 4.80 x 10" | 2.14 x 10"
P5E(eg = 1%) 3.68 x 101 | 574 x 10 | 2.30 x 10%3
d*&(go = 0%) 2.09 3.42 2.45
d*8(go = 1%) 2.11 3.47 2.49
pive (g0 = 0%) | 2.60 x 106 2.70 x 10%3 2.13 x 108
pive (g0 =1%) | 3.53 x 106 5.03 x 10%3 3.54 x 108
A=0.5 eV RVE 1 Hexagonal RVE RVE 2
Psi(eo = 0%) 4.51 x 104 5.01 x 106 3.63 x 106
P5E(ey = 1%) 5.58 x 10* 6.11 x 106 4.38 x 106
d*&(go = 0%) 2.09 3.42 2.45
d™&(gp = 1%) 2.11 3.47 2.49
pive (g0 =0%) | 1.65 x 10 2.57 x 106 2.30 x 10°
pive (g0 =1%) | 1.98 x 10? 3.73 x 106 3.11 x 10°

CNTs forming the paths. For example, for the unstrained RVE 1, the principal X, direc-
tion tunneling path (within the dashed line of Fig. 3.9(c)) has an average CNT separation
distance of 2.08nm, which is significantly shorter than the separation distance of 3.41nm
in the analogous path of the well-dispersed hexagonal RVE. From these values, the average
resistivity of the tunneling paths can be estimated as 2.6 x 10°Q - m in the RVE 1 path

which is seven orders of magnitude lower than the value of 2.7 x 103 - m established in
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the hexagonal RVE. As RVE-spanning conductive paths can be expected to follow a rule of
mixtures approach towards estimating effective resistivity, it is not surprising that the single
low resistivity tunneling path of RVE 1 leads to a zero-strain effective transverse resistivity
of 2.48 x 10°Q) - m which is two orders of magnitude lower than the effective resistivity of the
hexagonal RVE under the influence of its greater number of high resistivity tunneling paths.
From a similar analysis of the data provided in Table 3.6, one can likewise explain the lower
effective relative resistivity of RVE 2 as compared to the hexagonal RVE in Fig. 3.11(a), as
well as the much closer behavior of all three RVEs when the barrier height is reduced to A
= 0.5eV as shown in Fig. 3.11(b). These results exemplify the importance of understanding
and possibly controlling the microstructural dispersion of CNTs when seeking to obtain ideal
nanocomposite gauge factors for specific sensing applications, and can perhaps explain wide

range of gauge factors observed from experiments reported in the literature.

3.3.3 Axial tension test on the axisymmetric RVE

In addition to the plane-strain uniaxial tension tests applied to the transverse RVEs, axial
tension tests are applied to the axisymmetric RVEs to obtain the effective axial piezoresistive
properties. The axial axisymmetric RVEs are chosen to match those used in Ref. (Ren and
Seidel, 2013a), and are constructed in such a way that the gap between the tip of the CNT and
the top and bottom boundaries of the RVE is only related to the aspect ratio of the CN'T, and
therefore does not change with the volume fraction of the CNT. Instead, as the aspect ratio
of the CNT approaches infinity, the gap approaches zero, and the lateral width approaches
that of the transverse hexagonal RVEs so that the finite aspect ratio RVE is consistent with
the axial and transverse infinite aspect ratio RVEs. For CNTs with a finite aspect ratio of
300 as chosen here, the tip to tip distance in the axial direction is 0.567 nm, which is within
the critical tunneling distance for barrier height of A = 1.4eV, therefore electrical tunneling
path is formed in the axial direction. As shown in Fig. 3.12, in both the 1%vol and 20%vol
CNT RVEs with finite CNT aspect ratio of 300, at zero strains there is electrical tunneling
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Figure 3.11: Comparison of the relative change of effective resistance of the hexagonal mi-
croscale RVE and the random microscale RVEs with the change of boundary strain ¢y under
ARIEZE of the hexagonal microscale RVE
and the random microscale RVEs as ¢y = 0.0% — 1.0%, in all of which there are 10%vol

CNTs and A = 1.4 eV. b) Comparison of ART of the hexagonal microscale RVE and the

Reff

plane-strain uniaxial tension test. a) Comparison of

random microscale RVEs as ¢g = 0.0% — 1.0%, in all of which there are 10%vol CNTs and
A=0.5¢eV.

to the ghost CNTs in the RVEs above and below the RVE. The tunneling tip to tip is on
the order of 1072Q-m. In the lateral (transverse) direction of the 1%vol RVE, the CNTs are
separated by a distance greater than the critical tunneling distance, and therefore there is no
lateral electrical tunneling effect, i.e. the resistivity remains at 10*4€) - m which is the value
of the polymer matrix. In the 20% RVE, however, the CNTs are close enough in the lateral
directions to have lateral electrical tunneling effects such that the resistivity is decreased
from the nominal matrix value to a tunneling value of 10°Q - m in the lateral directions.
With the application of an axial boundary strain of 0.1%, the separation between the CNT

and the ghost CN'Ts in the axial direction increases, increasing the tunneling resistance at
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the tip. In contrast, the tunneling resistivity in the lateral directions decreases as CNTs
come closer together in the lateral direction due to Poisson’s contraction. As can also be
observed in Fig. 3.12, with the inherent piezoresistivity of the CNT turned on, the resistivity
of the CNT significantly increases due to the large amount of strain transfer to the CNTs

on application of applied boundary strain within the axial RVEs.
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Figure 3.12: Distribution of the resistivity component p,, in the axisymmetric RVEs under
axial tension test, in which the aspect ratio of the CNT is 300, A = 1.4 eV, and G, = 2900
(G is converted to g, = 2.84 x 10%Q2 - m as inputs for our model (Ren and Seidel, 2013a)).
Note that the scale bars are different for the two sets of contours. a) Distribution of p,, in the
1%vol RVE with the boundary strain applied at g = 0.0% and £y = 0.1%. b) Distribution
of p,, in the 20%vol RVE with the boundary strain applied at £ = 0.0% and gy = 0.1%.

The influence of both barrier height and volume fraction on the piezoresistive response of the
axial RVE under uniaxial tensile loads is provided in Figs 3.13 and 3.14. It has been shown
in (Ren and Seidel, 2013a) that the inherent piezoresistivity of the CNT itself can not drive
the overall piezoresistive response of the nanocomposites in the axial direction, therefore the

focus is on the axial electrical tunneling effect and the coupled effect of electrical tunneling
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Figure 3.13: The relative change of effective resistance of the 5%vol and 20%vol axisymmetric
microscale RVEs with the change of boundary strain g, from 0%-0.1% under axial tension
test. The top two curves consider both of the electrical tunneling effect at A = 1.4 eV and
the inherent piezoresistivity of the CNT with G. = 2900. The bottom two curves consider
only the electrical tunneling effect at A = 1.4 eV. The aspect ratio of the CNT is 300.

and the inherent piezoresistivity of the CNT.

As observed in Fig. 3.13, for both of the 5%vol and the 20%vol axisymmetric RVEs, with
the electrical tunneling effect at A = 1.4 eV, large piezoresistive response can be observed.
At the volume fraction of 1%, the effective axial gauge factor is G = 530 at gy = 0.1%, and
at the volume fraction of 20%, the effective gauge factor is 1105 at g = 0.1%. By coupling
the inherent piezoresistivity of the CNT with the electrical tunneling effect, the combined
piezoresistive response of the axial microscale RVE is much larger than was observed in the
transverse RVEs. For example, at the volume fraction of 1%, the effective gauge factor is
increased from 530 to 1033 at g = 0.1% when a CNT gauge factor of G, = 2900 is applied.
Similarly, at a volume fraction of 20%vol, the gauge factor is increased from 1105 to 1575.
The observed large piezoresistive responses in the axisymmetric RVEs demonstrate that as
long as there is electrical tunneling path in the axial direction, the overall piezoresistive
response is sensitive to not only the electrical tunneling effect, but also to the inherent

piezoresistivity of the CNT.

The effective piezoresistive response under independent electrical tunneling and combined
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tunneling and inherent CNT piezoresistivity is provided in Fig. 3.14 for a range of volume
fractions up to 60%vol CNT and strains up to 0.1%. As observed in Fig. 3.14(a), at zero
strain, when the volume fraction of the CNT increases from 5%vol to 60%, the effective axial
resistivity decreases from 1.58 x 1073Q - m to 1.28 x 1074 - m, a much smaller change with
volume fraction than was observed in Fig. 3.9(a) for the post percolation behavior of the
transverse hexagonal RVE of ten orders of magnitude. Also unlike Fig. 3.9(a), there is no
identifiable percolation concentration. This is due to the fixed finite aspect ratio gap size at
all volume fractions in the axial RVEs, and because the aforementioned gap size is within the
tunneling distance, and therefore is percolated in the axial direction by the same amount at
all volume fractions. Further, as noted, the axial tunneling resistivity is orders of magnitude
larger than the lateral tunneling resistivity at all volume fractions considered such that the
lateral percolation is dwarfed by the axial tunneling. As such, the axial RVEs can be viewed
as following the rule of mixtures for effective axial resistivity of the nanocomposite based on
an effective wire model consisting of the CN'T and the tunneling resistivities at the tips. On
application of even very small strains, the effective axial piezoresistive response is governed
by the tip to tip tunneling and, when the inherent CNT piezoresistivity is considered, the
excellent axial strain transfer of the axial RVEs. The result is very large effective axial gauge
factors which, as observed in Fig 13b, also do not demonstrate a noticeable impact of the
lateral percolation of the axial RVE. It can therefore be deduced that the axial piezoresistive

response as modeled herein will be strongly sensitive to the barrier height and to the aspect

ratio of the CNT.

3.4 Conclusions

The macroscale piezoresistive response of carbon nanotube (CNT)-polymer nanocomposites
has been explored in terms of a combination of the nanoscale mechanisms of electrical tunnel-
ing and CN'T inherent piezoresistivity within a computational micromechanics finite element

approach using both axial and transverse RVEs for aligned randomly and well-dispersed CN'T
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Figure 3.14: The change of effective resistivities and gauge factors of the axisymmetric
microscale RVEs with the change of volume fraction of the CN'T and the applied boundary
strain 9. The electrical tunneling effect is considered at A = 1.4 eV. a) The change of
effective resistivity component p of the microscale RVE with the change of volume fraction
of the CNT from 5% to 60% and with the change of applied boundary strain from 0.0% to
0.1%. b) The change of effective gauge factor G;ﬁ of the microscale RVE with the change of
volume fraction of the CNT from 1% to 60%, when the applied boundary strain is at 0.1%.

distributions over a range of volume fractions.

It is found that in the transverse directions: 1) The electrical tunneling effect is the main
driving force for the overall piezoresistive response of the nanocomposites. 2) The influence
of inherent piezoresistivity of the CN'T on the overall piezoresistive response of the nanocom-
posites is limited, unless a) it is coupled with the electrical tunneling effect b) the volume
fraction of the CNT is very high, e.g. 60%vol c) the height of the tunneling barrier of the

polymer matrix is low, e.g. 0.5 eV and d) CNT gauge factors of 2900 or higher are used. 3)
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There is a percolation concentration where both zero-strain effective transverse resistivity
and gauge factors demonstrate large sudden shifts in behavior, and that this percolation con-
centration is tied to the barrier height such that lower barrier height leads to lower volume
fraction percolation. 4) A peak gauge factor near the percolation concentration is observed

as is commonly reported in experimental observations in the literature.

It is found that in the axial directions: 1) The tip to tip electrical tunneling effect is the main
driving force for the axial piezoresistive response of the nanocomposites. 2) Due to good
strain transfer in the axial RVEs, the inherent piezoresistivity of the CNT is an important
contributing factor to the axial piezoresistive response. 2) The axial piezoresistive response
can be orders of magnitude larger than the transverse response, and can be very sensitive to

changes in CN'T aspect ratio.

Finally, it is noted that the current modeling efforts yield percolation volume fractions and
gauge factors which are larger than are typically observed in experiments (i.e. percolation
concentrations of 0.074%wt of the CNT (Kim et al., 2003) and gauge factors on average of 4-
5). This is largely because of the assumption of well-aligned CNTs within the matrix and the
subsequent use of simplified 2D RVEs. Given the strong sensitivities observed between the
well-dispersed and randomly dispersed transverse RVEs, one can anticipate that the full 3D
dispersion and misorientation of CNTs within as produced nanocomposite samples tested
in laboratory experiments will have a tremendous impact on the observed piezoresistive
response, leading to a combination of some of the aspects observed from both the axial
and transverse cases studied herein, .e.g a lower volume fraction percolation associated with
even slight misorientation and slightly less than perfect distribution (to establish fewer but
stronger conducting percolated paths than in well-dispersed cases). Thus, it is believed
that the results provided herein have some practical application towards understanding and
tailoring nanocomposite piezoresistive strain sensor design, for example, as in fuzzy fiber
strain sensors (Yamamoto et al., 2009, 2012; Chatzigeorgiou et al., 2012; Ren and Seidel,
2011) which can take advantage of both the axial and transverse piezoresistive responses

from the radially oriented CN'T network nanocomposite surrounding a glass fiber, e.g. having
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high gauge factor CNT alignment direction in the direction of expected smallest strain and

percolated concentration of CNTs in the transverse direction of highest strain.



Chapter 4

Modeling of Dispersion Effect on the
Piezoresistivity of Carbon
Nanotube-Polymer Nanocomposites
via 3D Computational Multiscale

Micromechanics Methods

4.1 Introduction

It has been found in the literature that the gauge factor of the nanocomposites, which is
used to measure the strength of mechanical-electrostatic coupling within the material, can
vary in a relatively large range, as seen in Fig. 4.1. The maximum gauge factors are achieved
at a concentration just above or a few times larger than the percolation threshold concen-
tration (Kang et al., 2006b, 2009; Bautista-Quijano et al., 2010; Oliva-Aviles et al., 2011;
Ferreira et al., 2012b; Ku-Herrera et al., 2013), which makes CNT polymer nanocomposites

90
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very attractive in the manufacturing of high gauge-factor light-weight strain gauges (Watkins
et al., 2004; Loh et al., 2005; Veedu et al., 2006; Kang et al., 2006a,b; Zhang et al., 20006;
Boger et al., 2008; Kang et al., 2009; Wichmann et al., 2009; Song et al., 2009; Gao et al.,
2009a; Thostenson et al., 2009; Yamamoto et al., 2012).
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[ ]
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Figure 4.1: Gauge factors of the CNT polymer nanocomposites under tension and compres-
sion as found in the literature (Kang et al., 2006b; Zhang et al., 2006; Wichmann et al.,
2009; Kang et al., 2009; Bautista-Quijano et al., 2010; Oliva-Aviles et al., 2011; Ferreira
et al., 2012b; Ku-Herrera et al., 2013).

Currently, several nanoscale mechanisms have been identified to contribute to the overall
piezoresistive response of the CNT polymer nanocomposites, including the electrical tunnel-
ing effect (electron hopping) (Simmons, 1963; Fuhrer et al., 2000; Budlum and Lu, 2001;
Li et al., 2007; Xia and Curtin, 2007; Li and Chou, 2008; Li et al., 2008; Theodosiou and
Saravanos, 2010; Hu et al., 2012), the inherent piezoresistive effect of the CNT (Rochefort
et al., 1999; Peng and Cho, 2000; Tombler et al., 2000; Cao et al., 2003; Dharap et al., 2004;
Stampfer et al., 2006; Megalini et al., 2009; Theodosiou and Saravanos, 2010), and the net-
work effect of the CNTs. Due to Van der Waals forces, the CNTs tend to form bundles of
large aspect ratios, and depending on the processing techniques, the CNT bundles tend to
form networks with specific patterns, e.g. randomly dispersed or aligned. The network of the
CNTs not only results in the nanocomposites being electrically percolated at extremely low

weight percentages of the CN'T, but also plays a key role in determining the overall piezore-
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sistivity of the nanocomposites when coupled with local electrical tunneling and inherent

CNT piezoresistive effects.

Efforts to model the piezoresistive response of nanocomposites have included resistor net-
work models (Li and Chou, 2008; Theodosiou and Saravanos, 2010; Hu et al., 2012) and
micromechanics models (Ren and Seidel, 2013a,b) based on finite element analysis (FEA).
The advantage of the resistor network model is that it can capture the randomness of the
CNTs in a more direct sense by modeling the CNTs as rectangles or cylinders that are ran-
domly dispersed in the 2D or 3D unit cell. The disadvantage of the model is that it does
not precisely obtain the local kinematics and electrostatics of the CNT and the polymer
matrix within the network which are crucial for modeling the piezoresistive response of the
nanocomposites. On the other hand, although the micromechanics models based on FEA
can more precisely obtain the kinematics and electrostatics of the local nanocomposite rep-
resentative volume elements (RVE), due to computational challenges in terms of meshing
and large degrees of freedom, these models have only been focused on the local transverse
and axial tip-to-tip piezoresistive responses of the CNT bundles (Ren and Seidel, 2013a,b).
Without the 3D network effect, the micromechanics models have not explained why the elec-
trical percolation and the piezoresistive responses of the nanocomposites can occur at such
low CNT weight percentages and why the measured gauge factors can vary significantly in

experiments.

In this study, to model the piezoresistive response of the macroscale nanocomposite specimen
and to tackle the multiscale nature of the problem, a 3D computational multiscale piezore-
sistive model is developed. In this model, a 3D cubic mesoscale RVE and a 3D hexagonal
nanoscale RVE are used respectively to represent the macro and nano scale materials, and
the electrical tunneling effect and the inherent piezoresistivity of the CNT are considered
within the nanoscale RVE. In order to account for the network effect of the CNTs, the
nanoscale RVEs are intentionally dispersed within the mesoscale RVE to study the disper-
sion and network effects on the overall piezoresistive response of the nanocomposites. The

computations for the multiscale model employ a bottom-up/top-down/bottom-up approach,
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and the discussion of the results are focused on the piezoresistive gauge factor sensitivity to

CNT distributions.

4.2 Model Description

4.2.1 Schematics of the 3D computational multiscale model
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Figure 4.2: Schematics of the 3D computational multiscale micromechanics model for the
nanocomposite specimen under uniaxial tension or compression test. a) The macroscale
nanocomposite specimen under uniaxial tension or compression test. b) The mesoscale RVE
(1 mm?) for the nanocomposite material within the specimen. Note that in real computations
the number of elements used is 8000, i.e. 64000 subelements. c¢) One single hexahedron
element within the mesoscale RVE. d) Illustration of the CNT bundle within the subelement.
e) The nanoscale RVE representing the CNT bundle. Note that ~on the coordinate system
denotes the macroscale whereas the " denotes the nanoscale, with the mesoscale denoted with

an unmodified X; coordinate system.

The macroscale boundary value problem selected for the present work consists of a nanocom-

posite dogbone specimen with electrodes for monitoring the macroscale piezoresistive re-
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sponse (Fig. 6.5a). As such a configuration corresponds to a uniform state of strain and
electric field at the macroscale, a representative cube of nanocomposite material of dimen-
sion 1 mm is taken to construct the mesoscale RVE, as seen in Fig. 6.5b. The mesoscale
RVE is meshed by eight-node linear hexahedron elements. For each element, there are eight
subelements surrounding the eight gaussian integration points, as seen in Fig. 6.5c. Within
each subelement, it is assumed that the material is either pure polymer matrix or polymer
nanocomposites reinforced by CNT bundles, which can be aligned in any orientation, as
seen in Fig. 6.5d. To simplify the problem, it is further assumed that the individual CNTs
within the bundle are arranged in a hexagonal packing, locally aligned, and have infinite
aspect ratios, for which the hexagonal nanoscale RVE (Hammerand et al., 2007) as shown
in Fig. 6.5e is used. Although the CNT orientation and weight (or volume) percentage
of the local nanoscale RVE are not necessarily the same for the subelements, the global
weight percentage of the CNT in the mesoscale RVE is fixed while different dispersions are

considered.

In order to show the possible CNT dispersion scenarios, a diagram of CNT dispersions
for the 3D multiscale model is shown in Fig. 4.3. The diagram is constructed based on
1-2-3 coordinates, which are the three dispersion factors considered: 1. the CNT subcell
dispersions, 2. the local CNT orientations, and 3. the local CNT volume fraction variations.
It can be seen that in +1 direction, the dispersion of the subcells is transited from the
extreme of statistically well dispersed, to the intermediate of partially columned, and further
to another extreme of fully agglomerated. In 42 direction, the local orientation of the CNTs
within the subcell are transited from the extreme of vertically aligned to the intermediate of
randomly aligned, and further to another extreme of transversely aligned. In +3 direction,
the distribution of local subcell volume fractions of the CNT is transited from the extreme
of all equal to each other but not equal to the global volume fraction, to the intermediate of
not all equal to each other and some may equal to the global volume fraction, and further to
another extreme of all equal to each other and also equal to the global volume fraction. The

diagram is intended to show a whole spectrum of the CNT dispersion possibilities for the
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3D multiscale model. However, it is not wise and impossible to analyze all the dispersion
scenarios, as such, we pick up a few of them to discuss the CNT dispersion effects on the

overall piezoresistive response of the CNT-polymer nanocomposites, as is to be introduced
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Figure 4.3: The diagram of CNT dispersions for the 3D multiscale model. Note that the
subcells correspond to the subelements of the mesoscale RVE. Also note that the scenarios

of a) to g) illustrated here are in 1-3 plane.
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4.2.2 Computational procedures for the 3D multiscale model

The computations are conducted by using an in-house multiscale finite element code, which
are summarized here. By assuming the mechanical properties of the CNT and the polymer
matrix to be linear elastic under small strain assumptions, the nanoscale effective stiffness
tensor Ceﬁ of the local nanocomposites reinforced by CNT bundles is first obtained from
the computational micromechanics method by solving several periodic boundary value prob-
lems on the hexagonal nanoscale RVE (Hammerand et al., 2007). The nanoscale effective
stiffness is then substituted into the integration points of the mesoscale RVE by coordinate
transformation (Ren et al., 2014). By applying the computational micromechanics method
again, i.e. solving the same periodic boundary conditions but at the microscale, the effective

mechanical stiffness tensor C% of the mesoscale RVE is obtained.

Once the mechanical properties of the multiscale model are obtained following the bottom-up
algorithm, load increments are applied following a top-down algorithm. The homogeneous
macroscale strain field € of the specimen is applied to the mesoscale RVE as periodic bound-
ary conditions, under which the mesoscale strain tensor € at every integration point of the
mesoscale RVE is obtained. These mesoscale strains are then applied to the nanoscale RVEs
as periodic boundary conditions by coordinate transformation, such that the local kinematics
of the nanoscale RVEs at all the locations within the mesoscale RVE can be obtained. The
electrical tunneling algorithm within the finite element domain has been discussed in detail
in our previous work in (Ren and Seidel, 2013b). Applying this algorithm to all matrix points
in the well-dispersed hexagonal nanoscale RVEs leads to clearly visible pattern of tunneling
paths within the matrix for percolated weight percentages (Ren and Seidel, 2013b; Ren et al.,
2014). The shape and conductivity /resistivity of these tunneling paths are dependent on the
relative locations of the CNTs within the hexagonal nanoscale RVE and therefore are evolv-
ing in accordance with the local mesoscale strain applied at the boundary of the nanoscale
RVE. The second mechanism within the nanoscale RVEs is the inherent piezoresistivity of

the CN'T, which depends on the strains within the CNT. The CNTs are expected to exhibit
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inherent piezoresistivity such that the change in resistivity is related to the strain in the

CNT through the piezoresistive strain coefficients as (Ren and Seidel, 2013a)
Aps; = Bijuén (4.1)

Here, for simplified demonstration purposes, it is further assumed that g1, = 89999 = 83333

with all other g;;;;, being zero.

Once the distribution of resistivities within the nanoscale RVEs is obtained, the effective
electrical properties are obtained following again a bottom-up algorithm. The electrical en-
ergy equivalence method (Ren and Seidel, 2013a) is used to obtain the effective electrostatic
properties ﬁ%ﬁ of the nanoscale RVE, which are then substituted into the integration points
of the mesoscale RVE by coordinate transformation to represent the effective electrostatic
properties of the mesoscale elements. The electrical energy equivalence method is then used
again to obtain the effective electrostatic properties pfjff of the mesoscale, which, given the
uniform macroscale electric field, are taken to be representative of the macroscale effective
properties of the nanocomposite. Therefore under the applied macroscale strain field, cor-
relation between the mechanical and electrostatic properties (i.e. piezoresistivity) of the
macroscale nanocomposite specimen can be obtained, with the macroscale effective gauge
factor obtained from the equation below (Ren and Seidel, 2013a):

1 (ng(és?)) 1 + €33
P3E(0) (1 — vsiess) (1 — v§hess)

Gl = — —1) (4.2)
€33

in which pf(£33)/05(0) is driven from the nanoscale piezoresistive mechanisms of the mate-

rial, such as the electrical tunneling effect and inherent piezoresistivity of the CNT. If there

is only geometric effect, i.e. if the material itself is not piezoresistive, Eq. 6.6 is reduced to

1 1+ g
Geff - - = = - 1 43
% 533((1 — v5iEs3) (1 — v§0éss) ) (4.3)
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4.3 Results and Discussion

The modeling work is focused on the piezoresistive response of macroscale nanocomposite
specimen under small uniaxial tension and compression tests (| € |< 1.0%). To be consistent
with experiments, the study is focused on the MWCNT/Epoxy vinyl ester (VE) nanocom-
posites with 1.0%wt (CNT weight/VE weight) of the CNT (Ku-Herrera et al., 2013), with
the weight percentages converted to volume percentages based on the densities of the CNT
and the polymer (the densities of the CNT and VE are 1.4g/cm? and 1.17g/cm? respectively).
According to (Aviles et al., 2012), the outer and inner diameters of MWCNTSs are chosen
to be 13 nm and 4 nm respectively. The Young’s modulus and Poisson’s ratio of the CNT
are taken to be 1100 GPa and 0.14 (Saito et al., 1998). The Young’s modulus of VE is 3.60
GPa (Ashland Performance Materials), and the Poisson’s ratios of VE is chosen to be 0.3.
The initial isotropic resistivity within the CNT annulus is chosen to be 107° € -m (Ebbesen
et al., 1996; Seidel and Lagoudas, 2009), and VE is likewise isotropic with resistivity of 10
- m in the absence of electrical tunneling, which is within the typical range of values com-
monly reported for insulating polymers in experiments. For the electrical tunneling effect
within the polymer matrix, an average barrier height of A = 1.5 eV (Hu et al., 2012) is con-
sidered for VE. In the studies of (Chen and Weng, 2007; Theodosiou and Saravanos, 2010)
the reported CNT inherent piezoresistive gauge factors are <7 under small strains, while in
contrast, in (Stampfer et al., 2006) the reported CNT inherent piezoresistive gauge factor
can be as large as 2900. In this study a CNT inherent gauge factor of 10 will be converted
into diagonal isotropic piezoresistive coefficients ggkl (Ren and Seidel, 2013a) to study its

influence on the overall piezoresistive response of the CNT-polymer nanocomposites.

4.3.1 The first CNT dispersion scenario

This scenario corresponds to scenario g) of the diagram as shown in Fig. 4.3, such that

the CNT subcells are statistically well dispersed and for every subcell the CNT local volume
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(a) Mesoscale RVE (b) Nanoscale RVE

Figure 4.4: The 3D multiscale model for scenario 1. a) Illustration of the mesoscale RVE
with well-dispersed, randomly oriented, and 1.0%wt nanoscale RVEs. b) Illustration of the
1.0%wt nanoscale RVE under the transformed mesoscale strain field of €’ = ReR™!, in which

R can be found in Ref. (Ren et al., 2014) (Displacement magnification factor: 37).

fraction is equal to the global volume fraction of the nanocomposites. As such, the mesoscale
and nanoscale RVEs for this scenario are illustrated in Fig. 4.4(a) and Fig. 4.4(b) respectively.
For every subelement of the mesoscale RVE, there is a nanoscale RVE to represent the local
nanoscale responses. As the local nanoscale weight percentage of the hexagonally packed
CNTs equals to the global weight percentage, which is chosen to be 1.0%wt, the CNT
separation distances at the nanoscale (110.8 nm) are far greater than the maximum hopping
range (Ren and Seidel, 2013b) (3.59 nm) for the hopping barrier considered herein (1.5 eV).
As such, only the inherent CNT piezoresistivity mechanism is active in these cases. Following
the bottom-up algorithm, the mesoscale RVE’s effective mechanical properties are obtained
first and summarized in Table 4.1. The mechanical properties of the pure polymer matrix are
also listed in Table 4.1 for comparison purposes. It can be seen that in agreement with the
CNT dispersion symmetries, the nanocomposites with ’vertical’ and "transverse’ CNTs both
yield transversely isotropic effective mechanical properties, with the axis of symmetries in
X3 direction. In contrast, the nanocomposites with 'random’ CNT's yield isotropic effective
mechanical properties. In addition, due to adding of CNTs, the mechanical properties are
greatly strengthened, especially in the directions in agreement with the CN'T orientations.

For example, compared to the pure polymer matrix, the nanocomposites with 'vertical’
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CNTs have a 228% increase in the effective Young’s modulus of ESY. The nanocomposites
with ’transverse’ CNTs have increases of 57% and 71% respectively in the effective in-plane
properties of xT and p¢f. In contrast, for the nanocomposites with randomly oriented
CNTs, although the effective Young’s modulus is only improved by 36%, in exchange the

improvement can be in any spatial direction.

Table 4.1: The effective mechanical properties of the mesoscale RVE for scenario 1 (Unit:
GPa). Note that ’vertical’ represents that the CNTs align in X3 direction, ’transverse’
represents that the CNTs are randomly dispersed in X; — X5 plane, and 'random’ represents

that the CNTs are randomly dispersed in the 3D space.

; ; eff eff eff eff eff
Orientation KTy e 1S3 ES; 2%}

Vertical 3.501 1.403 1.408 11.82 0.298
Transverse 5440 2.371 1.405 4.098 0.192

Eeff eff

Orientation v — — —

Random 4.910 0.289 — _ .

Pure Polymer 3.600 0.300 — — —

Having solved the mechanical problem by using the bottom-up algorithm, the macroscale
strain field (£33 = 0% to +1%, &1 = —15less, &y = —1SHEs3) is applied to the cubic
mesoscale RVE by using the top-down algorithm through 10 equally increased load steps.
As an illustration, the strain distribution of the mesoscale RVE with randomly oriented
CNTs and under the macroscale field of (33 = 1%, &1, = —V5iés3, £y = —vSHEs3) is shown
in Fig. 4.5. The mesoscale strain field at every integration point of the mesoscale RVE is
then rotated to the local nanoscale coordinates and applied to the nanoscale RVE, such
that the strains in the CNTs and the distances between them are obtained and used to
update the electrical resistivities within the nanoscale RVE. The resistivity distribution of

the nanoscale RVE at an integration point of the mesoscale RVE and under the macroscale
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strain field of (&35 = 1%, &1 = —V§éss, Ea9 = —VEHEs3) is shown in Fig. 4.4(b). It can
be seen that the change of resistivities is only limited within the CNTs. This is because
as mentioned before, for this CNT dispersion scenario the CNTs are far away from each
other, therefore the inherent piezoresistivity of the CNT is the only active piezoresistive
mechanism. Following the bottom-up algorithm again, the effective resistivities p° of the
nanoscale RVE are obtained by using the energy equivalence method, and are rotated back
into the mesoscale coordinate system to represent the integration point of the mesoscale RVE,
such that p = p™. As an illustration, the distribution of resistivities of the mesoscale RVE
with randomly oriented CNTs and under the macroscale field of (£33 = 1%, &1 = —v5iés3,
9 = —V5NZ33) is shown in Fig. 4.4(a). Finally, the energy equivalence method is used again
to obtain the effective resistivities p® of the mesoscale RVE, which are used to represent
the macroscale, such that p*® = p°®. Therefore the correlation (piezoresistivity) between
the applied macroscale strain field & and the macroscale effective resistivities p of CNT-
polymer nanocomposites is obtained, and the gauge factor can be further obtained following

Eqn. 6.6.

Xl/%\x2 &, &,y &3 € &13 &3

Figure 4.5: Strain distribution of the mesoscale RVE under the macroscale strain field of

0.012
0.011
0.010
0.009
0.008
0.007
0.006
0.005
0.004
0.003
0.002
0.001
0.000
-0.001
-0.002
-0.003
-0.004

(833 = 1%, &1 = —15Es3, 99 = —15HE53). Within the mesoscale RVE there are hexagonally

packed and randomly oriented 1.0%wt CNTs in each subelement.

The relative change of effective resistivity p$i of the mesoscale RVE with the change of

macroscale strain £33 is shown in Fig. 4.6, and the zero-strain effective resistivities ng(o) and
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Figure 4.6: The relative change of effective resistivity ApSh/ pgg(o) of the mesoscale RVE when
the macroscale strain £33 is from 0% to +1%. Note that for every subelement the nanoscale

RVE is randomly oriented with the CN'T gauge factor of 10.

tensile and compressive effective gauge factors (Ggg(T) and Ggg((})) of the mesoscale RVE for
different CN'T orientation cases are summarized in Table 4.2. From Table 4.2 it can be seen
that the nanocomposites with 'vertical’ CNTs have the lowest zero-strain effective resistivity
of 1.33x 1072 Q-m and the largest tension/compression gauge factors of 10, and subsequently
are the random’ and 'transverse’ nanocomposites. This is because as the nanocomposites
with ’vertical’ CN'Ts have all of the CNTs align in X3 direction, the material is most easily
electrically percolated by the CNTs, and the zero-strain effective resistivity satisfies the rule
of mixtures by the CNT and the polymer matrix. The inherent piezoresistivity of the CNT
is therefore most easily be transferred to the upper scales to induce the strongest macroscale
piezoresistive response (Fig. 4.6). To the contrary, as the nanocomposites with 'transverse’
CNTs have all of the CNTs disperse in X; — Xy plane, the material can not be electrically
percolated by the CNTs in X3 direction, but is rather nearly the same electrically insulating
as the pure polymer matrix. In this case the inherent piezoresistivity of the CNT can not
be transferred to the upper scales and the tension/compression gauge factors are entirely
from the geometric effect. For the nanocomposites with random CNTs, the material is

electrically percolated by the random oriented CNTs, and its performances lie between the
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two extreme orientation cases. From Fig. 4.6 and Table 4.2 it can also be seen that the
relative change of effective resistivity pSI and gauge factors of the mesoscale RVE show good
tension/compression symmetries for all the CNT orientation cases. This is because 1) the
inherent piezoresistivity of the CNT is linear and symmetric with the applied strains on the
CNT (Ren and Seidel, 2013a), 2) under small macroscale tension and compression, the strains
on the CNTs within the mesoscale RVE are also linear and symmetric, and 3) under small
macroscale strains the mesoscale RVE’s geometric effect itself has good tension/compression
symmetry. From the results, it can be seen that as long as the material can be electrically
percolated by the CNTs themselves, the inherent piezoresistivity of the CNT can have an

important influence on the macroscale piezoresistivity of the CNT-polymer nanocomposites.

Table 4.2: The zero-strain resistivities pgg(o) (Unit: © - m), tensile gauge factors Ggg(T)

, and
compressive gauge factors Ggg(c) of the mesoscale RVE for scenario 1. Note that the gauge

factors are computed at £33 = 1%.

GCH(T) GCH(C)

Orientation pgg(o) 33 33

Vertical 1.33 x 1073 10 10
Transverse 9.84 x 104 1.4 1.4
Random 439x 1072 54 5.4

Pure Polymer 1.00 x 10%® 1.6 1.6

4.3.2 The second and third CNT dispersion scenarios

In most CNT-polymer nanocomposites as produced in laboratories, due to Van der Waals
forces, it is perceivable that the CNTs are more likely to be locally agglomerated instead

of well dispersion. To capture the CNT agglomeration effect, the second and third CNT
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dispersion scenarios are studied, which correspond to scenario e) and d) respectively of the
diagram in Fig. 4.3. For the second scenario, the CNT subcells are statistically well dispersed
and for every subcell the CNT local weight percentage is much higher than the global weight
percentage of the nanocomposites. For the third scenario, the CNT subcells are partially
well-dispersed and partially columned, and again for every subcell the CNT local weight
percentage is much higher than the global weight percentage. The columns are intended to

model the mesoscale conductive paths formed by the CNTs.

The nanoscale RVE for scenario 2 is chosen to have 62.5%vol of the CNT (CNT weight/VE
weight = 200%wt), as shown in Fig. 4.7(a). As the CNT separation distances (2.66 nm)
within the nanoscale RVE are within the electron hopping range (3.59 nm) for the height
of barrier considered herein (1.5 eV), the electrical tunneling effect is turned on along with
the inherent piezoresistivity of the CNT. Clear tunneling paths (Fig. 4.7(a)) are formed
among the CNTs, and are evolving with the applied strain field along with the inherent
piezoresistivity of the CNT. The mesoscale RVE for scenario 2 is illustrated in Fig. 4.7(b),
in which there are 849 randomly chosen subelements containing the 62.5%vol nanoscale
RVE. The nanoscale RVE for scenario 3 is chosen to be the same as in scenario 2, and the
mesoscale RVE for scenario 3 is illustrated in Fig. 4.7(c). It can be seen that for the total 849
subelements containing the nanoscale RVE, 800 subelements are stacked into 20 columns,

with the remaining 49 subelements randomly dispersed into the remaining region.

Following the bottom-up algorithm, the effective mechanical properties of the mesoscale
RVE for scenarios 2 and 3 are first obtained. For demonstration purposes, the effective me-
chanical properties with random oriented nanoscale RVE are summarized in Table 4.3. The
mechanical properties of the pure polymer matrix are also listed in Table 4.3 for comparison
purposes. It is of interest to notice that for scenarios 2 and 3, in which the local CNTs are
agglomerated, the effective mechanical properties are very close to the pure polymer matrix.
For example, the effective Young’s modulus EST is only improved by 6.9%, 7.8%, and 10%
respectively for the cases of S2, S3 (10 columns), and S3 (20 columns). This is because the

effective mechanical properties are the volume averaged values in terms of energy homoge-
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Figure 4.7: The 3D multiscale model for scenarios 2 and 3. a) Illustration of the 62.5%vol
nanoscale RVE under the transformed mesoscale strain of & = ReR ™', in which R can be
found in Ref. [36] (Displacement magnification factor: 68). b) Illustration of the 1%wt
mesoscale RVE with well-dispersed, randomly oriented, and 62.5%vol nanoscale RVEs for
scenario 2. ¢) Ilustration of the 1%wt mesoscale RVE with partially dispersed and partially

columned, randomly oriented, and 62.5%vol nanoscale RVEs for scenario 3.

nization. Even though the local mechanical properties can be greatly improved due to CNT
agglomeration, their influence on the overall effective mechanical properties is limited by the
volume averaging process. What can also be noticed in Table 4.3 is that compared to the
cases of S3 (10 columns) and S3 (20 columns), the S2 case has better performances in xS,
pst st while a poorer performance in Egg This is because although well dispersion can

help improve the overall mechanical properties in any directions, stacking of CNTs can help

better improve the mechanical properties in the particular stacking direction of the CNTs.

Having solved the mechanical problem by using the bottom-up algorithm, similar as in sce-
nario 1, the macroscale strain field (833 = 0% to 1%, &1 = —vSiéss, Gop = —vEHEs;) is
applied to the cubic mesoscale RVE by using the top-down algorithm through 10 equally
increased load steps. For scenario 2, as seen in Fig. 4.8, it is found that with the change of

macroscale strain 33, there is no relative change of effective resistivity pSI of the mesoscale
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Table 4.3: The effective mechanical properties of the mesoscale RVE for scenarios 2 and 3

(Unit: GPa). Note that the nanoscale RVE is randomly oriented for all of the 849 subele-

ments.
Scenarios O RV S O
S2 3.644 1.478 1.479 3.848 0.295

S3 (10 Columns) 3.619 1.467 1.475 3.879 0.296
S3 (20 Columns) 3.596 1.452 1.466 3.965 0.297

Eeff eff

Scenarios v — — —

Pure Polymer  3.600 0.300 — — —

RVE for any orientations of the nanoscale RVE!. This is because for this dispersion sce-
nario, as there is no percolating conductive paths formed with the mesoscale RVE, the local
piezoresistive response of the CNTs can not be transferred to the upper scales. The zero-
strain effective resistivities pgg(o) and tensile and compressive effective gauge factors (G§§<T)
and G‘;f,f(c)) of the mesoscale RVE for scenario 2 are summarized in Table 4.4. It can be seen
that as there is no percolating conductive paths, the zero-strain effective resistivities pggf(o)
for vertical and transverse orientations are both 6.19 x 10 Q - m, which are close to the
insulating polymer matrix. The tensile and compressive gauge factors are all 1.6, which are

entirely from the geometric effect of the nanocomposites.

For scenario 3, the relative changes of effective resistivity pSi of the mesoscale RVE with the
change of macroscale strain £33 are shown in Fig. 4.8, and the zero-strain effective resistivities
pgg(o) and tensile and compressive effective gauge factors (G‘;f,f(T) and Ggg(c)) of the mesoscale
RVE for different cases are summarized in Table 4.5. It is found that as long as there is
percolating conductive paths within the mesoscale RVE, the local nanoscale orientations of

the CNT can have a big influence on the macroscale effective gauge factors. For example,

!The relative change of p§i is in the fifth decimal point after zero, therefore is small enough to be

considered as zero.
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Table 4.4: The zero-strain resistivities piy (Unit: ©-m), tensile gauge factors Gg;' ’, and

compressive gauge factors Ggg(c) of the mesoscale RVE for scenario 2. Note that the gauge

factors are computed at £33 = 1%.

Orientation pgg(o) G;gf(T) Gggf(C)
Vertical 6.19 x 10" 1.6 1.6

Transverse 6.19 x 104 1.6 1.6

Pure Polymer 1.0 x 10° 1.6 1.6

when the nanoscale RVEs are randomly oriented in the transverse X; - X5y plane, as illus-
trated in Fig. 4.9a, the nanoscale CNT tunneling paths become important constituent of the
mesoscale percolating conductive paths. Therefore the local nanoscale electrical tunneling
effect can be greatly transferred to the upper scales to yield large magnitude gauge factors
of ~160 and ~80 respectively for tensions and compressions. As a comparison, when the
nanoscale RVEs are vertically oriented in X3 direction, as illustrated in Fig. 4.9¢c, the material
is electrically saturated by the inherent resistivity (and piezoresistivity) of the CNT, there-
fore the macroscale piezoresistivity is entirely from the inherent piezoresistivity of the CNT,
which is much smaller than the electrical tunneling effect, and are of 10 in both tensions and
compressions. For the other orientation cases, as illustrated in Fig. 4.9¢, the piezoresistive
response of the mesoscale RVE is originated from a combination of the electrical tunneling
effect and the inherent piezoresistivity of the CNT, and the effective gauge factors can vary

in a large range depending on the local nanoscale orientations.

It is also of interest to see that for both of the transverse and vertical cases, while the effective
resistivity pS of the mesoscale RVE with 10 columns is approximately twice of the mesoscale
RVE with 20 columns (Table 4.5), which satisfies the rule of mixtures, their relative changes
of resistivity pSI are nearly the same, as observed in Fig. 4.8. For the vertical orientation, the

mesoscale RVE with 10 columns and 20 columns both yield effective tension and compression
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Figure 4.8: The relative change of effective resistivity ApSh/ pgg(o) of the mesoscale RVE when

the macroscale strain &35 is from 0% to 1% for scenarios 2 and 3.

(a) Transverse (b) Random (c) Vertical

Figure 4.9: Illustration of the different combination of orientations of the nanoscale RVE
within the columns of the mesoscale RVE. a) Random orientation in the transverse X; - X,

plane. b) Random orientation in the 3D space. c¢) Vertical orientation in X3 direction.

gauge factors of 10, and for the transverse orientation, they both yield effective tension and
compression gauge factors of ~160 and ~80 respectively. The results imply that although the
number of percolating conductive paths can influence the magnitude of effective resistivity of
the CNT-polymer nanocomposites, the piezoresistive response of the material is more from
the multiscale architecture of the conductive paths, instead of the number of conductive

paths.
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Table 4.5: The zero-strain resistivities piy (Unit: ©-m), tensile gauge factors Gg;' ’, and

compressive gauge factors Ggg(c) of the mesoscale RVE for scenario 3. Note that the gauge

factors are computed at £33 = 1%.

Orientation pgg(o) Gg‘;f(T) Ggg(c)
10 Columns+ Vertical 2.82 x 1073 10 10
20 Columns+ Vertical 1.42 x 1073 10 10

10 Columns+Transverse 1.37 x 102 158 81
20 Columns+Transverse 6.93 x 1011 156 80

Pure Polymer 1.00 x 10%° 1.6 1.6

Besides, what can also be observed from Fig. 4.8 is that when the nanoscale RVEs are trans-
versely oriented, the piezoresistive response of the mesoscale RVE shows tension/compression
asymmetry, with the tensile piezoresistive response larger than the compressive piezoresistive
response. As seen in Table 4.5, the tensile gauge factors Ggg(T) at £33 = 1% are approxi-
mated twice of the compressive gauge factors Ggg(o) at £33 = —1%. This is because when
the nanoscale RVEs are transversely oriented, the electrical tunneling effect becomes the
dominant mechanism. The governing equation of the electrical tunneling effect (Ren and
Seidel, 2013b) is found to have strong tension/compression asymmetry, such that the mag-
nitude of relative change of resistivity at tension can be much larger than the magnitude of
relative change of resistivity at compression. Therefore, the overall piezoresistive response
of the CNT-polymer nanocomposites is reflective of the nanoscale electrical tunneling effect

and shows tension/compression asymmetry.
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4.4 Conclusions

By using a 3D multiscale piezoresistive model, the CN'T dispersion effect on the macroscale
piezoresistive response of the CNT-polymer nanocomposites is studied. It is found that well
dispersion and no local agglomeration of the CNTs can greatly improve the macroscale ef-
fective mechanical properties of the CN'T-polymer nanocomposites. However, as the CNT
distances are larger than the critical tunneling distance for electrons to hop from one CNT
to another, the electrical tunneling effect is not active. In order for the macroscale nanocom-
posites to have a piezoresistive response different from pure geometric effect, it needs two
conditions: 1) there is inherent piezoresistivity of the CNT and 2) the material is electrically
percolated by the CNT network. On the other hand, although it is found that local agglom-
eration of the CNTs can be of limited help in improving the macroscale effective mechanical
properties, as the CN'Ts are within the critical tunneling distance, the electrical tunneling
effect can be active. Through the electrical tunneling effect, the gauge factors of the CNT-
polymer nanocomposites can be large and varying in a wide range from 10° to 10%. Besides,
the piezoresistive response of the CNT-polymer nanocomposites shows tension/compression

asymmetry, with the tensile gauge factors much larger than compressive gauge factors.

It is know that the real CNTs are of finite length, therefore in the CNT-polymer nanocom-
posites it is hard for the CNTs to directly connected and perfectly bounded to each other
from tip to tip to form a percolating conductive paths. Therefore, from the modeling work,
it is believed that the CNT-polymer nanocomposites’ macroscale piezoresistive response is
more likely from a combination of the electrical tunneling effect and the inherent piezore-
sistivity of the CNT, with the former being the dominant mechanism. The modeling work
further shows that the complication and variation of CNT dispersions is one important rea-
son for the piezoresistive gauge factors of the CNT-polymer nanocomposites varying in such
a big range as found in the literature. Therefore, it is necessary to control the micro and
nano dispersions of the CNTs for obtaining large and consistent macroscale gauge factors

and further for the CNT-polymer nanocomposites’ better use in structural health monitoring
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applications.



Chapter 5

Modeling of Electrostatic Properties
of Fuzzy Fiber Reinforced Polymer
Composites via Hierarchical

Composite Cylinders Method

5.1 Introduction

Since the introduction by Hashin and Rosen (1964), analytic composite cylinders methods
(CCM) have been widely used to obtain the effective elastic, thermoelastic, and electrostatic
properties of materials with cylindrical inclusions (e.g. structural fibers) (Hashin and Rosen,
1964; Christensen and Lo, 1979; Hashin, 1990; Seidel and Lagoudas, 2006, 2009; Tsukrov
and Drach, 2010; Chatzigeorgiou et al., 2012). In the CCM models, aligned fiber reinforced
polymer composites can be idealized into concentric cylindrical layers, with each layer ac-
counting for different phases of the composites. The hierarchical CCM model introduced

here is based on the traditional CCM, which, however, has been modified to take into ac-
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count the radial symmetry of the fuzzy fiber interphase region by introducing a nanoscale
electrostatic CCM model. The results are compared with the ones obtained from a similar
hierarchical finite element model, and good agreement is found between the two models.
The obtained effective electrostatic properties are used as initial analytic solutions for the
fuzzy fiber reinforced polymer composites without the electrical tunneling (electron hopping)

effect (Simmons, 1963; Li et al., 2007; Ren and Seidel, 2013b) within the polymer matrix.

5.2 Hierarchical CCM Modeling for Electrostatic Prop-
erties of Fuzzy Fiber Reinforced Polymer Compos-

ites

A fuzzy fiber reinforced polymer composite material system is a fiber composite (Fig. 5.1a),
in which some or all of the structural fibers (glass fibers) are coated with radially aligned mi-
crofibers (multi-walled carbon nanotubes (MWCNTSs)) (Fig. 5.1b). For modeling purposes
we assume (Chatzigeorgiou et al. (2012)) that the representative volume element (RVE)
of the fuzzy fiber contains three layers: the first layer is the cylindrical glass fiber. The
second is a reinforced nanocomposite interphase (intermediate cylindrical layer) which con-
sists of cylindrical MWCNTs and matrix. The third layer is the area of the pure matrix
(Fig. 5.1b). The coated glass fibers are arranged to correspond to a unidirectional lamina
layer (Fig. 5.1a), in which the fibers are aligned in the z direction and are well dispersed
(randomly distributed) in the  — y plane. The fibers and the matrix are either isotropic, or
transversely isotropic linearly elastic materials with the axis of symmetry parallel to the axis
of the fibers. The MWCNTs in the reinforced nanocomposite interphase are assumed to be
transversely isotropic with the axis of symmetry parallel with the MWCNT axis (r-direction
in Fig. 5.1b). The idealized RVE of the reinforced interphase is shown in Fig. 5.1c.

Based on the observations that (a) the diameter of the glass fiber is very large compared to the
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diameter of the MWCNTSs and (b) the MWCNTSs are normally densely packed along the glass
fiber surface (small Af in Fig. 5.1c), we can assume that the reinforced interphase behaves as
a classical unidirectional composite (Fig. 5.1d), and effectively it is a transversely isotropic
medium with the axis of symmetry parallel to the axis of MWCNTs (i.e. in the radial
direction of the glass fiber). Hence, we can use micromechanics methods for composites with

aligned microfibers in determining the transversely isotropic interphase properties (Seidel

and Lagoudas (2006)).

The effective electrostatic properties of the aligned fuzzy fiber reinforced polymer composites
can be obtained by using CCM model in which the second layer is the interphase region. In
order to simplify the problem, let us likewise assume the CNTs in the interphase region are
of the same length, homogeneously distributed, straight and radially oriented, with perfect
bounding to the glass fiber and matrix, as illustrated in Fig. 5.1. As an initial study, we will
disregard the effects of electron hopping. The electrostatic properties of the structural fibers
and the polymer matrix can be considered as homogeneous and isotropic, but what makes a
difference is the interphase region, whose electrostatic properties are of anisotropic symmetry
if denoted in rectangle Cartesian coordinate system, such that the analytic solutions are hard
to find. However, by observing the CNTs are radially oriented, it is convenient to denote
the effective electrical conductivities of the interphase region as cylindrically orthotropic in
Cylindrical coordinate system, whose three components are mg)7 Iié?, and /-;;?1, in which (2)
denotes the conductivities in the second layer. Further, if we introduce a nanoscale RVE
to represent a small area of the interphase region (Fig. 5.1c), we can consider the densely
packed CNTs on the glass fiber to have periodic hexagonal pattern in every local nanoscale
area (Fig. 5.1d), which implies that the interphase region in the nanoscale can be regarded as

transversely isotropic, with the axial direction in the radial direction relative to the glass fiber.

'In the fuzzy fiber interphase region, due to the curvature of the glass fiber surface, the volume fraction
of the CNT is actually radially dependent, with the volume fraction higher close to the glass fiber and lower
farther away from it. However, considering the CNTs are densely-packed, the dependency is very weak,
which is therefore omitted and the volume fraction of the CNT is kept as the one in the middle of the

interphase.
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Fuzzyfiber

Glass fiber

Cross-ply mixed glass/fuzzy fiber laminate Fuzzy fiber CCM model

(a) (b)

CNT  Mmatrix

Microscale nanocompositeinterphase ~ Nanoscale hexagonal RVE Nanoscale CCM model

(c) (d) (e)

Figure 5.1: Schematic of (a) a cross-ply laminate with mixture of non-fuzzy and fuzzy glass
fibers, (b) individual fuzzy fiber corresponding to the composite cylinder model (represen-
tative of an aligned all fuzzy fiber laminate plies), with the first (innermost) layer being the
structural glass fiber, the second layer being the nanocomposite interphase where there are
densely packed and radially oriented CNTs, and the third layer being the pure polymer ma-
trix, (c) A6, Ar, and Az segment of the nanocomposite interphase region, (d) well-dispersed,
densely packed CNT's within the interphase corresponding to a hexagonal packing originat-
ing at the glass fiber-nanocomposite interface (the hat denotes local MWCNT scale), (e)

nanocomposite composite cylinders model.

Therefore we can use the nanoscale CCM model to get the effective electrical conductivities
of the nanoscale first (Fig. 5.1e), and then relate the nanoscale effective properties with those

of the microscale, such that

wP = R2T and ry = v = R = A (5.1)

in which " denotes materials properties in the nanoscale.
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Once the electrostatic properties of the second layer are obtained, the electrostatic properties
for the three layers as identified in Fig. 5.1b are all known. Therefore the electrostatic
properties of the microscale can be obtained by using the microscale CCM model, which
can be used to represent the electrostatic properties of the fuzzy fiber reinforced composites.
Section 5.2.1 introduces the governing equations for a general electrostatic CCM model,

which can be applied either in the nanoscale or microscale.

5.2.1 The governing equations for the electrostatic CCM model

For each layer of the multi-layer cylinder, the steady state conservation of charge equation

can be denoted in Cylindrical coordinate system as:

oI 1oJ
= +

oJ® 1
or + r 00 0z

+ ;Jr(’“) =0 (5.2)

where Ji(k) (i=r,0,z) is the current density component with (k) denoting the index of the layer
(e.g. k=1 denotes the innermost layer, and so on). Similarly, for the homogenized effective
material, the (k) in (5.2) can be replaced with the superscript ‘eff’, where J (i=r0.2) is
the current density component of the effective material. For each layer of the multi-layer

cylinder, the electric field component Ei(k) can therefore be denoted with

(k) _ _aq’(k) (k)

10®*) 0D k)
S (k) — _
" or = 0 r 00’ 2 0z (5.3)

where ®*) is the electric potential for each layer of the multi-layer cylinder, and where the
(k) can again be suitably replaced for the effective material equations. The current density

is related to electric field by Ohm’s law which for the multi-layer cylinder can be written as

T Ky 000 o
=1 0 &y 0 B (5.4)
T 0o o0 &% || EY

where /ig?) denote components of the second order electrical conductivity tensors for each

layer of the multi-layer cylinder, where the layers are generally considered as cylindrically
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(k) (k)

orthotropic such that x’, Ky, and k)

are not necessarily equal. Similarly, for the effec-

€

tive material, Ohm’s law can be written as J&f = /@Z-f-fE]e.ff where /@fjﬁ denotes the effective

J
conductivities for the effective material, which are obtained by solving electrostatic bound-
ary value problems (BVPs) and constructing electrostatic energy equivalence between the
multi-layer cylinder and the effective material. It is noted that, given the cylindrical geom-
etry and cylindrically orthotropic layer conductivities, the effective conductivity should at
most maintain the cylindrically orthotropic material symmetry. However, by assuming the

fibers are infinitely long and by observing the well-dispersed and aligned fibers have hexag-

onal symmetry in the transverse plane, the effective electrostatic material properties can be

eff _

considered as transversely isotropic (Hashin and Rosen (1964)). Therefore, k¢ = x¢lf and

as such, only two BVPs are then needed (one axial and one transverse) to obtain the two

unknown effective electrostatic properties, which are introduced as below.
The in-plane electrostatic BVP

The electric potential for each layer of the multi-layer cylinder is:
B B
W) = (AW Vs 1 BRIy Vs )eos(6) (5.5)

where xX. and xk, are known conductivities of each layer, and A*) and B®) are unknown

constants to be solved by using boundary conditions and matching conditions. It is worth
noticing that for a layer with in plane isotropic electrostatic properties, i.e. k) = /f(e];), the
power terms in (5.5) are reduced to one. This is the case not only for the isotropic glass
fiber and matrix materials of the composite cylinder assemblage, but also for the effective
homogeneous cylinder which is transversely isotropic with r-6 isotropy plane. However, for
the interphase region of the fuzzy fiber which is cylindrically orthotropic such that K2 #+ /{é?,

the power terms are not equal to one. As the adjacent layers of the multi-layer cylinder are

assumed to be perfectly bounded, the matching conditions between adjacent layers are:

oW (r =) =0 D (r =), k=1toN -1 (5.6a)

IO =) =JED(r=rp), k=1toN—1 (5.6b)



Xiang Ren Chapter 5 118

in which N denotes the total number of layers. The boundary conditions for the multi-layer

cylinder are:

M) = Egrcos(0) |r—ry0<-<rL (5.7a)

o) = 0 |r:ro:0,0Sz§L or J(l) =0 |7“:7’0750,0SZ§L (57b)

in which Fj is a constant electric field component associated with a uniform homogeneous
electric field at the macroscale (i.e. here the laminate layer scale), L is the length of the CCM
model in z-direction, and ry and ry are the innermost and outermost radius, respectively,
of the multi-layer cylinder. Specifically, if rq = 0, the innermost layer is solid and the first
condition of (5.7b) is applied such that BY) = 0 so that the potential solution remains
bounded. In contrast, if ry # 0, there is a hollow region in the innermost layer, and the
second condition in (5.7b) is applied. Similarly, the boundary conditions for the effective
homogeneous solid cylinder material are giving (5.7a) and the first of (5.7b) with superscripts

(N) and (1) replaced by ’eff’.
The axial electrostatic BVP

The electric potential for each layer of the multi-layer cylinder is:
ok = AW, 4 Bk (5.8)

where A®) and B®) are unknown constants to be solved by using boundary conditions. The

boundary conditions of the multi-layer cylinder are provided as

d®|,_y=dy (k=1toN) (5.9a)

o®)|._, =& (k=1toN) (5.9b)

in which ®, and ®; are constant potentials as applied at z = 0 and z = L respectively. It is

noted that, as there is no r- or f-dependence in the electric potential, then there is no need
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to enforce matching conditions between the layers. The effective homogeneous solid cylinder
is subject to the same form of the potential and boundary conditions as in (5.8) and (5.9).
Electrostatic energy equivalence

For each BVP, volume averaged electrostatic energy equivalence is constructed between the

multi-layer cylinder and the effective material, such that WEE = Weff where

e _ 1 ZN:/L /%/Tk LE® 109,41 dga (5.10a)
= — —r; 7 J  rar Z -1Ua
V k=1 0 0 Thk—1 2
eff 1 g o ™1 eff yeff
= — — 1 Srar z .
W= o S B rdrdgd (5.10b)
0 0 0

in which V' is the whole volume of the model and V' = 7r% L. For the in-plane BVP,
Welt = 2ES kel = 2E3kgh and for the axial BVP, W = 2EZxT. However, it is noted that
the effective properties resulting for the equating (5.10a) and (5.10b) are independent of the
magnitude of the applied electric field as solution of the BVPs reveal that A%®) and B®)

depend linearly on FEj.

5.3 Examples

In the following examples we consider E glass fibers with radius 5 pm coated with radially
aligned hollow carbon nanotubes. The CNTs we study here are considered to be structured
with 5 walls of 0.34nm thickness each. The CNTs have internal radius 0.518 nm and external
radius 2.218 nm. The fuzzy fibers are embedded in EPIKOTE 862 resin. The properties of
the CNT walls are assumed the same as the properties of the graphene. The electrostatic
properties of the glass fibers, the resin and the graphene are shown in Table 5.3. It is noted
that when the thicknesses of the nanocomposite interphase are 1 ym and 2 pum respectively,
the percolation concentrations of fuzzy fiber are 0.69 and 0.51, which are used as upper limits

for the volume fraction of glass fiber in the microscale CCM model.
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Table 5.1: The electrostatic properties of fuzzy fiber components (Hartman et al.

(2006);Ebbesen et al. (1996);Resolution Performance Products (2001)).

E glass fiber 2.49E-13 S/m
EPIKOTE 862 resin  6.7E-7 S/m
Graphene 1.0E5 S/m

The nanoscale CCM model is first used to obtain the effective electrostatic properties of the
well-dispersed and aligned CNTs in the polymer matrix, as shown in Table 5.2. It is observed
that with the increase of volume fraction of CN'Ts in the interphase region, the conductivities
mﬁi), mé?, and K,(ZQZ) are all enhanced. It is also noticeable that the radial conductivity n&i’ is

10 orders higher than the values of the other two directions due to the radial alignment of

the CNTs in the interphase region.

Table 5.2: The effective conductivities of the fuzzy fiber interphase region as obtained from

the nanoscale CCM model, i.c. £\ = 2 and kly) = £ = & = 22T (Unit: S/m).

lymé& | 1pym & | 1pym & | 2pum & | 2pum & | 2 um &
45.45% | 59.09% | 72.73% | 41.67% | 54.17% | 66.67%

K2 4297EA | 5.587E4 | 6.876E4 | 3.940E4 | 5.122E4 | 6.303E4
ko) = k2 | 1.778E-6 | 2.593E-6 | 4.223E-6 | 1.619E-6 | 2.243E-6 | 3.334E-6

Cases

By applying the microscale CCM model, the effective conductivities of the aligned fuzzy
fiber reinforced polymer composites can be obtained. When the interphase thickness is 1
pm, the change of effective axial conductivity x°T of the composites with the change of volume
fraction of glass fiber is shown in Fig. 5.2(a). It can be observed that with the increase of
volume fraction of glass fiber, the effective axial conductivity of the pure glass fiber reinforced
polymer composites become lower due to the glass fiber’s low conductivity relative to the

matrix. However, with the interphase region added to the surface of glass fiber, the trend
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is reversed as the axial interphase conductivity begins to exceed that of the matrix with
increase in MWCNT concentration. For example, with the volume fraction of glass fiber of
0.51, when the average volume fraction of MWCNTSs in the interphase region is increased
from 45.45% to 72.73%, the effective axial conductivities of the fuzzy fiber reinforced polymer
composites are increased by 76.3%, 132%, and 244%, respectively, compared to the pure
glass fiber case. Similar increases can be found in the 2 pm thickness interphase cases where,
at the volume fraction of glass fiber of 0.51, the effective axial conductivities of the fuzzy
fiber reinforced polymer composites are increased by 143%, 237%, and 400% for interphase
average MWOCNT volume fractions of increasing from 41.67% to 66.67%, respectively. These
observations are consistent with the three phase rule of mixtures which results from the
axial CCM electrostatic BVP. With the thickness of the nanocomposite interphase fixed, as
the glass fiber volume fraction increases, so too does the nanocomposite interphase volume
fraction, thereby rapidly decreasing the matrix volume fraction. With the axial conductivity
of the interphase being an order of magnitude larger than the matrix, the displacement of
additional matrix material in moving to the larger interphase thickness leads to substantially

larger increases in the effective axial conductivity of the composite.

The change of effective transverse conductivity x¢ of the aligned fuzzy fiber reinforced poly-
mer composites with the change of volume fraction of glass fiber is shown in Fig. 5.2b and
demonstrates similar trends to those observed in the effective axial conductivity, i.e. increas-
ing conductivity with increasing MWCNT concentration in the nanocomposite interphase.
However, despite the transverse conductivity of the nanocomposite interphase, /@&3), being
eight orders of magnitude larger than the axial interphase conductivity, £ (which is equal to
theta transverse conductivity, k1), the increases in fuzzy fiber reinforced polymer composite
effective transverse conductivity are much smaller than those observed for the composite

axial conductivity.

In confirming these observations, a comparison of the hierarchical electrostatic CCM model
with a finite element model (FEM) based on the 2D microscale hexagonal representative

volume elements (RVE) (Hammerand et al. (2007)) is constructed. For the fuzzy fiber’s
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Figure 5.2: The axial effective conductivity x°T and (b) comparison of the transverse effective
conductivity x°T as obtained from CCM and FEM for aligned fuzzy fiber reinforced polymer

composites with the change of volume fraction of glass fiber when the interphase thickness

is 1 pm.
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Figure 5.3: The change of effective conductivities of the composites with the change of

volume fraction of glass fiber/glass fiber core by using the Mori-Tanaka method.

interphase region, the nanoscale electrostatic properties are taken from the nanoscale CCM
model and transformed from the Cylindrical coordinate system in the nanoscale to the Carte-
sian coordinate system in the microscale resulting in #-dependent interphase conductivities
as shown in Fig. 5.4(a). Three electrostatic periodic boundary conditions (PBCs) are in-

dependently applied to the microscale RVE, with the energy equivalence method used to
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obtain the effective electrostatic properties ST, kST, and 51 (Ren and Seidel (2013a)). It is
found that xS and kST are equal to each other, and x$I is zero, which confirms the accuracy
of the transversely isotropic assumption as in the CCM model. As an illustration, the po-
tential, electric field, and current density contours for obtaining k51 are shown in Fig. 5.4(b).
The transverse effective electrostatic properties as obtained from the FEM model compare
well with the CCM model as seen in Fig. 5.2(b), which again confirms the accuracy of the

material symmetry assumptions in the hierarchical CCM model.

In contrast to the three-phase rule of mixtures behavior of the axial conductivity, the trans-
verse properties obtained from the CCM and FEM are instead matrix dominated. Yet it
is worth noting that relative to the observed changes in the mechanical properties (Seidel
et al., 2014), the increases in both the axial and transverse effective fuzzy fiber electrical
conductivity are of sufficient significance to be of practical application in making electrically

conductive polymers.

For composites with randomly dispersed glass or fuzzy fibers, the Mori-Tanaka method is
used to obtain the effective electrostatic properties. As seen in Fig. 5.3, for the compos-
ites with randomly dispersed fuzzy fibers, the effective conductivity s of the composites
is isotropic, and lies between the axial conductivity x<f and the transverse conductivity x¢
of the composites with aligned fibers. For the composites with random dispersion of fiber
orientations, the effective properties are obtained by averaging the fiber response over all the
orientations such that the net isotropic symmetry lies between the contributing bounding
values of the local orientation axial and transverse conductivities. Also of note in Fig. 5.3
is that, due dominance of the polymer matrix in the transverse direction, the effective con-
ductivities of the composites with randomly dispersed glass or fuzzy fibers are closer to the
effective transverse conductivities as opposed to the effective axial conductivities, thereby
indicating the potential importance of controlled placement and alignment of fuzzy fibers in

applications.

For the composites with a mixture of aligned glass and fuzzy fibers, as seen in Fig. 5.5(a), even
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Figure 5.4: (a) Distribution of electrical conductivities and (b) distribution of electric po-
tential @, electric field Fs, and current density J, in the 2D microscale hexagonal RVE when
a periodic potential difference of AP = Eo- W, is applied in Y direction (vertical), in which
FEy is a constant macroscale electric field and W, is the width of the 2D microscale RVE in
the Y direction. The 2D microscale RVE represents the nanocomposites in which there are
30% glass fibers with a 2 um thickness interphase, and the average volume fraction of CNTs

within the interphase is 54.17%.

with a small fraction of the glass fibers being fuzzy fibers, the axial effective conductivity
kT of the composite can be significantly increased. However, as seen in Fig. 5.5(b), the
transverse effective conductivity % of the composites is only marginally influenced by the
replacement of pure glass fibers with fuzzy fibers. This indicates not only the importance
of controlling alignment of fibers within a composite, but also the level of control over ply

properties offered by specifying glass/fuzzy fiber mixture ratios.
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Figure 5.5: (a) The change of effective axial conductivity T and (b) the change of effective
transverse conductivity s of composites with volume fraction of glass fiber/glass fiber
core. Note: In the mixture of glass and fuzzy fiber cases, the volume fraction reported for
fuzzy fiber is the one of the glass fiber core which is kept constant at 10%, 20% and 30%,

respectively, while the volume fraction of the pure glass fibers increases from 0-0.6.

5.4 Conclusions

By taking advantage of the cylindrical orthotropic symmetry, analytic hierarchical elec-

trostatic CCM models are developed to obtain the effective electrostatic properties of the
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nanocomposites with well dispersed and aligned fuzzy fibers. As a comparison, a FEM model
for the electrostatic case is developed, which explicitly account for the anisotropic material
properties of the fuzzy fiber interphase region to obtain the material response. It is found
that the effective electrostatic properties as obtained from the CCM model and the numer-
ical method are in good agreement, which verifies the accuracy of the hierarchical CCM
model. In addition, the Mori-Tanaka model is used to obtain the electrostatic properties of
the composites with randomly dispersed fuzzy fibers or with mixtures of aligned fuzzy fibers
and structural fibers. From these cases the importance of controlling alignment is observed
in the sensitivity of the aligned direction properties to the presence and properties of the
nanocomposite interphase in terms of effective electrical conductivity. The analytic hierar-
chical CCM model therefore shows promise as relatively inexpensive preliminary design tools

for fuzzy fiber enriched composite laminates.
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Computational Multiscale Modeling
and Characterization of
Piezoresistivity in Fuzzy Fiber

Reinforced Polymer Composites

6.1 Introduction

The fuzzy fiber material (Bower et al., 2000; Thostenson et al., 2002; Zhu et al., 2003;
Zhao et al., 2005; Ci et al., 2005; Mathur et al., 2008; Garcia et al., 2008; Sager et al.,
2009; Yamamoto et al., 2009, 2012; Wood et al., 2012; Sebastian et al., 2014) is an engi-
neering material that has a carbon, glass, ceramic, or alumina structural fiber core, with
dense CNT "forest” coated on the fiber surface, as observed in Fig. 1.1. In the fuzzy fiber
reinforced polymer composites (FFRPC), the CNTs on the structural fiber surface form a
multifunctional interphase region, which can provide enhanced load transfer, damage resis-

tance, higher thermal and electrical conductivities, and electromechanical coupling in the
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form of piezoresistivity.

In this study we are focused on modeling and characterization of the piezoresistive response of
FFRPC, which is believed to be governed by the piezoresistive response of the nanocomposite
interphase. Currently several mechanisms, which may potentially account for the observed
overall piezoresistivity of the nanocomposites, have been identified, for example, the electrical
tunneling effect (electron hopping) and the inherent piezoresistive effect of the CNT. In both
of the mechanisms, the mechanical and electrostatic properties are one-way coupled, i.e. the
mechanical properties can greatly influence the electrostatic properties, but not vice versa.
In order to obtain the overall piezoresistive response of the nanocomposites, and in turn the
FFRPCs, it is crucial to account for the local piezoresistive response in light of multiple

mechanisms, especially given the dependence on dispersion.

To date, modeling efforts in the literature have been focused on obtaining the effective
mechanical and electrostatic properties of FFRPC (Kundalwal and Ray, 2011, 2012; Chatzi-
georgiou et al., 2012; Seidel et al., 2014). For example, Chatzigeorgiou et al. (2012) applied
a hierarchical analytic composite cylinders method (CCM) to obtain the overall effective
mechanical properties of the composites reinforced by radially aligned fuzzy fibers. The
impact of the CNT length and volume fraction on the overall composite properties is stud-
ied. In contrast, Kundalwal and Ray (2011, 2012) used the Mechanics of Materials (MOM)
approach and the Mori-Tanaka (MT) method respectively for obtaining the effective me-
chanical properties of the fuzzy fiber reinforced composites. In (Chatzigeorgiou et al., 2012;
Kundalwal and Ray, 2011, 2012), it was found that due to the radial growing of CNTs, the
transverse effective properties of this composite are significantly improved. In a similar man-
ner as in (Chatzigeorgiou et al., 2012), Seidel et al. (2014) studied the effective electrostatic
properties of FFRPC by using a hierarchial electrostatic CCM model and a finite element
model (FEM) respectively. However, to our knowledge, no efforts have been found in the

literature for modeling the piezoresistive, i.e. the mechanical-electrostatic coupled response

of FFRPC.
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In this study, single tow piezoresistive fragmentation testing is conducted for characteriza-
tion of the piezoresistive response of FFRPC. Correspondingly, a 3D computational mul-
tiscale mechanical-electrostatic coupled model is constructed to model the same process.
The detailed experimental and modeling work are introduced in section 6.2 and section 6.3

respectively.

6.2 Single Tow Piezoresistive Fragmentation Testing

The fuzzy fiber tows being tested were manufactured in the University of Dayton Research
Institute, with glass fiber as the structural fiber core, as seen in Fig. 6.1. Within one fuzzy
fiber tow, it is estimated that there are roughly 600 single fuzzy fibers. By measuring multiple
places of different fuzzy fiber structural cores in SEM, as shown in Fig. 6.1(c), the diameter
of the fuzzy fiber structural core is approximately 6 ym. On the fuzzy fiber structural cores,
densely packed and randomly oriented MWCNTs are observed (Fig. 6.1(b), 6.1(d), 6.1(e)).
It is also noticeable in Fig. 6.1(c) that in some regions of the fuzzy fiber surfaces, the CNTs
are completely peeled off or sparse which may be due to shipping and handling issues. The
thickness of the CNT forest on the fuzzy fibers is hard to determine as it varies along
the fiber length and from one fiber to another up to several micrometers. The fuzzy fiber
tow is embedded into the dogbone-shaped epoxy specimen for piezoresistive testing. The

fabrication process of the specimens is introduced in section 6.2.1.

6.2.1 Specimen Fabrication

Dogbone molds with a gauge section length of 26 mm were created out of Mold Max 60 high
heat resistance silicon rubber (Smooth-On), as illustrated in Fig. 6.2. A master specimen
was made using a 3D printer and was then covered in the degassed silicon mix. The molds
were then allowed to cure overnight at room temperature. When the rubber molds were

ready for specimen preparation, a light coating of PTFE Mold Release (Miller-Stephenson)
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Figure 6.1: a) Optical image of a single fuzzy fiber tow spread apart by tweezers (Scale bar:
2 ¢cm). b) Field emission SEM (FESEM) image of single fuzzy fibers within the fuzzy fiber
tow (Scale bar: 100 ym). ¢) SEM image of single fuzzy fibers within the fuzzy fiber tow, on
which the CNTs are peeled off (Scale bar: 20 ym). Note that the diameter of the structural
fiber core is measured as 6 pm. d) FSEM image of a section of a single fuzzy fiber (Scale

bar: 2 ym). e¢) FESEM image of the CNTs on the fuzzy fibers (Scale bar: 1 um).

f—25.4———3}

D Silicon Rubber Mold

. Fuzzy Fiber Tow
% 5-Minute Epoxy
m Silver Epoxy
m Copper Wire

Figure 6.2: Hlustration of placing the fuzzy fiber tow into the dogbone mold.
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was applied. One end of a fuzzy fiber tow was covered in a conductive silver epoxy (MG
Chemicals) and then attached to a braided copper wire. The fuzzy fiber tow was placed
inside of a notch created in the molds (Fig. 6.2), and was then cured for 15 minutes inside
a 65°C oven. The notch was then filled with a 5-minute epoxy, and the point where the
fuzzy fiber is connected to the copper wire was immersed into the 5-minute epoxy. The
epoxy was cured for 5 minutes at room temperature. The same procedure was followed for
the other side of the mold. When laying the other end of the fuzzy fiber tow connection
it was held taught by hand while the 5-minute epoxy was curing to ensure the fuzzy fiber
would remain in a tight axial position throughout the dogbone specimen. The resin used for
the composites was Epon 862 resin (Miller-Stephenson) with EPIKURE Curing Agent W
(Miller-Stephenson). Epon 862 is a low viscosity Bisphenol F liquid epoxy. The resin was
mixed with the curing agent at a ratio of 100:26.4 by weight on a 80°C stirring plate at 120
rpm for one hour. Once the fuzzy fibers tow inside the silicon molds were ready, the epoxy
was poured into the molds and then degassed for 10 minutes. The specimens were placed into
the oven to cure at 121°C for four hours. After specimens were cool enough to work with,
they were sanded down to an even 1.7 mm thickness, as seen in Fig. 6.3(a) and Fig. 6.3(b).
One specimen was broken by tension and was viewed at the fracture surface perpendicular
to the tow stretch/axial direction, as seen in Fig. 6.3(c) and 6.3(d). The images show that
the polymer matrix not only infuses well into the spacings among the single fuzzy fibers, but
also spread apart their relative distances. It is further estimated from Fig. 6.3(c) that the

volume fraction of fuzzy fibers within the tow is 3%.

6.2.2 Test Procedure

After the specimens were prepared they were secured into a benchtop tensile test machine
fabricated in house, as seen in Fig. 6.4. The tensile machine is equipped with a 500 lbs.
capacity load cell (Load Cell Central), powered by a NEMA 17 stepper motor (Lin Engi-

neering). Specimens were tested in accordance with the ASTM 3038 composite-fiber testing
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Figure 6.3: a) Optical image of the dogbone specimen, within which the fuzzy fiber tow is
embedded. b) Close up of the connection between the fuzzy fiber tow and the copper wire
through the conductive silver epoxy. ¢) SEM image of the single fuzzy fibers infused by the
polymer matrix within the fuzzy fiber tow region of the dogbone specimen (Scale bar: 50

pum). d) Close up of the fuzzy fibers infused by polymer matrix (Scale bar: 20 pm).

standard, pulling the specimen at a rate of 2 mm/min. Resistance measurements were
obtained at the same time by using an Agilent E4980A precision LCR meter with a two

terminal measurement contact.

Figure 6.4: a) In-house fabricated tensile machine with the dogbone specimen being tested.

b) Close up of the dogbone specimen gripped on the tensile machine.
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6.3 3D Computational Multiscale Model

A 3D computational multiscale mechanical-electrostatic coupled model is constructed to
model the piezoresistive response of FFRPC, such that for every integration point of the
microscale fuzzy fiber interphase region, there is a corresponding nanoscale representative
volume element (RVE) to model the local composite piezoresistive response. The nanoscale
effective electrostatic properties are homogenized by energy equivalence method and sub-
stituted back into the microscale. Both of the electrical tunneling effect and the inherent
piezoresistivity of the CN'T are considered in the nanoscale RVEs. The detailed schematics of
the 3D computational multiscale model is introduced in section 6.3.1, and the computational

procedures are introduced in section 6.3.2 respectively.

6.3.1 Schematics of the 3D Computational Multiscale Model

To represent the macroscale specimen as introduced in section 6.2, a dogbone-shaped finite
element model is constructed, as seen in Fig. 6.5a. The dimensions of the finite element
model are kept the same as the one of the macroscale specimen. The homogeneous cylin-
drical inclusion in the model is used to represent the effective fuzzy fiber tow infused by
polymer matrix, and the remaining areas are used to represent the neat polymer matrix. As
mentioned before, the fuzzy fiber tow contains approximately Ny = 600 single fuzzy fibers,
the average diameter of the single fuzzy fiber core is d; = 6 um, and the volume fraction
of single fuzzy fibers within the fuzzy fiber tow is estimated to be Vi = 3%, therefore the
diameter of the homogeneous cylindrical inclusion is calculated as y/N¢d?/Vy = 0.849 mm.
As observed in Fig. 6.3(c), the single fuzzy fibers within the fuzzy fiber tow are assumed to be
well dispersed, aligned, and have homogeneous material properties in their axial directions,
therefore the effective mechanical and electrostatic properties of the fuzzy fiber tow can be as-
sumed to be statistically transversely isotropic, for which the 3D hexagonal-array microscale

RVE (Hammerand et al., 2007) with a small thickness is used, as shown in Fig. 6.5b. The
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Figure 6.5: Schematics of the computational multiscale model for the dogbone specimen
under the single tow fragmentation test. a) The macroscale FEM for the dogbone specimen
under the single tow fragmentation test. b) The microscale hexagonal RVE (FEM) for
the fuzzy fiber tow infused by polymer matrix. ¢) A single fuzzy fiber infused by polymer
matrix. d) The CNT-polymer nanocomposite interphase of the fuzzy fiber. e) The nanoscale
hexagonal RVE for the CNT-polymer nanocomposite interphase of fuzzy fiber (The axis of
the CNT is in Y; direction). Note that ~on the coordinate system denotes the macroscale
whereas the ~ denotes the nanoscale, with the microscale denoted with an unmodified X;

coordinate system.

single fuzzy fibers as identified in the microscale RVE (as shown in Fig. 6.5¢) can be idealized
to contain two concentric layers: the first is the cylindrical structural fiber, and the second
is the effective nanocomposite interphase (intermediate cylindrical layer) which consists of
densely packed CNTs and polymer matrix, as shown in Fig. 6.5d. Based on the observations
that (a) the diameter of the structural fiber is very large compared to the diameter of the
CNTs and (b) the CNTs are normally densely packed along the structural fiber surface, we
assume that locally the CNTs are well-dispersed and aligned. Hence, we can use a nanoscale

hexagonal-array RVE as seen in Fig. 6.5e to determine the local piezoresistive response.

The relationship between the microscale coordinate system and the nanoscale coordinate
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system is shown in Fig. 6.6. By using 3-1-2 set of Euler angles®, the coordinate transformation

between the micro and nanoscales can be described by the rotation matrix denoted as

cos(0)cos(¢')  cos(¢)sin(0) —sin(¢)
R = —sin(6") cos(8) 0 (6.1)
cos(0")sin(yp’) sin(0)sin(yp’)  cos(y’)

Conversely, the rotation matrix from the nanoscale to the microscale is taken as Q = R™!.
Ideally, the CNTs in the interphase region can be assumed to be radially oriented, corre-
sponding to fuzzy fibers like those of Fig. 1.1(a). In this ideal case the interphase can be
considered as cylindrically orthotropic symmetry (Tsukrov and Drach, 2010; Chatzigeor-
giou et al., 2012) with ' = 6 and ¢’ = 0, in which 6 € [0,27) is the angle formed by the
in-plane direction of the nanoscale RVE to the axis of the corresponding structural fiber,
as seen in Fig. 6.5b. Conversely, the CNTs can be assumed to be randomly oriented in
the interphase region corresponding to fuzzy fibers like those shown in Fig. 1.1(b). In this
case, to represent the statistically randomly distributed CNTs, we choose ¢ = 27y, and
¢’ = arcsin(y,), in which y; and y, are generated from random number generators and

y1 €10,1) and yp € [-1,1) (El-Rahman, 2009).

6.3.2 Computational Procedures for the 3D Multiscale Model

An in-house multiscale finite element code is developed to model the three scales: the
macroscale X, the microscale X, and the nanoscale Y. The effective piezoresistive prop-
erties of the effective fuzzy fiber tow within the macroscale FEM is represented by the one
of the microscale hexagonal RVE, and for every integration point of the interphase region
of the microscale hexagonal RVE, there is a corresponding nanoscale RVE to represent the
well-dispersed, aligned CNTs leading to the piezoresistive response at the nanoscale. While

the macroscale doghone model is meshed by 4-node linear tetrahedron elements, the mi-

!The 3-1-2 set of Euler angles corresponds to §'-w’-¢’. The Euler angle of w’ by axis 1 is chosen to be 0

by considering the transversely isotropic symmetry of the nanoscale RVE.
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Figure 6.6: Schematic representation of the Euler angles between the microscale and

nanoscale coordinate systems.

croscale and nanoscale hexagonal microscale RVEs are meshed by 8-node linear hexahedron
elements with 8 integration points. The reason for using the linear tetrahedron elements for
the macroscale is that it is easier to use them to mesh the macroscale FEM with a cylin-
drical inclusion, and the reason for using the linear hexahedron elements for the microscale
and nanoscale is that it is easier to use them for applying the periodic boundary conditions

(P.B.C.s) on the parallelepiped RVEs.

For the mechanical properties of the multiscale model, as the strains applied in the single
tow fragmentation tests are small, the material constituents within the multiscale model
are assumed to be linear elastic and are assumed to be perfectly bonded with each other.
The effective stiffness tensor of the nanoscale hexagonal RVE Ceﬁ is first obtained from the
computational micromechanics method by solving several periodic boundary value problems
as introduced in (Hammerand et al., 2007), and is then applied at the integration points
of the interphase region of the microscale RVE using the rotation matrix obtained from

Eq. (6.1) according to:
int,e el — —
Cijl:f ff(‘9,7 30/) - Qim(0,7 Qol)an(elu @,)Cmnqupkl (6),7 90/>qu1 (le ()0/) (62)

in which ’int” denotes ’interphase’ and ’eff” denotes ’effective’. By applying the computational
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micromechanics method again, this time for the microscale RVE as opposed to the nanoscale,
the effective mechanical stiffness tensor of the microscale hexagonal RVE C°% is obtained and
as is noted to have transversely isotropic symmetry corresponding to the effective fuzzy fiber

tow region with statistically well-dispersed and aligned single fuzzy fibers, i.e. CEH = C°f,

Having obtained the stiffness of the multiscale model, boundary conditions corresponding
to those applied in the experiment are introduced to the macroscale FEM, as shown in
Fig. 6.7(a). As the 3D macroscale strain tensor € within the effective fuzzy fiber tow region
is nearly uniform, the average macroscale strain tensor €*® is obtained by volume averaging
the strain field components within the fuzzy fiber tow region, and is then applied as a set
of periodic boundary conditions to the microscale hexagonal RVE, as shown in Fig. 6.7(b),

according to
oy
o%;

in which Six, are the opposite surfaces on the microscale RVE and d(S;x;,S_x;) is the

ui(S+Xj) - ui(S—Xj) = d(S+Xj ) S—Xj)

(6.3)

corresponding distance of the opposite surfaces. Under the macroscale average strain field
applied as P.B.C.s, the microscale strain tensor at every integration point of the interphase
region of the microscale RVE is further obtained and applied to the nanoscale hexagonal

RVE as a set of periodic boundary conditions by matrix rotation, i.e.
ei(0',¢") = Ri(0, ¢)ewRy (0, ') (6.4)

in which R depends on the orientation of the nanoscale RVE relative to the microscale
coordinate system, as illustrated in Fig. 6.6. The distribution of von Mises strain® of the
nanoscale RVE under the applied microscale strain field can be observed in Fig. 6.7(c), in

which the relative locations of the CNTs are changed and the CNTs are strained.

Having obtained the local mechanical response in the nanoscale RVE associated with the
macroscale applied mechanical loads via the top down approach, two piezoresistive mecha-

nisms are considered within the nanoscale RVE: 1) the electrical tunneling effect and 2) the

2The von Mises strain is obtained as &, = \/%[(éu —£29)% 4 (822 — €33)% + (611 — €33)%2 + 6(€35 + €3, + €%,)].
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Figure 6.7: The computational multiscale model for the mechanical problem. a) Distribution
of von Mises strain &, within the dogbone specimen under tensile tension test. b) Distribution
of von Mises strain e, within the 3%vol microscale RVE under the macroscale strain field
of &8, c¢) Distribution of von Mises strain &, within the 60%vol nanoscale RVE under the
microscale strain field of &’ = ReR™'. Note that in this showing case the CNTs are assumed

to be cylindrically orthotropic within the fuzzy fiber interphase region.

inherent CN'T piezoresistivity. The electrical tunneling algorithm applied herein within the
finite element model has been discussed in detail in our previous work in (Ren and Seidel,
2013b). Applying this algorithm to all matrix points in the well-dispersed nanoscale RVE
leads to a clearly visible pattern of tunneling paths within the matrix (Fig. 6.8(a)) for perco-
lated local nanoscale RVE volume fractions, e.g. greater than 50% depending on tunneling
parameters, radius of the CN'T, and resistivity of the neat polymer matrix without electrical
tunneling effect. As a result of the applied periodic boundary conditions on the nanoscale
RVE, the local distances between CNTs will change, as such, the local resistivities of the

conducting paths are evolved.

The second mechanism is the inherent piezoresistivity of the CNT, which depends on the

strains within the CNT. The CNTs are expected to exhibit inherent piezoresistivity such
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Figure 6.8: The computational multiscale model for the electrostatic problem. a) Distribu-
tion of resistivities in the 60%vol nanoscale RVE as the applied microscale boundary strain
is from 0 to &’ = ReR™!. Note that the conducting paths or the CNTs can become more or
less conductive depending on the loading conditions on the nanoscale RVE. b) Distribution
of resistivities in the 3%vol microscale RVE as the applied macroscale boundary strain is

g

from 0 to égv . Note that in this showing case the CNTs are assumed to be cylindrically

orthotropic within the fuzzy fiber interphase region.

that the change in resistivity is related to the strain in the CN'T through the piezoresistive
strain coefficients as (Ren and Seidel, 2013a)

Aﬁf} = gzcjklékl (6.5)

Here, for simplified demonstration purposes, it is further assumed that g;1;; = 8999 = 83333
with all other g;,,, being zero. As a result of the applied P.B.C.s on the nanoscale RVE and
by assuming perfect bonding, the amount of strain transferred to the CNTs will increase
with increase in applied load, especially at higher volume fractions (Ren and Seidel, 2013a).
The corresponding change in CNT resistivity due to inherent piezoresistivity of the CNT
(as observed in Fig. 6.8(a)) will in turn have influence on the piezoresistive response of the

nanoscale RVE.

Once the distribution of resistivities within the nanoscale RVE is obtained, the electrical

energy equivalence method (Ren and Seidel, 2013a) is used to obtain the effective electrostatic
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properties of the nanoscale RVE, which are then substituted into the integration points of the

microscale RVE. The electrical energy equivalence method is then used again to obtain the

effective electrostatic properties p¢f

i of the microscale RVE, which are used to represent the

electrostatic properties of effective fuzzy fiber tow within the macroscale FEM, i.e. ﬁ%ﬁ = p%ff.
Having completed the top-down mechanical and bottom-up electrical multiscale portions of
the multiscale algorithm, the process is repeated on subsequent mechanical load increments to
obtain the macroscale piezoresistive response over the complete loading path corresponding

to the fuzzy tow experiments. The macroscale effective gauge factor of the fuzzy fiber tow

at each load increment can therefore be denoted as (Ren and Seidel, 2013a):

or_ L ogBEn)  1eaE

33 T ~avg

gt p5(0) (T+&0%)(1 +85°)

®)

(6.6)

It is worth mentioning that parallel computation techniques are applied to the nanoscale
RVEs by using 40 processors in a cluster system running CentOs Linux 5, such that the
total running time of the model is significantly reduced. For example, in our model the
macroscale FEM contains ~54,000 tetrahedron elements, and the microscale RVEs with
different thicknesses of the interphase contain 16,000 - 21,000 hexahedron elements. Cor-
respondingly, there are 2,500 - 14,000 integration points within the microscale interphase
region, with each integration point relates to a nanoscale RVE of 3,100 - 6,200 hexahedron
elements. For such a big 3D multiscale problem, the running time of each time step is in the
range of 11 minutes to 126 minutes depending on the RVEs used and the fineness of mesh,

which is satisfactorily fast.

6.4 Experimental Results and Discussion

During the fabrication process, the resistances of three different specimens are recorded at
each processing step, as seen in Fig. 6.9. From step 1 to step 2, a change of resistance is
recorded for each specimen after the conductive epoxy lead is fused with the fuzzy fiber tow.

The resistances are still on the same order as the original fuzzy fiber tow, which implies
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that the conductive epoxy leads and the fuzzy fiber tows are well connected. From step
2 to step 3 every specimen shows an appreciable increase in resistance as the liquid epoxy
permeates the fuzzy fiber. This is believed to be from a decrease in local nanocomposite
volume fraction as the epoxy separates the CNTs. From step 3 to step 4 there is again
appreciable change between uncured and cured epoxy, which implies that the curing caused
contraction of the polymer matrix and therefore an increase in local nanocomposite volume
fractions. From 4 to 5 the measurable increase in resistance in all specimens implies that
there is a thermal expansion effect on the resistance of the specimen. At the last step, upon
removal of the specimen from the mold and final sanding to uniform thickness, the resistance
is again measured and is taken as the zero strain resistance value, Ry, in determining the
experimentally measured gauge factors. It can be noted that for the three different specimens,
the zero strain resistances have a noticeable degree of scatter, which is believed to be due to
differences in the fuzzy tow nano and micro structures. As a result, the preferred measure
of piezoresistive electromechanical coupling is the gauge factor which is obtained from the

relative change in resistance of a given specimen under applied load.
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Figure 6.9: The record of resistance at successive steps of the fabrication process for the three
fuzzy fiber specimens: 1) fuzzy fiber tow in air, 2) fuzzy fiber tow in air with conductive
epoxy leads, 3) fuzzy fiber tow infused in epoxy pre cure within the mold, 4) post cure (hot)
of the specimen within the mold, 5) post cure (cool) of the specimen within the mold, and

6) post sanding of the specimen out of the mold.
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Once the fuzzy fiber specimens are manufactured, they are placed into the tensile machine,
with simultaneous resistance and load measured to obtain the piezoresistive responses, as
seen in Fig. 6.10. It is found that there is a good correlation between the measured resistance
and the applied load, as seen in Fig.s 6.10(a), 6.10(b), and 6.10(c). Fig. 6.10(a) shows
good correlation between load and resistance up to the point of brittle failure, Fig. 6.10(b)
demonstrates that in low frequency cyclic loadings, there is very little lag in the resistance,
and Fig. 6.10(c) demonstrates that there is very little drift in the signal on pause. The
correlation between resistance and load implies that there is good piezoresistivity of FFRPC
within the fuzzy fiber tow region of the dogbone specimen. Further, in order to obtain the
gauge factors of FFRPC, correlation between the measured relative change of resistance and
the applied boundary displacement is obtained, as shown in Fig. 6.10(d). Note that the axial
strain £53® is from interpretation of the average strain on the effective tow with randomly
oriented CNTs by using FEM. It is found that for the three different fuzzy fiber dogbone
specimens, the gauge factors Gas (Ggg = Ag%gSO) are 0.20, 0.13, and 0.09 respectively at

25 — 6%,

A total of 19 fuzzy fiber dogbone specimens were fabricated and tested, with their corre-
sponding gauge factors as a function of applied strain during the loading process obtained
and averaged as provided in Fig. 6.11. The key observation is that the obtained gauge factors
for the specimens are not sensitive to the applied strain level, which implies that the ran-
domly oriented CNT's within the fuzzy fiber interphase region may be in direct contact with
one another such that the nanocomposites is electrically saturated with pS(£33%) = psi(0)
as in Eq. (6.6). The piezoresistive response of the specimen is therefore entirely from its

geometric effect, which is not sensitive to the level of applied strain.
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Figure 6.10: The piezoresistive response of the fuzzy fiber doghone specimen with applied
external loadings. a) Correlation between measured resistance and linear loading, b) Cor-
relation between measured resistance and cyclic loading, ¢) Correlation between measured
resistance and paused loading, d) Correlation between measured relative change of resistance

and applied boundary displacement.

6.5 Modeling Results and Discussion

6.5.1 Modeling of FFRPC with Cylindrical Orthotropic or Ran-
domly Oriented CNTs

The macroscale FEM, and the microscale and nanoscale RVEs are constructed based on mor-
phological data obtained from the characterization of the physical specimens. As mentioned
before, the thickness of the interphase on the single fuzzy fibers is hard to determine as it

varies along the fiber length and from one fiber to another. As such, a parametric study is
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Figure 6.11: The average gauge factor of the dogbone specimen at each applied macroscale
strain level, for which 19 specimens are used and the error bars correspond to the standard
deviations of the data. Note that the axial strain £5;° is again from interpretation of the

average strain on the effective tow with randomly oriented CN'Ts by using FEM.

conducted wherein the thickness of the nanocomposite interphase of the fuzzy fiber is varied
from 1 to 2 to 3 pm. Such thicknesses are consistent with lengths of MWCNTSs observed in
Fig. 6.1(e) which were observed to be 1 um and longer. In order to simplify the problem, the
outer and inner diameters of the CN'T are chosen to be 13 nm and 4 nm, respectively, as was
reported in (Aviles et al., 2012). Under small strain assumptions, the CNT annulus, epoxy,
and glass fiber are taken to be isotropic linear elastic, with the Young’s modulus and Pois-
son’s ratio of 1100 GPa and 0.14, 3.0 GPa and 0.3, and 78 GPa and 0.22, respectively (Saito
et al., 1998; Hartman et al., 2006). The initial isotropic resistivity within the CNT annulus
is chosen to be 107 - m (Ebbesen et al., 1996; Seidel and Lagoudas, 2009), the isotropic
resistivity of the glass fiber is 4.02 x 10'? Q- m (Hartman et al., 2006), and epoxy is likewise
isotropic with a measured resistivity of 10> Q - m in the absence of electrical tunneling.
Barrier heights for epoxy have been reported to be on the order of A = 0.5 - 2.5 eV (Hu
et al., 2012), therefore an average value of A\ = 1.5 eV is used here. In the studies of (Chen
and Weng, 2007; Theodosiou and Saravanos, 2010) the reported CNT inherent piezoresistive
gauge factors are <7 under small strains, while in contrast, in (Stampfer et al., 2006) the
reported CNT inherent piezoresistive gauge factor can be as large as 2900. In this study

a CNT inherent gauge factor of 10 will be converted into diagonal isotropic piezoresistive
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coeflicients ggkl (Ren and Seidel, 2013a) to study its influence on the overall piezoresistive

response of FFRPC.

Unit : GPa Unit : GPa
3.240 1315
* .4
3235 1310
a SCOFEM . e 4CO FEM
3.230 . ° ) A
. 0COCCM 1300
3.225 A a a 1.295 A
a .
3220 o ¢RAFEM | ,o0 a *RA FEM
3215 1285 °
50%  60%  70%  80%  90% 50%  60%  70%  80%  90%
V; of the CNT V; of the CNT
eff eff
(a) K95 (b) s
Unit : GPa Unit : GPa
i;: . 2 18.0 - 0.300
: . * ACOFEM 160 0 F
130 * ° 14.0 ACOFEM 4,95 o . . . 4CO FEM
133 a 12.0 .
132 a ecocem - . . 20C0OCCM 029 * ococem
131 a +RA FEM 80 * ° 0.285 a
130 60 a N a Py ¢ RA FEM 1 . . o 4 eRA FEM
120 ¢ 4.0 0.280 :
50%  60%  70%  80%  90% 50%  60%  70%  80%  90% 50%  60%  70% _ 80%  90%
V, of the CNT V, of the CNT V, of the CNT
eff eff eff
(c) uss (d) Eg3 (e) v

Figure 6.12: The effective mechanical properties of the microscale RVE as obtained from
the FEM and CCM methods respectively, in which the volume fraction of the fuzzy fibers
is kept at 3%vol and the thickness of the interphase is kept at 2um for increasing CNT
volume fractions in the nanocomposite interphase. Note that ’CO’ represents 'cylindrically
orthotropic’ symmetry of the interphase region, and 'RA’ represents 'random’ distribution of
CNTs within the interphase region. a) The microscale effective in-plain bulk modulus 5. b)
The microscale effective axial shear modulus pSt. ¢) The microscale effective in-plain shear
modulus z5. d) The microscale effective Young’s modulus ESi. e) The microscale effective
axial Poisson’s ratio v, Note that for the microscale effective in-plane shear modulus S,
converged solutions of CCM method for some of the nanoscale volume fractions are not

available, therefore are omitted showing here.

By solving five periodic boundary value problems (Hammerand et al., 2007), the mechanical

properties of the nanoscale RVEs are obtained first, and are substituted into their corre-
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sponding integration points within the interphase region of the microscale RVE. Five peri-
odic boundary value problems are solved again such that the effective mechanical properties
of the microscale RVE are obtained. For example, the effective mechanical properties of
the microscale RVE with the interphase thickness of 2 ym and with the volume fraction of
the CNT at the nanoscale varying from 50% - 90% are shown in Fig. 6.12. For the FFRPC
with cylindrically orthotropic (CO) fuzzy fiber interphases, analytic solutions from the CCM
method (Chatzigeorgiou et al., 2012; Seidel et al., 2014) are available and are compared with
the FEM method, as seen in Figs. 6.12(a), 6.12(c), 6.12(d), and 6.12(e). It can be seen that
for the microscale RVEs with 3%vol fuzzy fibers and an interphase thickness of 2 pym, the
effective properties x$I, st and 15T of the two methods match very well up to 90%vol, with
the relative differences of -0.15%, -0.55%, and -0.65% respectively compared to the FEM
method. However, for the effective Young’s modulus ES| the relative difference is -32.4%
compared to the FEM method. This big difference is believed to be from the misrepresen-
tation of the geometry at such large volume fractions of the CCM method which continues

to represent the matrix as an encompassing concentric cylinder phase.

In contrast, for the microscale RVEs in which there are randomly (RA) oriented CNTs in the
interphase region, the mechanical properties are obtained by assigning random orientation of
the nanoscale RVEs to the integration points of the interphase region, and then solving five
periodic boundary value problems at the microscale. To allow for different sets of random
orientations of the CN'Ts in the interphase region, the code is run 10 times, and it is found
that very close effective material properties are obtained for each set of random orientations,
with the standard deviation three to six orders smaller. Therefore the RA results presented
in Fig. 6.12 are believed to be statistically reasonable. It can be seen that the effective
properties £S5, pt st and v of the microscale RVEs with RA interphases are very close
to the ones with CO interphases, with the relative differences smaller than 0.1%, 1.3%, 4.0%,
and 4.4% respectively compared to the FEM CO results. The key difference is again focused
on BT which is increased by 58.1%, 68.2%, 76.4%, 78.0%, and 49.5% respectively compared
to the FEM CO results when the volume fraction of the CNT is from 50% to 90% at the
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interphase region. This difference arises because by randomly aligning the CNTs within the
interphase region, the axial Young’s modulus of FFRPC is greatly enhanced due to some of
the CNT alignments occurring in the axial direction of the fuzzy fiber tow (as opposed to
the radial). By comparing the effective mechanical properties of FFRPC with RA and CO
interphases, it can be concluded that the RA orientation of the CNT within the interphase

is superior for improving the overall mechanical properties of FFRPC.

Once the mechanical properties of the microscale RVEs are obtained, they are substituted
into the effective fuzzy fiber tow region of the macroscale FEM, and the load steps are
applied through displacement boundary conditions corresponding to those applied in the
experiment. From each applied load increment at the macroscale, the volume averaged

& of the fuzzy fiber tow region is obtained, and is applied as P.B.C.s to

strain tensor &
the microscale RVEs to obtain their piezoresistive responses according to the multiscale
piezoresistive algorithm. The piezoresistive responses of FFRPC with CO interphases are
shown in Fig. 6.13, from which the key observations are: 1) with the same nanoscale volume
fraction of the CNT (above the nanoscale percolation concentration), as the thickness of the
interphase increases, the overall effective axial resistivity pS decreases. This is because as
the thickness of the interphase increases, it replaces the equivalent amount of non-conducting
matrix material, therefore the fuzzy fiber tow can have a larger microscale volume fraction
of conducting interphase region such that the axial resistivity is reduced. 2) as the nanoscale
volume fraction of the CNT increases, the overall effective axial resistivity decreases by
orders of magnitude due to increases in electrical conductivity at the nanoscale associated
with increased electron hopping. 3) FFRPC with CO interphases yield very large axial gauge
factors, which are ranging from 32.8 to 126.6 at £35° = 4%. 4) For FFRPC with cylindrically
orthotropic interphase, the inherent piezoresistivity of the CN'T has negligible effect on the
overall piezoresistive response at 60%vol - 80%vol of the CNT. Only when the volume fraction
of the CNT increases to 90%, there is a limited influence, as observed in Fig. 6.13(d). This
is because although there is inherent piezoresistive effect at 60%vol - 80%vol of the CNT, at

the strain levels considered here the inherent piezoresistivity of the CN'T only increases the
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CNT resistivity by at most 4% which remains 16 to 4 orders of magnitude lower than the
matrix resistivity such that changes in matrix resistivity due to electron hopping remain the
dominant driver of nanoscale piezoresistive response, particularly in the transverse direction
as was observed in (Ren and Seidel, 2013b). In contrast, at 90%vol of the CNT, there is
greater strain transfer, therefore a greater inherent piezoresistive effect. More importantly
the resistivity of the CNT remains on the same order as the electron hopping induced matrix
resistivity, therefore at 90%vol the inherent piezoresistivity of the CNT can have an influence
on the overall piezoresistive response of FFRPC. It can be seen that at 90%vol, when the
thickness of the interphase increases from 1pm to 3um, the overall gauge factor is increased

from 35.5 to 36.4, from 34.1 to 35.0, and from 32.8 to 33.7 respectively.

It is of interest to note that at 60%vol CNT within the interphase region, as observed in
Fig. 6.13(a), the gauge factor increases with the increase of thickness of the interphase region,
however at the other volume fractions of the CN'T, the piezoresistive effect decreases with
the increase of interphase thickness. It is also observable that from 60%vol to 90%vol of
the CNT, the overall gauge factors reach the highest at 70%vol of the CNT, and gradually
decrease from 70%vol to 90%vol of the CNT. These results imply that there is a combination
of the CNT volume fraction and the fuzzy fiber interphase thickness that can yield the largest
gauge factor of FFRPC, and moreover that the gauge factor of FFRPC can be purposely

tuned over a large range.

The piezoresistive responses of FFRPC with randomly aligned CN'T's in the interphase region
(2um thickness) are shown in Fig. 6.14. It is found that when considering only the electrical
tunneling effect, for nanoscale CNT volume fractions up to to 80%, the overall resistivity
at each volume fraction is nearly unchanged with the applied macroscale strain, i.e. there
is almost no observable piezoresistive response beyond that of the geometric piezoresistive

response when p°f(£5:%)

= p°T(0). This is because the nanoscale RVE uses the high aspect
ratio argument such that CNTs span the local axial direction (thickness) of the nanoscale
RVE. This means that the transverse electron hopping governed resistivity of the radial

oriented cases has to directly compete with the CNT themselves (and their inherent piezore-
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Figure 6.13: The piezoresistive response of FFRPC with CO interphases, in which the volume
fraction of the CNT within the nanoscale RVE is varied from 60% - 90%, and the thickness
of the interphase is varied from 1 pum to 3 um. a) p§I vs. £55° at 60%vol of the CNT, b) psi
vs. £a5° at 7T0%vol of the CNT, ¢) pSi vs. €558 at 80%vol of the CNT, and d) pSt vs. £53° at
90%vol of the CNT (Unit: Q-m). Note that in a), b) and c¢) as the inherent piezoresistivity
of the CNT has negligible effect, the curves are the ones corresponding to the electrical

tunneling effect only.

sistivity) for nanoscale RVEs aligned in the fuzzy fiber axial direction. As a result, the CNT
conductivity formes saturated conductive paths of at least 4 orders larger than that of the
transverse paths. Even with strain the transverse paths are not able to change to comparable
level of the CNTs. In fact, only when the nanoscale volume fraction of CNT is 90% can
a noticeable non-geometric piezoresistive response be observed, as seen in Fig. 6.14. This
is because at this extremely high nanoscale volume fraction, the electrical tunneling effect

is strong enough to be comparable with the conductivity of CNT and thus, can have an
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influence on the overall piezoresistivity. The effective gauge factors corresponding to these
electron hopping only cases are 1.475, 1.467, 1.434, and 14.9, respectively, for volume frac-
tions from 60% to 90%. The decrease in effective gauge factor from 1.475 to 1.434 when the
volume fraction of the CNT is from 60% to 80% is due to the fuzzy fiber tow becoming stiffer
when the volume fraction of CNT is higher. In contrast, the gauge factor of FFRPC with
90%vol CNT is an order of magnitude larger as it consists of both of the geometric effect

and the electrical tunneling effect.
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Figure 6.14: The piezoresistive response of FFRPC with interphases of randomly aligned
CNTs. Note that the volume fraction of the CNT within the nanoscale RVE is varied from
60% - 90%, and the thickness of the interphase is kept at 2 pm.

When the inherent piezoresistivity of the CNT is considered along with the electrical tun-
neling effect, there is a clearly discernible piezoresistive response in the observed effective
resistivity of the FFRPC for all nanoscale CNT volume fractions as seen in Fig. 6.14. This
can again be attributed to the implementation of the high aspect ratio of the CNTs within the
nanoscale RVE and the conductive paths which nanoscale RVEs form within the interphase.
For the value of inherent CNT piezoresistive gauge factor applied here (10), the rotated
average microscale strain lead to local axial strains on the CNTs which induce measurable
changes in the axial CN'T conductivity, thereby directly affecting the axial conductive paths
formed within the randomly oriented interphase. Correspondingly, the overall piezoresistive
effects of FFRPC with 60%vol - 90%vol CNTs are larger compared to the ones without
inherent piezoresistivity of the CNT, with the gauge factors of ~5.5 for 60%vol - 80%vol
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CNTs, and 18.2 for 90%vol CNTs.

6.5.2 Modeling of FFRPC with Sparse Regions of the CNT

So far, we have modeled the FFRPC with CO and RA interphases. By considering only the
electrical tunneling effect, which is the main mechanism, it is found that the FFRPC with CO
interphases can yield large gauge factors ranging from ~30 to ~120. In contrast, although
the mechanical properties are improved due to random orientation of the CNT, the FFRPC
with RA interphases yield smaller gauge factors of ~1.5 to ~18. However, it is found that
the gauge factors of FFRPC with RA interphases which better represent the observations in
Fig. 6.1(d) and Fig. 6.1(e) are still one order larger than the experimental values obtained
here (0.14 on average). The reason for the over prediction of gauge factors may attribute
to several FFRPC characteristics that the model has not captured, for example, the sparse
regions of CNTs along fuzzy fiber length (Fig. 6.1(c)), the curvature and distribution of
different CNT types (Fig. 6.1(e)), the random dispersion of fuzzy fibers within the matrix
infused tow (Fig. 6.3(c)), and the asymmetric distribution of CNTs around glass fibers within
the matrix infused tow (Fig. 6.3(d)), etc. Among all of these factors, what is believed can
have the most significant influence on the overall piezoresistive response of FFRPC is the

sparse regions of CN'Ts along the fuzzy fiber length.

Due to processing or handling defects, the CNTs on the fuzzy fibers may be peeled off or
form sparse regions, which disrupt the axial conductive paths and cause the material to
be nonhomogeneous in the axial direction. As such, to obtain G;ﬁf for the axially nonho-
mogeneous FFRPC, it not only requires the CNT distribution information along the entire
tow, but also requires computations of the corresponding resistivity and strain distributions,
which are very computationally challenging. In order to obtain an estimate of the influence

of sparse regions on the gauge factor of the fuzzy fiber tow, a simplified approximation of
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the gauge factor for the axially nonhomogeneous FFRPC can be denoted as:

~eff  ~eff ~ eff ~ eff ~ off ~eff  ~eff
Geff AR:& /Rs(o) - (R3 - R3(0))/R3(0) _ R3 /R3(0) -1

— - = — — (6.7a)
» 533g 533g 533g
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0 Ao(X3) (1 +En(Xs))(1 + E22(X3))

in which Ly and A are the original length and cross-section area of the fuzzy fiber tow,

~a
£xve

i~ are the volume averaged strain components within the fuzzy fiber tow region, and the

axial resistivity F5 is taken to depend on both the axial location X and the macroscale
strain field at X3. In order to show the sensitivity of the overall piezoresistivity of FFRPC
to the presence of the sparse regions, a model with simplified assumptions is used. As
seen in Fig. 6.15(a), it is assumed that on 99.5% of the fuzzy fiber tow, the CNTs are
randomly dispersed and statistically homogeneous, with the macroscale average strain field
éijvg of the entire fuzzy fiber tow region applied as homogeneous boundary conditions. The
remaining 0.5% is considered as sparse regions and is assumed to be concentrated at one axial
location within the tow. The geometry of the 0.5% sparse fuzzy fiber tow region is further
assumed to be unchanged with strain, and its resistivity is assumed to be unchanged at 7
Q - m, which corresponds to 0.5%vol randomly oriented CNTs at the nanoscale. Therefore
Eq. (6.7) can be simplified into two sub integrations and the overall piezoresistive responses
of FFRPC are obtained, as seen in Fig. 6.15(b). It is found that compared to the FFRPC
with randomly oriented CNTs and without sparse regions, with only 0.5% sparse regions the
overall resistance is increased by 1 to 2 orders and the overall gauge factor is decreased by 1
to 2 orders, which is comparable to the gauge factors from experiments as shown in Fig. 6.11.

Thus it can be seen that the sparse regions are indeed likely to have a big influence on the

overall piezoresistive response of FFRPC.



Xiang Ren Chapter 6 153

—avg Rem
& Xs) 4.16E+3 ~
Effective fuzzy fiber tow x, ) Gf =0.032

4.14E+3 — 60%vol CNT

¢ ’ GF=0028
' % 412E43 G;x;f =0.024
%, — 709
47 4.10E+3 70%vol CNT
o 4.08E+3
80%vol CNT

4.06E4+3 G5 =0.132
CNT sparse region

4.04E+3 — 90%vol CNT

4.02E+3 . :
0.0% 1.0% 20% 3.0% 4.0%&5°

(a) (b)

Figure 6.15: The piezoresistive response of FFRPC with CNT sparse regions within the
fuzzy fiber interphase region. a) Ilustration of the fuzzy fiber tow region of the dogbone
specimen, in which there is a CNT sparse region. b)Rgﬂr vs. €8 of FFRPC with 0.5% CNT
sparse regions. Within 99.5% region of the effective fuzzy fiber tow, the nanoscale volume
fraction of the CNTs varies from 60% to 90%. Note that the electrical tunneling effect is the

sole nanoscale piezoresistive mechanism for the results shown here.

6.6 Conclusions

The piezoresistive response of FFRPC is characterized by using the single tow piezoresistive
fragmentation tests, and at the same time is modeled by using a 3D multiscale piezoresistive
model. The experimental work shows that the CNTs on the fuzzy fibers are densely packed
and randomly dispersed. Approximately linear piezoresistive effect is observed within the
fuzzy fiber tow region, and the gauge factors from the tests are on the average of 0.14. The
3D multiscale piezoresistive modeling work shows that the FFRPC with homogeneous cylin-
drically orthotropic interphase can theoretically yield very large gauge factors varying from
~30 to ~120, and that inherent piezoresistivity of the CNT can have very little influence
on the overall piezoresistivity for such a microstructure. On the other hand, although it is
found that the mechanical properties are improved due to random orientation of the CNT,
the FFRPC with statistically homogeneous random interphase yield smaller gauge factors
of ~1.5 to ~18. This is because the random oriented CNTs in the interphase can form

conducting paths directly, which saturates the conductivity and thereby undermines the
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FFRPC piezoresistive response induced by electrical tunneling. However such a dispersion
of CNTs within the nanocomposite interphase is very sensitive to the inherent piezoresis-
tivity of the CNT. It is found that both of the FFRPC with cylindrically orthotropic and
randomly oriented interphases yield gauge factors much larger than the ones as obtained
from our experiments (0.14 on average). By considering other factors that may influence
the piezoresistive response of FFRPC, it is found that the sparse regions of the CNT along
the fuzzy fiber length can have strong effects on the macroscale gauge factor of FFRPC. In
summary, based on the modeling work, it is believed that the reason for the observed small
gauge factors not only originates from random dispersion of the CN'Ts within the fuzzy fiber
interphase, but also from some other factors such as the CNT sparse regions along the fuzzy
fiber length. Based on these results, we have a better understanding of how to tailor the
gauge factors of FFRPC based on nano and microscale architectures such that large, consis-
tent, and predictable gauge factors can be purposely obtained for potential structural health

monitoring applications.



Chapter 7

Concurrent Multiscale Modeling of
Coupling between Continuum
Damage and Piezoresistivity in

CNT-Polymer Nanocomposites

7.1 Introduction

Researchers have found that the piezoresistive response of the CNT-polymer nanocomposites
can be an indicator of damage events within the material (Park et al., 2007; Li and Chou,
2008; Saafi, 2009; Gao et al., 2009a,b; Kim et al., 2010; Alexopoulos et al., 2010; Vadlamani
et al., 2012b,a; Cardoso et al., 2012; Heeder et al., 2012). For example, by using double-
matrix composite techniques, the carbon fiber fracture events were inherently sensed by
the piezoresistive response of CNT-polymer nanocomposites, and it was found that the
piezoresistivity of the nanocomposites can well capture the fiber fracture events (Park et al.,

2007). Saafi (2009) used wireless cement-CNT sensors for damage detection in concrete

155
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structures, and it was found that the carbon nanotube networks can in-situ detect crack
initiation and propagation. Vadlamani et al. (2012b) dispersed 0.3%wt-0.5%wt CNTs into
epoxy, and through measuring the piezoresistivity of the CNT-polymer nanocomposites they
studied the in-situ sensing of nonlinear deformation, damage initiation, and growth within
the material. It is therefore very attractive for the CNT-polymer nanocomposites to be
directly embedded into vehicle structures to provide internal and in-situ strain and damage
sensing, e.g. fuzzy fiber reinforced polymer composites (Sebastian et al., 2014; Ren et al.,

2014).

The electrical tunneling (electron hopping) effect is found to be the main driving force for
the macroscale piezoresistive response of the nanocomposites. It is a phenomenon that
when the CNTs are close enough to the order of nanometers, electrical tunneling paths can
form in the polymer matrix among the adjacent CNTs (Li et al., 2007; Ren and Seidel,
2013b). The electrical tunneling effect is not only highly sensitive to the relative distances
of the CNTs, but also guarantees the polymer nanocomposites to be electrically percolated
at an extremely low loading of the CNT. As damage develops in the polymer matrix, the
local electrical tunneling effect can be potentially influenced by the evolution of microcracks
and the change of relative distances of the CNT, and it is expected that the macroscale
piezoresistive response of the CNT-polymer nanocomposites can capture the lower scale

damage events.

Among all the different damage phenomena, continuum damage is known to be an irre-
versible process, brought about by the nucleation, growth, extension, and coalescence of
microcavities or microcracks, which can result in deterioration or full failure of mechanical
properties (Murakami, 2012). For fiber reinforced laminates, continuum damage in the poly-
mer matrix can become important as it is usually the precedence of other damage events,
such as fiber-matrix debonding and fiber breakage (Barbero and Cortes, 2010). In continuum
damage mechanics, modeling the microscale damage is usually through prediction of stiff-
ness reduction, and based on the damage initiation criteria, the continuum damage modeling

work in the literature can be categorized into two classes. One is that the damage initiation
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is related to the strengthes of the material, such as the Christensen’s or Hashin’s failure cri-
teria (Christensen, 1997, 2007; Hashin and Rotem, 1973; Hashin, 1980; Davila et al., 2005;
Maimi et al., 2006; Lapczyk and Hurtado, 2007); another is that the damage initiation is
related to the internal state variables, such as Talreja et al.’s work (Asp et al., 1996). After
damage is initiated, the damage evolution is usually formed by phenomenological laws that
are proposed to be related to fracture toughness or internal state variables based on the

dissipation rate of energy (Bazant and Oh, 1983).

To better understand the damage and piezoresistivity coupled mechanisms within the CN'T-
polymer nanocomposites for SHM applications, a multiscale coupled continuum damage and
piezoresistive modeling work is developed. The Christensen’s failure criteria are applied
to determine the initiation of damage within the polymer matrix, and a phenomenological
law is used for damage evolution. Further by introducing the damage variables into the
governing equation of the electrical tunneling effect, the one-way coupled continuum dam-
age and piezoresistive response of the CNT-polymer nanocomposites is constructed. The
macroscale finite element model and the microscale finite element model based on microscale
representative volume elements (RVE) are interacted concurrently to obtain the multiscale

piezoresistive response. The detailed modeling work is introduced in section 7.2.
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7.2 Model description

7.2.1 Modeling of Continuum Damage and Piezoresistive Effects

in the CNT-Polymer Nanocomposites

It is assumed that the continuum damage within the polymer matrix is isotropic. For the

microscale, we introduce a scalar damage parameter o such that!
Ca(x,t) = Co(x,t)(1 — a(x,t)) (7.1)

in which Cy(x, t) is the original undamaged isotropic stiffness matrix, C,(x, t) is the damaged
stiffness matrix induced by continuum damage, x is the location within the microscale space
domain, and t is time. The damage parameter a(x,t) can vary across the domain and it is
assumed that a(x,t) € [0,1]. The Christensen’s failure criteria are used for the initiation of

continuum damage, which are summarized as below:

Forogg—ggl

1 1
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in which o1 and o¢ are the tensile and compressive strengths of the polymer matrix, and
i (i=1 t0 3) are the principle stresses. If the Christensen’s failure criteria are not satisfied, in

other words, if there is no damage in the material, we assign
a(x,t) =0 and &(x,t) =0 (7.3)

Or if the Christensen’s failure criteria are satisfied, not to lose generality, the governing law

for the evolution of continuum damage in the polymer matrix is formulated as the functional

1 As the stiffness matrix is assumed to be isotropic, Eq. (7.1) can also be stated as E,(x,t) = Eq(x,t)(1—

a(x,t)), in which E denotes Young’s modulus.
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form below:
a(x,t) = fla(x,t),e.(x,1)) (7.4a)

with
d(x,t) =0 if (a(x,t) =1 or £.(x,t) <0 or e.(x,t) < 0) (7.4b)

Eq. (7.4a) indicates that the rate of post-failure damage at a specific location depends on
the damage that has already been induced and the equivalent strain e.(x,t). Eq. (7.4b)
indicates that 1) if the damage has already been fully developed, i.e. if a(x,t) = 1, there
would be no further damage; or 2) if the rate of equivalent strain £.(x,t) goes non-positive,
which represents the material is less deformed, there would be no further damage; or 3)
if the equivalent strain e.(x,t) goes non-positive, which represents the material is under
compression, there would also be no further damage. In this study we assume the evolution
of damage is volumetric such that e.(x,t) = ¢;, in which Einstein’s summation convention
is used. Following the work of (Yoon and Allen, 1999; Seidel et al., 2005), the specific
continuum damage evolution law in this study is assumed to be asymptotic and takes the
form as below:

a(x,t) = (1 — a(x,t))%.(x,t)° (7.5)
in which a, b, and ¢ are material constants.

For the piezoresistive effect of the CNT-polymer nanocomposites, the dominant electrical
tunneling effect among the CNT's is considered within the microscale. The electrical tunnel-
ing algorithm within the finite element domain has been discussed in detail in our previous
work in (Ren and Seidel, 2013b). The tunneling resistivity within the critical tunneling

distance is expressed as:

h? <47rd
unnel — exr
Pl e2y/2m(«) P

in which h is Planck’s constant, d is the distance between adjacent CNTs, e is the electric

2mA(«a)) (7.6)

charge, m is the mass of electron, and A(«) is the height of barrier of the polymer matrix. It



Xiang Ren Chapter 7 160

is proposed that the height of barrier of the polymer matrix is linearly interpolated by the

continuum damage parameter «, such that
AMa) = Ao(1 — @) + Avoia (7.7)

in which A, is the original height of barrier of the polymer matrix without damage, and
Avoid 1S the height of barrier of the fully damaged void. The height of barrier of the polymer
matrix is linearly transited from the one of the original polymer matrix to the one of the
void. When « = 0, there is no damage in the polymer matrix therefore A(0) = \,, and when
a = 1, the polymer matrix is considered to be fully damaged voids such that A(1) = Ayoiq-
As observed in Fig. 7.1, when damage is developed from o = 0.0 to a = 0.5 to a = 1.0,
the electrical tunneling resistivity is shifted up by orders of magnitude from the original
non-damaged polymer matrix to the completely damaged voids. Applying this algorithm to
all polymer matrix elements can lead to clearly visible pattern of tunneling paths within the
matrix for percolated volume percentages, and the tunneling paths are evolving not only with
the change of relative distances of the CNTs, but also with damage. The continuum damage
and piezoresistivity is one-way coupled, and the piezoresistive response of the material can

become an indicator of the accumulation of continuum damage within the polymer matrix.

Pumd (XM 330 eV (@=10)
- A=2.0 eV (@=0.5)
05— =10 eV (@ =0.0)
1020 e Neat Polymer

1015

1010

10°
10°

-5
0% 1 2 3 4 5 d (nm)

Figure 7.1: The semi-log plot of the electrical tunneling resistivity pgummer With increase of
the CNT separation distance d, as the height of barrier A is kept at 1.0 eV (o = 0.0), 2.0 eV
(a=0.5), and 3.0 eV (a = 1.0) respectively.
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7.2.2 The Multiscale Continuum Damage and Piezoresistivity Cou-

pled Finite Element Model

Limited by CPU memory and speed, a single scale finite element analysis for problems with
large degrees of freedom or large number of time steps is usually computational expensive
and sometimes infeasible. In particular, for materials with numerous nonnegligible microscale
inclusions, significantly varying material properties or governing fields, a multiscale analysis
can be a wise choice. However, in the multiscale analysis different scales have to be able
to effectively communicate with each other, in other words, the influence of one scale on
another has to be taken into well account. In our model, the multiscale finite element
analysis is conducted in two scales, and an in-house finite element code is developed. For the
macroscale finite element analysis, the microscale information is concurrently taken through
the course of the analysis, in a way such that at every element? of the macroscale mesh, the
macroscale effective properties are obtained through homogenizations on the corresponding
microscale RVEs; on the other hand, for the microscale finite element analysis, the macroscale
information is applied concurrently to the corresponding microscale RVEs®. The detailed

multiscale computational algorithm is illustrated in Fig. 7.2.

As seen in Fig. 7.2, for the multiscale continuum damage algorithm, firstly it is assumed

that at a time step 7, for each macroscale element, the stiffness tensor for every element

T

of the microscale RVE is known, which is denoted as Cj . .

Microscale homogenization
techniques (Hammerand et al., 2007) can then be applied to the microscale RVEs to obtain
their effective properties, which are denoted as Cf’T, and are used to represent the ones of the
macroscale elements, i.e. C;l = CE?’T. Once the macroscale mechanical material properties

are obtained from the microscale, the macroscale mechanical boundary value problem is

solved based on the macroscale mesh, such that the strain tensor €] for every macroscale

2Tt is assumed that there is only one integration point per macroscale element, therefore only one mi-

croscale RVE is used to represent each macroscale element.
3We use the terminology 'microscale’ to denote the lower length scale compared to the macroscale,

although it is worth mentioning that in this study the RVE is small enough to be called 'nanoscale’.
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Figure 7.2: The computational algorithm for implementing the multiscale finite element anal-

ysis. Note that the variables in '~’

are macroscale variables, otherwise they are microscale
variables. The macroscale element index ny € [1,ny], in which ny; is the total number of
macroscale elements, the microscale element index ny € [1,n,], in which n,, is the total
number of microscale elements, and the time step 7 € [0, 7r], in which 7r is the total number

of time steps.
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element is obtained. The macroscale strain tensor €] is then applied back to the microscale

RVE for each macroscale element as boundary conditions to get the local microscale material

responses (for example, the strain tensor €] at every element of the microscale RVE can

ni,n2

be obtained). Further, by applying Eq. (7.4), the current rate of damage parameter &,

ni,n2

and the predicted damage parameter o'l at time step 7 + 1 for every microscale element

ni,no

of each macroscale element can be obtained. Having known the damage parameter o'}

CT+1

ni,n2

at time step 7 + 1, by applying Eq. (7.1), the damaged microscale stiffness matrix
for every microscale element of each macroscale element at time step 7+ 1 can therefore be

obtained, and then the computations can go on to be conducted at the next time step.
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For the multiscale piezoresistive algorithm, as seen in Fig. 7.2, with the macroscale strain
tensor €] applied as boundary conditions for each corresponding microscale RVE, the resis-
tivities py, . of the microscale elements may not only be changed by the change of relative
distances of the CNT, but also be changed by continuum damage. Homogenization tech-

niques (Ren and Seidel, 2013a) are then applied to the microscale RVEs to obtain their effec-

eff,r

o, " which are used to represent the effective resistivities of the macroscale

tive resistivities p
elements, i.e. p] . At last, with the resistivities p] of each macroscale element known,
homogenization techniques are applied again at the macroscale to obtain the effective re-
sistivities p°®7 of the macroscale material as a whole at time step 7. It can be seen that
the advantage of the multiscale model is that it gathers microscale information currently
at different macroscale mesh locations, and the mechanical-electrostatic inter-influence of

different macroscale locations of the material can be well taken into account.

As seen in Eq. (7.4), the accumulated damage can have an influence on the rate of current
damage parameter, therefore the material damage properties are history dependent. In
order to keep 'memories’ of the damage development, the Newmark method is used for both
of the macroscale and the microscale finite element analysis. The Newmark method is an
explicit time integration scheme mainly for solving dynamic problems, which is also highly
accurate for solving quasi-static problems, and what is most important to us is that it has

the advantage of keeping ”memories”.

7.3 Results and Discussion

For the single-walled CNT's considered herein, the outer radius is chosen to be 0.85nm, with
the thickness of the annular region chosen to be 0.34nm (Schadler et al., 1998). Under small
strain assumptions, the CNT annulus and Epoxy are taken to be isotropic linear elastic,
with the Young’s modulus and Poisson’s ratio of 1100 GPa and 0.14, and 2.46 GPa and 0.3

respectively (Saito et al., 1998; Zhou et al., 2008). The tensile and compressive strengthes
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for Epoxy can vary in a large range (Prospector Materials Database), as such, the tensile
and compressive strengthes of Epoxy are chosen to be 20 MPa and 60 MPa respectively,
which are within its typical range. The material constants a, b, and ¢ in Eq. 7.5 for the
continuum damage evolution are chosen to be 0.6, 0.4, and 1.0 respectively. The initial
isotropic resistivity within the CNT annulus is chosen to be 1075 2-m (Ebbesen et al., 1996;
Seidel and Lagoudas, 2009), and Epoxy is likewise isotropic with resistivity of 10 Q- m
in the absence of electrical tunneling, which is within the typical range of values commonly
reported for insulating polymers in experiments. Barrier height for Epoxy without damage
is chosen to be A, = 1.0 eV, which is within the typical range for Epoxy (0.5 eV - 2.5 e¢V) (Hu
et al., 2012). It has been found that the height of barrier of void between several different
metallics is between 3.0 - 4.0 eV (Ferrante and Smith, 1985), therefore in a similar manner

we choose the height of barrier of void Aq between CNTs to be 3.0 eV.

To simplify the problem, the focus is on the transverse performances of the CNT-polymer
nanocomposites, such that the mechanical problems are formulated based on 2D plane-strain
assumptions. For the macroscale and microscale problems, the linear triangular elements are
used, therefore there is only one integration point per element and the strains and stresses
are constantly distributed in the elements. In order to show how the multiscale model works,
two numerical examples are demonstrated, with the first focused on the single microscale
responses, as introduced in section 7.3.1, and the second focused on the macroscale and

microscale coupled responses of the nanocomposites, as introduced in section 7.3.2.

7.3.1 The Microscale Continuum Damage and Piezoresistivity Cou-

pled Response of the Nanocomposites

Consider a CNT-polymer nanocomposites in which there are 10%vol well-dispersed and
aligned CNTs. To represent the material with such micro structure, we use the ideal mi-
croscale hexagonal RVE with 4 CNTs as seen in Fig. 7.3a, and in contrast the random

microscale RVEs with 30 CNTs as seen in Fig. 7.3b and 7.3c. The three RVEs are intended
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to compare with each other in terms of the coupled damage-piezoresistive effect to see the
influence of CNT distributions and different damage evolution patterns on the piezoresistive
response of the material. At zero strain, as there is no damage within the polymer matrix,
the barrier height of the polymer matrix is constant at A, = 1.0 eV, and due to different CN'T
distributions, the conductive paths are formed in different patterns for the three RVEs. For
the hexagonal microscale RVE as seen in Fig. 7.3a, as the CNTs are hexagonally arranged
to represent the well-dispersed and aligned CNTs, the conductive paths are correspondingly
hexagonally well dispersed to electrically tunnel the adjacent CNTs. In contrast, for the
random microscale RVEs as seen in Fig. 7.3b and 7.3c, as the CNTs are randomly dispersed
in the transverse X; - Xy plane, the conductive paths tend to become random. Stronger
tunneling paths are formed among closer CNTs, and weaker tunneling paths are formed

among farther away CNTs.
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Figure 7.3: The zero-strain resistivity distributions of the three microscale RVEs for the
polymer nanocomposites with 10%vol well-dispersed and aligned CNTs (Unit: Q- m). a)
The 10%vol microscale hexagonal RVE, b) The 10%vol microscale random RVE 1, ¢) The
10%vol microscale random RVE 2. Note that the barrier height of the polymer matrix

without damage is chosen to be A\, = 1.0 eV.

The plane-strain uniaxial tension tests under the macroscale strain field of (€90 = &5 =
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Figure 7.4: The Young’s modulus (E) contours of the three 10%vol microscale RVEs at
applied macroscale strain of £y = 0.50% and £, = 0.85% respectively (Unit: Pa). al) The
10%vol hexagonal RVE at &, = 0.50%, a2) The 10%vol hexagonal RVE at £, = 0.85%, b1)
The 10%vol random RVE 1 at &y = 0.50%, b2) The 10%vol random RVE 1 at &, = 0.85%,
cl) The 10%vol random RVE 2 at £y = 0.50%, ¢2) The 10%vol random RVE 2 at £, = 0.85%.

0% — 0.85%, and &;; = —vj&g) are applied to the three microscale RVEs?. The tests
are intended to cause progressive continuum damage within the polymer matrix, and the
coupled damage and piezoresistive effect is to be studied. The Young’s modulus contours of
the three RVEs at applied macroscale strain of &y = 0.50% are shown in Fig. 7.4al, 7.4bl,
and 7.4cl respectively. It can be observed that damage has accumulated in multiple places
within the RVEs by satisfying the Christensen’s failure criterion. For the hexagonal RVE,

as the CN'Ts are ideally hexagonally dispersed, the continuum damage is the same for all of

4As in Ref. (Ren and Seidel, 2013a), v4; is the effective Poisson’s ratio under plane-strain uniaxial tension

test, and is obtained at zero strain without damage.
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the CNTs, and for the two random RVEs, as the CNTs are randomly dispersed within the
plane, the continuum damage can be coalesced between adjacent CNTs. Correspondingly,
the resistivity contours of the three RVEs at applied macroscale strain of &, = 0.50% are
shown in Fig. 7.5al, 7.5bl, and 7.5cl respectively. It is observed in the RVEs that the
resistivities are higher at the damaged places, which affect but has not blocked the conductive
paths. The macroscale strains of the three RVESs are continued to be loaded at £y = 0.85%,
with the Young’s modulus contours shown in Fig. 7.4a2, 7.4b2, and 7.4c2 respectively. It is
observed that compared to the contours at &5 = 0.50%, the damage has further developed
and coalesced with each other in most of the places within the RVEs. As a consequence, as
observed in Fig. 7.5a2, 7.5b2, and 7.5¢2, most of the conductive paths are influenced and

some of them are entirely blocked.

To further study the correlation between damage and piezoresistivity within the nanocom-
posites, the responses of the volume averaged stress oh,° and the effective resistivity pSi
of the three RVEs with the applied boundary strain &, from 0.0% to 0.85% are shown in
Fig. 7.6. It is of interest to see that damages within the RVEs are not reflective on the
stress curves until the applied boundary strain is at £, = 0.50%. In contrast, the effective
resistivity curves are very sensitive to damage. Once there is damage within the polymer
matrix, the effective resistivity curves can be immediately deviated from the ones without
damage and upswing by orders of magnitude when there is more damage developed. This is
because the average stress is the material’s average response therefore it can not reflect local
damage behaviors until the local damages have accumulated enough to influence the overall
average response. In contrast, the piezoresistive response is reflective of the disturbance of
conductive paths that electrically percolate the material, therefore once there is change in
the conductive paths, it can be immediately reflected in the change of effective resistivity of

the material.

It is also of interest to notice that the stress curves of the three RVEs are nearly the same. At
&0 = 0.85%, the average stress are 1.43 x 107 Pa, 1.48 x 107 Pa, and 1.46 x 107 Pa respectively

for the three RVEs. In contrast, the resistivity curves of the three RVEs can have a large
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Figure 7.5: The resistivity (p) contours of the three 10%vol microscale RVEs at applied
macroscale strain of £y = 0.50% and &, = 0.85% respectively (Unit: Pa). al) The 10%vol
hexagonal RVE at &y = 0.50%, a2) The 10%vol hexagonal RVE at &, = 0.85%, bl) The
10%vol random RVE 1 at £y = 0.50%, b2) The 10%vol random RVE 1 at &, = 0.85%, c1)
The 10%vol random RVE 2 at &, = 0.50%, ¢2) The 10%vol random RVE 2 at &, = 0.85%.

difference in magnitudes. From &, = 0.0% to &, = 0.85%, the effective resistivity of the
hexagonal RVE is increased from 1.24 x 10'* - m to 1.55 x 10'® Q- m, and by comparison
the effective resistivities of the two random RVEs are increased from 1.53 x 10® Q- m to
1.02 x 108 Q- m and from 8.71 x 10'° Q - m to 2.87 x 10" Q - m respectively. This is
because unlike the mechanical response which is linear elastic, the piezoresistive response
is governed by the exponential governing laws as in Eq. (7.6), such that dispersion of the
CN'T's can matter more in terms of piezoresistive response. For example, as seen in Fig. 7.5b1
and 7.5¢1, by comparing the two random RVEs at &5 = 0.0%, it can be seen that due to

nonhomogeneous dispersion of the CNTs, the conductive paths are generally stronger in RVE
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1 than in RVE 2 in X, direction, causing its effective resistivity to be 2 orders lower than
RVE 2. With the macroscale strains applied at £y = 0.85%, as seen in Fig. 7.5b2 and 7.5¢2,
although due to damage the conductive paths in RVE 1 are severely disturbed, compared
to RVE 2, they are still able to electrically percolate the material, therefore the effective
resistivity of RVE 1 at &y = 0.85% is 4 orders lower than the one of RVE 2. Therefore it
can be seen that the distribution of CNTs is an important factor as it can influence both
of the local damage and the electrical tunneling paths, and the coupled effect of which are

important for the overall piezoresistivity of the material.

So far, we have studied the coupled continuum damage and piezoresistive response in the mi-
croscale, and good correlation is found between them. The microscale piezoresistive response
of the CNT-polymer nanocomposites is found to be able to capture the local damage behav-
ior and immediately reflect the damage events on the piezoresistive curves. In section 7.3.2,
by using the concurrent multiscale model, we will study how the microscale damage and

piezoresistive events have an inter influence on the macroscale material behaviors.

7.3.2 The Multiscale Continuum Damage and Piezoresistivity Cou-

pled Response of the Nanocomposites

Consider a macroscale square specimen (1 cmx1 cm) has a thick depth in X3 direction, and
has a hole (f = 0.5 cm) at the center, as seen in Fig. 7.7. The specimen is made of polymer
nanocomposites with 10%vol well-dispersed and aligned CNTs in X3 direction. Plane-strain
uniaxial tension test is applied to the specimen with a macroscale boundary strain 5, of
0.0% to 0.5%, and our goal is to obtain its coupled damage and piezoresistive response. Due
to a seven orders difference of the dimensions of the macroscale specimen and the CNT, it
would be tremendously expensive in terms of computation and unrealistic by using a single
scale simulation. As such, a concurrent multiscale simulation as proposed in section 7.2.2 is
used. The macroscale specimen is meshed by 707 elements, and for every integration point

of the specimen, there is a corresponding 10%vol microscale RVE as shown in Fig. 7.3a used



Xiang Ren Chapter 7 170

avg

Oxn
3.0E+7

eft
P

1.2E+16 -
2.5E+7 — 03,,* Damage
r 1.2E+15

2.0E+7
- o-za;'g No Damage

1.5E47 - 1.2E+14

LOE+7 126413 — p;; Damage

r 1.2E+12

5.0E+6 off
= = P, NoDamage

0.0E+0 1.2E+11
0.0% 0.2% 0.4% 0.6% 0.8% EO

(a) Hexagonal RVE

avg 1 .
& IS o P
3.0E+7 3.0E+7
¢} L4Es13 f 85817 .
2.5E+7 " — 03,* Damage 2.5E+7 27/ 85E+16 — 05, Damage
4
. /— 1.4E+12 e
2.0E+7

v 2.0647 . 8.5E+15
’ P avg

. v — = 0,,” No Damage

/7&, 1.4E+11 On NoDamage # - 8.5E+14 2 €

1.5E+7

15647 / /
| iy eff
1.OE+7 LAEHI0 — p; Damage  1.0E+7 — p3, Damage

[ 8.5E+13

/ / - 8.5E+12
5.0E+6 - 1.4E+9 5.0E+6 n
/ / -- PzE;f No Damage 8.5E+11 — — p' No Damage

0.0E+0 = T 1.4E+8 0.0E+0 T =—=r=-=-=-=—" 8.5E+10
0.0% 0.2% 0.4% 0.6% 08%%, 0.0% 0.2% 0.4% 0.6% 0.8% 35
(b) Random RVE 1 (¢) Random RVE 2

Figure 7.6: The coupled damage-piezoresistive response of the three 10%vol microscale RVEs
as the applied macroscale strain &; is from 0% to 0.85% (Stress unit: Pa; Resistivity unit:

g

Q- m). a) The change of average stress o5,° and effective resistivity psi for the 10%vol

hexagonal RVE, b) The change of average stress agy° and effective resistivity pSE for the

g

10%vol RVE 1, ¢) The change of average stress o5,° and effective resistivity pSI for the

10%vol RVE 2. Note that the resistivity curves are in semi-log scale.

to represent the well-dispersed and aligned CNTs in the microscale.

Under the macroscale plane-strain uniaxial tension test, the multiscale coupled damage and
piezoresistive responses of the specimen are obtained and we chose to use the elements 130,
132, and 460 as shown in Fig. 7.7 to demonstrate the microscale responses at these three
distinct macroscale locations. As seen in Fig. 7.8al and 7.8a2, for element 460 at 5, = 0.5%,
as there is no continuum damage within the polymer matrix, the conductive paths are intact

by damage. In contrast, as seen in Fig. 7.8bl1 and 7.8b2, for element 130 at &, = 0.5%,
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Figure 7.7: Illustration of the macroscale finite element model under plane-strain uniaxial
tension test of &5, = 0.0% — 0.5%. Note that 707 elements are used for the mesh. Note that

the origin of the macroscale coordinate system is at the center of the hole.

as the blue regions are the damaged polymer matrix regions, the conductive paths of these
regions are blocked. However, the material can still be electrically percolated in both X;
and Xy directions. Further for element 132 as seen in Fig. 7.8c1 and 7.8c2, as the polymer

matrix is mostly damaged, the conductive paths are entirely blocked.

The effective stiffness tensor component CSh and the effective resistivity pS of all the elements
can be obtained through energy equivalence methods and are substituted into the macroscale
such that Cgy = CST and pgy = pSE. For €8, = 0.0% — 0.5%, the change of Cyo and fos for
elements 130, 132, and 460 are shown in Fig. 7.9(a) and 7.9(b). It can be observed that the
more damaged elements have a lower 622, and at the same time a higher pss due to different

degrees of disturbance of the conductive paths.

Through concurrent macroscale and the microscale computations, the contours of the effec-
tive stiffness tensor component Cs of the macroscale specimen at 5, = 0.25% and &8, = 0.5%
are shown in Fig. 7.10al and Fig. 7.10a2 respectively. It can be observed that at €5, = 0.25%,
there is initial damage accumulated at coordinates (0.5,0) and (-0.5,0) on the hole, causing

the stiffness Cyy to be reduced. Further at &5, = 0.50%, the damage is developed to more
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Figure 7.8: The piezoresistive responses of the microscale RVEs at elements 130, 132, and
460 respectively of the specimen at 5, = 0.5%. al) Contour of Young’s modulus of element
460 at €5, = 0.5%. bl) Contour of Young’s modulus of element 130 at €3, = 0.5%. cl)
Contour of Young’s modulus of element 132 at €5, = 0.5%. a2) Contour of resistivity of
element 460 at €3, = 0.5%. b2) Contour of resistivity of element 130 at €5, = 0.5%. c2)

Contour of resistivity of element 132 at 5, = 0.5%.

regions within the specimen, with the less damaged regions look like a 'sandglass’. Similar
contours can be observed in the von Mises strain distributions within the specimen, as shown
in Fig. 7.10b1 and Fig. 7.10b2. This is because the more damaged regions have lower stiffness
such that the strains are more easily concentrated at these regions. The contours of effective
conductivity component Ra (psy ) of the specimen at 5, = 0.25% and &5, = 0.5% are shown
in Fig. 7.10cl and Fig. 7.10c2 respectively. By comparing to the contours at Fig. 7.10al and
Fig. 7.10a2, it can be clearly observed that the conductivity contours can reflect the damage

regions very well, i.e. the more damaged regions have lower conductivities. Therefore, it can



Xiang Ren Chapter 7 173

4.5E49 1.0E+18
40849 1 T——=c------ 1.0E+17 e e Elmt 132
3.5E+9 -- s
+ Elmt 460 LOE+16
3.0E+9 -,
o 2.5E+9 QY 10E+15
1O 2.0e+9 - ".‘. — Elmt 130 Q. 1.0E414 —Elmt 130
1.5E+9 -,
1.0E+13
1.0E+9 - E
5.06+8 RS Eimt 132 1.0E+12 ; - - EImt 460
0.0E+0 ‘ ‘ ‘ ‘ V. 1.0E+11 o
0.0% 01% 02% 03% 04% 0.5%&y 0.0% 0.1% 02% 03% 04% 0.5%&),
C . B oo vs. E5
(a) Caa vs. Egy (b) pag vs. €5,

Figure 7.9: The material responses of the macroscale specimen at elements 130, 132, and
460 respectively. a) The change of macroscale stiffness tensor component Cy with the
change of macroscale boundary strain &5, for elements 130, 132, and 460 respectively of
the specimen. b) The change of macroscale resistivity component pos with the change of

macroscale boundary strain &5, for elements 130, 132, and 460 respectively of the specimen.

be seen from the contours that there is a good correlation between the continuum damage

and piezoresistivity in the macroscale specimen made of CNT-polymer nanocomposites.

The volume averaged stress component G5,° and the effective resistivity component g5 for
the macroscale specimen under uniaxial tensile tension test are plotted in Fig. 7.11. It is
again found that the stress response at the macroscale is not sensitive to the microscale
damages until they are accumulated enough (at €3, =~0.32%) to influence the overall stress
response. On the other hand, the piezoresistive response of the macroscale specimen is
very sensitive to the underling microscale damage, and can reflect damages immediately by
upswinging the resistivity curve compared to the one without damage. However, compared
to the microscale piezoresistive responses that can increase by orders of magnitude, the
macroscale resistivity is increased within the same order from 1.87 x 101 Q-m to 4.45 x 10!
Q- m. This is because for the macroscale specimen, although the more damaged regions
can have orders of magnitude higher resistivity, the macroscale electrical flux can be still be
electrically conducted by the less damaged regions such that the conducting paths are not

entirely blocked in X, direction. Therefore we can say that the overall piezoresistive response
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Figure 7.10: The contours of the stiffness tensor component Css, the von Mises strain &,, and
the conductivity &go of the macroscale specimen at applied boundary strain &5, of 0.25% and
0.50% respectively. al) Contour of Cyy at 5, = 0.25%, bl) Contour of &, at £5, = 0.25%,
c1) Contour of &y at &5, = 0.25%, a2) Contour of Cyy at &5, = 0.50%, b2) Contour of &,
at €5, = 0.50%, c2) Contour of &y at &5, = 0.50%. Note that the conductivity &gy is the

inverse of resistivity pas.

of the specimen is alleviated by the less damaged regions.

7.4 Conclusions

A computational concurrent multiscale piezoresistive modeling work is developed to study
the coupled continuum damage and piezoresistive effect of CNT-polymer nanocomposites.
It is found that the piezoresistive response of the nanocomposites is very sensitive to damage
events at both of the microscale and the macroscale, and can detect small damage events

before large scale damage events happen. This coupled damage-piezoresistive response of the



Xiang Ren Chapter 7 175

~avg ~eff
o-ZZ pZZ
12847 L4 5AEHL
P ——0,, Damage
1.0E+7 4 $ 4.9E+11
%
- 4.4E+11 ~av
8.0E+6 - = Gy,° NoDamage
- 3.9E+11

6.0E+6 / /
3.4E+11 et

—— Py, Damage
4.0E+6 2

- 2.9E+11
2.0E+6 - 2.4E+11 _ _ p5T NoDamage

0.0E+0 1.9E+11
0.0% 0.1% 0.2% 0.3% 0.4% 0.5%Z,

Figure 7.11: The coupled damage-piezoresistive response of the macroscale specimen as the
applied macroscale boundary strain &5, is from 0% to 0.50% (Stress unit: Pa; Resistivity

unit: Q- m).

CNT-polymer nanocomposites is also found in various experimental testings in the literature,
for example in the work of (Gao et al., 2009a,b; Saafi, 2009; Kim et al., 2010; Cardoso et al.,
2012; Heeder et al., 2012). By studying the mechanism of the coupling between continuum
damage and piezoresistivity, this work gives theoretical and modeling support for the CNT-

polymer nanocomposites to be used in SHM applications.
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Appendix A

Periodic boundary conditions for the

plane-strain uniaxial tension test

For the macroscale effective homogeneous material, the constitutive relationship can be de-

noted as

( 3\ r Eff Eff 7 ¢
=~ 1 _ by b -
“n oEr o Er 000 0 on
Eff Eff
= _Yn 1 __ V3 ~
#22 sromr ey 00 0 o
_ JEf JEf 1 _
€33 —gr —gr g 00 0 033
— 11 22 33 ( Al )
2853 0 0 0 G}ggf 0 0 Fa3
28 0 0 0 0 L 0 71
13 GER 13
13
2619 0 0 0 0 0 =iz 012
\ J L ot 1\ J

in which under in-plane strain assumption, £33 = €23 = €13 = 0. For the plane-strain uniaxial

tension test with g9 applied in 2 direction,

522 = & (A2a)

61 = 0 (A.2b)
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Therefore,
Eff Eff
-~ o - V31~
e = TR 022 — Egngsz’, (A.3a)
1 vl
g9 = —=0 ——=0 A.3b
0 E]QEQH 22 — Eg?ff 33 ( )
vES 1
0 = 2B Gy + ==l A3c
TR R A
Substitute (A.3b) and (A.3c) into (A.3a),
. U s gy .
_ e = — A4
€11 1 — BT o €0 (A4)

The non-zero strain components £1; and €99 can then be applied as periodic boundary con-
ditions to the hexagonal nanoscale RVE of Fig. 3.2a, in which the effective Poisson’s ratios
can be obtained by using either computational micromechanics method (Hammerand et al.,

2007) or by using composite cylinder method (Seidel and Lagoudas, 2006).



Appendix B

Derivations of the effective gauge
factors for the plane-strain tension

tests

To obtain the effective gauge factors for the plane-strain tension tests, Eq. (2.38) is used. As

derived in A, for the macroscale plane-strain uniaxial tension test,

Eff Eff, Eff
- Vo1 + V31 Va3
€11 e ——60 (Bla)
1— V:?zﬁygsﬂ
522 = & (Blb)
2’3:33 =0 (BlC)
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Therefore,

p —=

f

p et

LO(1 + &)
LO 1 + 80)

(
(

A1 +&11)(1 + &33)
(

aoy
e

P (0)

Plzazﬁ (€0)

Substitute Eq.s (B.2a) to (B.2d) into Eq. (2.38),

1

GEff o _(

€0

A E) 1+ ¢

PER(0) | _ GAH e

—1)

Eff Ef
1-vg5 vp3

Similarly, for the macroscale plane-strain biaxial tension test,

Therefore,

(

= L% + )
(
(

€11 = ¢&o
€22 = &
g3 = 0

= L1+ &)

= A1 +4&11)(1 4 E33)
= AO 1 +€0)
= 5 (0)

= PzEzﬁ(EO)

Substitute Eq.s (B.5a) to (B.5d) into Eq. (2.38),

Eff _ l(szﬁ(go) 1)

o pi(0)
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(B.4a)
(B.4b)
(B.4c)

(B.5b)
(B.5¢)
(B.5d)



Appendix C

Geometry correspondence between

axial and transverse RVEs

For the axisymmetric nanoscale RVE as seen in Fig. 3.2b, the volume fraction of CNT is

LCNTR2 7T
V= ——~-_out’ C.1
T LR (C.1)
in which,
Lont = AR(2Rout) (C.2a)
L = Lonr + 2L (C.2b)

Lg is the separation distance between the ends of the CNT to the boundaries of the axisym-
metric RVE. Substitute Eq.s (C.2a) and (C.2b) into Eq. (C.1),

AR - Riut (C.3)
(AR - Roy + Ls)R? '

f:

Ly >0 and R > Row (C.4)

substitute R = Roy¢ into Eq. (C.3), one can obtain

1
0 S Ls S AR - Rout(V - 1) (C5)
f
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Choose Lg = Lg(AR = 1) as a constant parameter for the RVEs with higher aspect ratio
CNTs, and it can be seen that as AR — oo,

Lent AR - Ront
_ 1 C.6
L AR - Rent + Ls(AR = 1) — (C.6a)
and
R Rou (C.6b)

V' Vi

which is the limit case for which the transverse hexagonal RVE is a good approximation.



Appendix D

Verification on the finite element

piezoresistive modeling work

The linear elastic and electrostatic (without electron hopping) modeling works are first ver-
ified by comparing with the ones obtained from ABAQUS. For the linear elastic problem,
a plane-strain biaxial tension test (eg = 1%) is applied to the nanoscale hexagonal RVE
with 10%vol CNTs. The contours of £;; and oy, as obtained from my modeling work and
ABAQUS are shown side by side in Fig. D.1. It can be seen that the contours match very
well. By comparing 11, €99, €12, 011, 022, and 012 between my modeling results and the ones
from ABAQUS at the integration points, it is found that the maximum relative differences
are 0.013%, 0.023%, 0.0098%, 0.013%, 0.0024%, 0.040% respectively for all the elements
(Ng=1 to 25012).

For the electrostatic problem without electron hopping effect and for the same nanoscale
RVE, a relative potential difference of A® = 10.239V is applied between the top edge and
the bottom edge. The contours of E; and EPG; as obtained from my modeling work and
from ABAQUS are shown side by side in Fig. D.2. Note that the contours are inverse as
E; = —g—:fi, and EPG; = g—fi. By comparing the electric fields E; between my modeling results

and the ones from ABAQUS at the integration points, it is found that the maximum relative
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Figure D.1: Comparison of my modeling work and the ones as obtained from ABAQUS for
the linear elastic problem. a) Contour of £1; from my modeling work, b) Contour of &1; from
ABAQUS, ¢) Contour of oy; from my modeling work, d) Contour of oy, from ABAQUS.
Note that the mesh contains 12803 nodes and 25012 elements.

differences are 1.0% and 0.026% respectively for all the elements (Ng=1 to 25012). Therefore
by comparing with ABAQUS, it is verified that my linear elastic and electrostatic (without

hopping) modeling works are correct.



198

E_1
1.029E+00
8571E-01
6.854E-01
5137601
3.420E-01
1.703E-01

-1.349E-03

-1.730E-01

-3447E-01

-5.164E-01

-6.881E-01

-8.598E-01

-1.032E+00

ODB: Job-2:0db  Abaqus/Standard 6.9-2 Sun Apr 27 126 Eastern Daylight Time 2014

@ t 1:StepTime= 1.000
Primary Var: EPG, EPG1
Deformed Var: not set Deformation Scale Factor: not set

E 2

-4 992812
-1.769E-01
-3.538E-01
-5307E-01
-T076E-01
-8.844E-01
-1.061E+00
-1.238E+00
-1415E+00
-1.592E+00
-1.769E+00
-1.946E+00
-2123E+00

ODB Job-2.0db. Abaqus/Standard 6.9-2 Sun Apr 27 22109119 Eastern Daylight Time 2014

Step: Step-1

Increment  1: Step Time= 1,000

Primary Var: EPG, EPG2

Deformed Van not set Deformation Scale Facton not set

() (d)

Figure D.2: Comparison of my modeling work and the ones as obtained from ABAQUS for
the electrostatic problem without electron hopping. a) Contour of E; from my modeling
work, b) Contour of EPG; from ABAQUS, ¢) Contour of Ey from my modeling work, d)
Contour of EPGy from ABAQUS. Note that E; = —g—i and EPG; = g—}‘z.
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For the piezoresistive modeling work, i.e. in which the mechanical and electrostatic responses
are coupled, the distribution of resistivity component pss of the hexagonal nanoscale RVE
with 10%vol CNTs under plane-strain biaxial tension test of ¢y = 1.0% is shown in Fig. D.3.
It is checked that the resistivities of all the polymer matrix elements exactly follow the
governing equation curve of A = 0.5 eV in Fig. 3.3, and the resistivities of the CNTs exactly
follow the piezoresistive constitutive Eq. 2.31. Therefore it is verified that the piezoresistive
modeling work is correct.

CNT

: ¢/ rho_22
' u l 1.0E+10

1.0E+09
1.0E+08
1.0E+07
1.0E+06
1.0E+05
1.0E+04
1.0E+03
1.0E+02
1.0E+01
1.0E+00
1.0E-01

1.0E-02

1.0E-03

1.0E-04
1.0E-05
1.0E-06

ATAV AT bt
TATATATRY AN

AT TAATAy

S
YAV

2

L,
A0
EX
AYAYAY,
e
K

A
i

AVAVATGTARLT) A
AN VAT ATAY VAT AV A A O NATAVANAE LY, AV
T ATATAYAYAVATA AT ATAYuvy S VATAVATAY S ATAYA AT
AT TATAY S A TAN N AN ST TATATAT
Y ATATAVYAN by AVAYAy S VAVAVANGY S ATA AT
o AT AVTATAY S LV

JIRRAAT
VLY,
AVyAY,
S ANAVAY
ST,
ROV
AT VATATALY, NTATAT
AR
NN

Sl
22
Ouvs

ViYL,

FATAVATATATAVAYAVAVATAYAY,
AVATATAAYAVAYAVAVAYAN,

2

Yo S VA ATATAYAYAY,
VAVATaY,

FAYAVAVATATATAVAVAYAY,

A,

OLNVLIATY,
ALy

ATATATATA ATaTs
vy

AT VAT A AVATAYA

ATATAVAVAVAVATAVAVAY
7

i,

TANAYATATAYATs

(KT
REE
o
VALY,
S
v
X
%
Ty
S ATATAYATATAVATAYAVATAYLY,)

0
o
%
A

P
AN

L]
)

3

OATAT AN YA AV ATAY S

A"
o
X
VAV 0
SEATAYAYAY
&
A
BTN
TAYAYAYLy,
K0
A
ORI
<

VAVAVAYAY.AY

"AYAYaTA
"
oo
D

AT ATATATATe
¥

VAL
)
AT

aTAYAY
5

st
5

ravy K] K,
POHREERS

v,
P

TAVAYAYAVA
&
VATATAYATAY

YTy,

LK)

TAATATAY,
XA

&
AVATATAVAYAVAYAYAYAYS

AT T AV AT
FAVAYS
2
VY,
R,
ATATATATATAVAYSS

TAATT
P A AT
LF

A
AT
-
N

vy

N
AvS
,

,

B
VALY TATATA ATAVAVAV AVATAV AT,

ATAYATATAYAYAN)
POGOCK

X
A

ATATATAVATATATAT)

K
0

0
o,
0
0
%
X
X
5
7
g
Kl
K

A0
X AT
AT AA T LATATN AT

AR

BERAP &
OKPREEIENERE
Ay

i

ROCO0E00
AVANAYATAYAYAY,
CTAYAYAVAYAYAYS
TAATATATAYAY Y,

.

L7
15

2B

%
55
£+
4
X

BT [T TTTTTT]

i .

s

Figure D.3: The contour of resistivity component pso of the hexagonal nanoscale RVE with

10%vol CNTs under plane-strain biaxial tension test of g = 1.0% (A = 0.5 eV).



