Crack-induced resistivity changes in cracked CNTs reinforced composites
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Abstract

This paper presents the application of a dual Boundary Element (BE) approach to analyze how the presence of cracks
in carbon nanotubes (CNTs) reinforced polymer composites does influence their electrical conductivity. The presence
of cracks in such composite materials may not only compromise their structural integrity, but may as well alter their
capability to act as reliable piezo-resistive sensors in novel structural health monitoring applications. The electrome-
chanical constitutive properties of the composite are determined by a mixed micromechanics approach that permits to
characterize both the elastic properties and the strain-induced alterations in the overall electrical conductivity of the
CNTs reinforced composite. The parameters of such micromechanics approach are adjusted to ensure a good fitting
against experimental results available in the literature. The implemented dual BE formulation is based on both the dis-
placement and traction boundary integral equations together with an efficient regularization procedure that permits to
deal with the singular and hypersingular integrals in a straightforward manner. Discontinuous quarter-point elements
are used to accurately evaluate the relevant fracture parameters. Electrical conductivity in the cracked composite
follows from its computed strain state. Several parametric studies are conducted to illustrate the influence of various
crack geometries in the piezo-resistive behavior of CNTs reinforced composites at varying CNTs concentrations.
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1. Introduction

Over the past fifteen years, composite materials fabricated by dispersing various carbon nano-scale fillers into
a polymeric matrix, say for example graphene nanoplatelets or carbon nanotubes (CNTs), have attracted enormous
attention from the scientific community. This is due to the fact that the electrical conductivity properties such fillers
confer to the otherwise non-conductive matrix, make them good candidates as sensors for Structural Health Monitor-
ing (SHM) applications. CNTs do not only reinforce the base matrix material by improving its overall mechanical
properties, but also have the capability of forming —minimally invasive- electrically conductive networks that enable
strain sensing [1, 2, 3, 4]. Recent advances on fabrication and testing ensure repeatability and stability of this new
class of piezo-resistive sensors and establish them as an actual alternative for SHM [5, 6, 7].

For instance, previous works by the authors have satisfactorily illustrated the expected performance of multi-
walled CNTs (MWCNT)/epoxy strip-like strain sensors for buckling detection in beam structures [8] and for crack
detection and localization in reinforced concrete beams [9]. In this context, it is crucial to develop tools for assessing
the structural integrity of the sensor itself, as cracks may appear within the MWCNT/epoxy strip sensor during its
service life. In such a case, the problem that we face is twofold: the presence of a crack in the sensor will not only
compromise its integrity, but it may significantly modify its sensing capability and therefore could lead to the adoption
of wrong maintenance measures in a SHM framework.
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In this work, we aim at characterizing the change in electrical conductivity induced in a MWCNTs/epoxy com-
posite by the presence of several crack configurations at varying CNTs volume fractions. For this purpose, the dual
Boundary Element (BE) formulation previously developed by Garcia-Sanchez et al. [10] for fracture mechanics
applications in anisotropic materials is employed herein. The constitutive electro-mechanical modeling of the MWC-
NTs/epoxy composite follows a two-step procedure, whose details may be consulted elsewhere [8, 9]. In essence,
provided that piezo-resistivity is a one-way coupled electro-mechanical property, we first conduct the homogeniza-
tion of the mechanical properties by applying a mean-field approach that takes into account the interfacial effects
that characterize the load transfer mechanisms at the epoxy matrix/MWCNT interfaces. The second step tackles the
homogenization of the electrical conductivity and piezo-resistivity properties, implementing the model proposed by
Garcia-Macias et al. [11] and further adjusting the parameters of such micromechanics model to fit experimental
results available in the literature [8, 9]. In this way, the dual BE approach computes the strain state in the cracked
domain and subsequently strains are related to changes in piezo-resistivity. Several parametric studies are presented
that reveal how the presence of cracks does significantly alter the piezo-resistive behavior of the MWCNTSs/epoxy
composite strain sensors.

2. Micromechanics modelling of MWCNT/epoxy nanocomposites

This section concisely overviews the micromechanics modelling of the electromechanical constitutive properties
of strain self-sensing MWCNT/epoxy nanocomposites. For notational convenience, blackboard bold letters are used
to denote fourth-order tensors A = A;j;, while bold letters indicate second-order tensors A = A;;. A colon between
two fourth-order tensors denotes inner product, (A : B); jmn = Aijki Brimn-

2.1. Mechanical properties of MWCNTJ/epoxy nanocomposites

Let us assume a Representative Volume Element (RVE) of an epoxy matrix doped with a sufficient number of
MWCNTs to statistically represent the composite as a whole. The geometrical dimensions of MWCNTs, that is
length L, and diameter D, are assumed constant throughout the RVE. The orientation of the fillers is unequivocally
defined by two Euler angles, 8 and y as shown in Fig. 1 (a). In order to take into account the filler/matrix interfacial
properties, a core-shell interphase model [12, 13] is adopted. This approach assumes that interfacial properties can
be idealized as finite elastic coatings with constant thickness ¢ surrounding the fillers. Therefore, the composite is
defined as a three-phase composite including the matrix, inclusions and interphases with elastic tensors C,,, C, and
C;. Indexes “p”, “i”, and “m” relate the corresponding quantity to the filler, interphase and matrix phases, respectively.
According to the double inclusion methodology by Hori and Nemat-Nasser [14], the effective stiffness tensor of the
composite reads:

C = (fuCn + fi(Ci : A + £5,(Cp  Ap)) s (ful + £iCAY + £, (A,,>)", (1)

with f,,, fi, and f,, being the volume fractions occupied by the fillers, the interphases and the host matrix, respectively.
MWCNT/epoxy interfaces are characterized by weak van der Waals (vdW) forces, thereby penetrable soft interphases
are assumed in this work, and the expression of their volume fraction f; can be found in references [15, 8]. Terms A;
and A, in Eq. (1) denote the concentration tensors for interphases and inclusions, respectively, and can be expressed
in terms of the corresponding dilute concentration tensors, Af’” and A;’,” , as:
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Figure 1: (a) Euler angles defining the relation between the orientation of a MWCNT in the local coordinate system, K = {0 X x&x;} and the global
coordinate system, K= {0; x; x2x3}. (b) Schematic representation of the contribution of electron hopping and conductive networkmg mechanisms
to the overall electrical conductivity of MWCNT/epoxy nanocomposites.

where S denotes the mechanical fourth-order Eshelby’s tensor, whose formulation for prolate ellipsoidal particles
can be found elsewhere [16]. Angle brackets () in Eq. (1) indicate orientational average weighted by an Orientation
Distribution Function Q(y, #). Unless special aligning techniques are undertaken, fillers are usually randomly oriented
throughout the composite, and the ODF is constant within the whole Euler space.

2.2. Electrical conductivity of MWCNT/epoxy nanocomposites

Most literature works agree to define the electrical behaviour of MWCNT-based composites as percolation-type,
according to which their electrical conductivity experiences a rapid increase of several orders of magnitude when the
filler concentration reaches a certain percolation threshold f.. Below percolation (f, < f.), fillers are very distant and
electrons can only be transferred through a quantum tunnelling effect, also known as electron hopping mechanism.
Once the filler volume fraction reaches the percolation threshold (f, > f.), some fillers begin forming electrically
conductive paths and the overall conductivity is governed by both electron hopping and conductive networking mech-
anisms as sketched in Fig. 1 (b). The fraction of percolated MWCNTs, &, can be approximated as [17]:

0, 0<fp<rfe
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The electron hopping mechanism can be taken into account by conductive interphases, whilst the conductive
networking mechanism can be simulated through variations of the filler aspect ratio [18]. The electrical resistivity of
the interphases is commonly computed by the generalized Simmons’ formula [19]:

d,h?
ae? (2mAl/?)
where m and e are the mass and the electric charge of the electron, respectively, A is the height of the tunnelling

potential barrier, a is the contact area of the fillers, & stands for the reduced Planck’s constant, and d,, is the average
inter-particle distance. Being d, the maximum filler separation for tunnelling penetration of electrons, d,, is usually

Rin(d,) = exp (4’;‘1“ <2mz>”2) , @)

1/3

approximated in a piecewise form [18] as d. and d,. ( fel f,,) ! below and above percolation, respectively. The thickness
of the conductive interphases #., their electrical conductivity o, and the volume fraction f, ¢, of the effective fillers
(MWCNTs plus interphases) can be computed as [20, 18]:
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Figure 2: Cubic cell containing an embedded filler and deformed under a tri-axial strain state (g1, &2, £3).

On this basis, MWCNT/interphase ensembles can be modelled through equivalent solid cylinders with transversely
isotropic conductivity tensor o, (for more detailed information in this regard, readers may refer to [21, 18]). Hence,
the overall electrical conductivity of the RVE can be estimated by the Mori-Tanaka method as [22, 23]:

Ocpf = Om+ (1 =& Ten) +ETen), €))

where 0, is the conductivity tensor of the matrix phase, and the matrices I'ry and I'cy read:

Tey = forr (Ogn — 04) A, (10a)
Len = fopr (O0cn — 0m) Acw, (10b)

with subscripts EH and CN referring to the electron hopping and conductive networking mechanisms, respectively.
Nanotubes forming conductive networks can be modelled as fillers with infinite aspect ratio [20]. Therefore, quantities
related to the electron hopping mechanism are defined with the actual filler aspect ratio (k = L,/ D¢pr), While those
related to the conductive networking mechanism are defined with infinite filler aspect ratio (¢ — oo). Finally, the
electric field concentration tensor, A, is defined as [18]:

A= A1 = furf) L o (A1) an

with I being the second-order identity tensor, S the Eshelby’s tensor (well documented in [24]), and A% the dilute
electric field concentration tensor:

A = [1+S (o) (0 - o) (12)

2.3. Piezoresistivity properties of MWCNT/epoxy nanocomposites

The strain self-sensing capability of MWCNT/epoxy composites can be simulated by means of strain-induced
tampering of the electron hopping and conductive networking mechanisms. Specifically, three major strain effects
are usually pointed out in the literature [25, 26], including (i) volume expansion and reorientation of MWCNTs, (ii)
breakage of conductive paths, and (iii) variation of the inter-particle properties.

o Volume expansion and reorientation:

Let us consider a deformable /y-sided cubic cell loaded with a MWCNT as sketched in Fig. 2. When the cell
is subjected to an arbitrary dilation strain (g1, &3, €3), its volume changes from V, = 1(3) toV = 1(3)515253, with
4



& = 1 + &. Owing to the considerably stiffer behaviour of MWCNTs, the deformation is primarily sustained
by the matrix and, as a result, the apparent filler content varies as:

Vi
fr= %f -1 (13)
18283
Additionally, the embedded MWCNT also experiences reorientation as an effect of the applied dilation, which
is defined by the change of the Euler angles from (y,8) to (y’,8’) (see Fig. 2). The closed-form expression of
the strain-dependent ODF under general dilation strains, Q(y’, 8’), was recently derived by the authors in [27]
as:

-2
€16,83

QY.p) = 14)

[Egéi cos2B + & (5% cos?y’ + & sin’ y') sin’ ,8’]3/2 .
The deformable cell model can be also applied to study the effects of distortion. In this case, distortion does not
originate volume expansion although it does induce filler reorientation. In the particular case of €3,, the polar
angle changes from S to 8, while the azimuthal angle remains unchanged. The closed-form expression of the
resulting ODF was also derived by the authors as [27]:

-3/2

Qy,B) = (1 — 4y, sinysing cosf + de3, siny sin,B’) (15)

e Breakage of conductive paths:

The strain-induced filler reorientation reduces the randomness of the MWCNTSs’ dispersion and, as a con-
sequence, the likelihood of forming conductive networks decreases, that is to say, the percolation threshold
increases. Such a variation can be included in terms of the previously outlined strain-dependent ODFs as shown
by the authors in reference [26] through the stochastic percolation model of Komori and Makishima [28].

e Variation of the inter-particle properties:

Mechanical strains also have a direct effect on the electron hopping mechanism. In particular, assuming that
deformations are mainly sustained by the matrix phase, mechanical strains primarily affect the inter-particle
distance and the height of the potential barrier. At low strain levels (< 107*), some research studies in the
literature consider that the inter-particle distance, d,, and the height of the potential barrier, A, vary linearly with
strain as [29]:

da = da,O(l + C]S), (]6)
A= /l()(l + C28),

where subscript O relates the corresponding quantities to the unstrained system, and C; and C; are proportion-
ality constants. Given the difficulty involved in their determination, C; and C, are usually computed by fitting
experimental data.

Finally, the modelling of the piezoresistivity of MWCNT-based composites can be readily conducted by com-
bining the previously outlined micromechanics approach in Section 2.2 and the indicated strain-induced effects. For

notational simplicity, the overall electrical resistivity tensor, p, sy = 0, ! = is written in matrix notation as:
P P Ps
Pefr =|P6 P2 Paf. (17)
Ps P4+ pP3

In the absence of mechanical strains, MWCNTs are randomly oriented, and p, s, takes the form of a diagonal
matrix with components p; = p» = p3 = po and ps = ps = pg = 0. Once the composite is subjected to a mechanical
strain, the relative change in resistivity can be related to the mechanical strain tensor € as [27]:
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where the terms A;; denote the piezoresistivity coefficients. Specifically, A;; represents the longitudinal piezoresistive
effect, 4, relates the transverse piezoresistive effect, and 44 describes the effect on an out-of-plane electric field by
the change of the in-plane current induced by in-plane shear stress. All the piezoresistivity coeflicients 4;; can be
obtained by two virtual experiments using the previously outlined micromechanics approach, including a laterally
constrained uni-axial dilation test and a distortion test (interested readers may refer to [27] for further theoretical
details).
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