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Abstract

Graphene nano-additions to polymer matrices have demonstrated exceedingly better mechanical
properties compared to carbon-nanotube modified matrices. Therefore, in the context of
mechanically superior high-performance piezo-composites, graphene-modified composite
architectures represent an important design direction. In this paper, we first develop an effective
property model for graphene-modified piezoelectric matrices, taking into account the mechanical
anisotropy of the matrix. We further evaluate the piezoelectric performance of the matrix
architecture which incorporates lead-free BaTiO; polycrystal inclusions. In order to obtain
comparisons with well-established composites, we compare the electro-elastic response of two
composite architectures in which the matrix is modified by multiwalled CNTs and graphene
respectively. It is seen that, near percolation of the nano-additions, graphene-based systems exhibit
an order of improvement in the piezoelectric response compared to the composite without nano-
modification, an improvement similar to CNT-based systems, while exhibiting lesser than half the
matrix-hardening observed in CNT-modified composites. This is due to a considerably smaller
percolation threshold of graphene compared to CNTs which brings about percolative conditions at
very small filler concentrations. Secondly, the electric fields produced within graphene-modified
composites are smaller than in the case of CNT-modified composites. This is because of the higher
permittivity of the matrix, in the case of the graphene-based design, at percolation. We also notice
that the optimal inclusion polycrystallinity, at which the maximum electric flux is produced, is
slightly smaller in the case of graphene-based designs and this optimum value increases with
increasing inclusion concentrations, indicating that polycrystalline inclusions can be more
effective in designs employing higher inclusion concentrations.

1. Introduction

Carbon nanotubes and graphene are important nanomaterials in the area of functionalized smart
composites. This is because both the materials simultaneously exhibit excellent mechanical [1, 2]
and electronic properties [3, 4], with extremely high Young’s moduli (in the TPa range) as well as
extremely high charge carrier mobilities (exceeding several 1000s of cm?/Vs). Their ability to
impart these properties to a matrix material has generated interest in the design of nanocomposites
with excellent electro-mechanical properties. Although carbon nanotubes are well-understood and
established as nanofillers for enhancing the elastic and electrical properties of nanocomposites,
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graphene-based composites have been shown to exhibit exceedingly better mechanical behavior
[5-7]. Owing to its relatively larger interfacial area and better adhesion to the matrix, graphene
offers significant improvements in a range of mechanical properties including the Young’s
modulus [7], fracture strength [6], reduced crack propagation [6], and improved buckling
resistance [5]. Further, graphene also improves the electrical conductivity of the matrix through
the formation of percolative conductive networks of highly conductive graphene fragments [8].
Therefore, graphene modified polymer matrices are an important starting point in the design of
functional nanocomposites which can exhibit significantly superior mechanical and electrical
behavior.

In this paper, we compare the design of two nano-modified lead-free piezocomposites based on
piezoelectric PVDF matrices. The designs include the modification of the PVDF matrix through
addition of either multiwalled carbon nanotubes (MWCNTSs) or graphene. We bring together our
theoretical understanding of the effective elastic properties of CNT- and graphene-modified PVDF
matrices and lead-free piezocomposite design using microscale polycrystalline BaTiO3 inclusions.
We first develop a model for the effective elastic properties of graphene-modified PVDF. This
model takes into account the elastic anisotropy of PVDF. We further use these effective elastic
coefficients in the design of lead-free piezocomposites with polycrystalline BaTiO3 embedded in
the nano-modified PVDF matrix. Further, we compare this composite design with the well-
established CNT-modified piezocomposite design. Such a comparison leads to a better
understanding of design contexts where using graphene as a nanofiller might be beneficial
compared to CNTs. We observe major differences in the performance of these two variants of
composite design because of the considerable differences in the elastic properties and dielectric
(percolation parameters). The main aspects of comparison include the effective piezoelectric flux
response, the electric field response, and the optimal polycrystallinity of inclusions leading to best
performance.

2. Electro-elastic model and material property models

In this section, we provide details of the coupled electro-elastic model describing the piezoelectric
response of the composites followed by the details of the material properties and models used in
the simulations.

The composite architecture is modeled as a representative volume element (RVE) in two-
dimensions (x; — x3 plane). The geometry of the composite consists of randomly shaped lead-free
microscale BaTiO3 inclusions embedded in random positions within a square shaped matrix of
sides an=b,=50um (Figure 1(a)). The matrix is modified with a uniform distribution of two types
of non-agglomerated nanomaterials — (15,15) multiwalled carbon nanotubes (MWCNTs) and
graphene. The phenomenological and governing balance equations describing the electro-elastic
behaviour of the composites, respectively, are [9, 10]:

Oij = Cijri€ki — €kijEr, Di = €iE; + ejjr&j, ()
O-ij,j = 0, Di,i = O, (2)
where g;; and ¢;; are the stress and strain tensor components, respectively, and E; and D; are the
components of the electric field and the electric flux density vectors, respectively. The material-
dependent factors ¢;jx, €;k, €;; are the elastic, piezoelectric and the permittivity coefficients of the
constituent materials of the composite. The relation between the strain and the displacement is



given by &; = %(ui,j + u;;). The implementation of the model in two-dimensions and the

algorithms used to generate random polygonal inclusions can be found in [9]. The composite RVE
is further subjected to two boundary conditions BC1 and BC2 as shown in Figure 1 (b)-(c), to
obtain the effective piezoelectric coefficients e;; and e33, respectively [9-12]. These coefficients
represent the transverse and longitudinal piezoelectric response of the composite in two
dimensions. The details of the RVE geometry investigated here are given in the appendix Al. The
inclusions are geometrically modelled as a polygon with a random number of edges, 7, chosen in
the interval [10-20]. Further, the random vertices of the polygon are bounded within two concentric
circles with random radii R1 and R2, which are selected in the ranges [2.5um, 3.5um] and [4 pm,
5 um], respectively.

We next briefly discuss the material properties used in this investigation. The PVDF matrix and
the BaTiOs; inclusions are anisotropic in their electro-elastic behaviour. Further, the BaTiO3
inclusions are assumed to be polycrystalline, the anisotropic properties of which are derived from
the single crystal data as detailed in [9, 13]. Further, the matrix is modified by two types of
nanofillers — (15,15) MWCNTs and graphene and the effective elastic properties of the matrix are
obtained using the elastic properties of the nanofiller. The elastic coefficients of the PVDF matrix,
BaTiOs single crystals, (15,15) MWCNTs, and graphene are presented in Table 1. For graphene,
the Hill’s moduli used for obtaining the transversely isotropic elastic coefficients are
(2k,l,n,2m,2p) = (1700,6.8,102 000,738,204 000) GPa [14, 15]. Table 2 further lists the
dielectric and piezoelectric properties of the PVDF matrix and single crystal BaTiOs3.

Table 1: Elastic coefficients of PVDF (matrix), BaTiO3 single crystal (inclusions), (15,15)
MWCNTs, and graphene (nanofillers)

Elastic Values for | Values for | Values for | Values for
coefficients PVDF [16] BaTiOs (15,15) MWCNT | graphene [14,
(in GPa) (single crystal | [2] 15]
[17])

C11 3.8 275.1 230.1 1219

C12 1.9 178.9 211.9 481

Ci3 1.0 151.55 66.3 6.8

Cao 3.2 275.1 230.1 1219

Co3 0.9 151.55 66.3 6.8

C33 1.2 164.8 1429.9 102000

Cas 0.7 54.3 398 102000

Csc 0.9 54.3 398 102000

Co6 0.9 113.1 9.1 369

Table 2: The dielectric and piezoelectric properties of the matrix (PVDF) and inclusions (BaTiO3)

Material property | Values for BaTiOs | Values for PVDF
Relative permittivity

€11/€o 1970 [17] 8 [16]

€33/€9 109 8

Piezoelectric coefficients (Cm2)

e1s | 21.3 [17] | 0[16]




e, 2.69 0.024
€33 3.65 -0.027

The effective elastic properties of the nano-modified PVDF matrices are obtained by using a
classical Mori-Tanaka model which takes into account the anisotropic elastic coefficients of the
matrix and the nanofiller, summarized in Table 1. Details of this methodology can be found in
[18].

Nanofillers further modify the dielectric properties of the matrix [19]. The effective permittivity
of the modified matrix has a percolative dependence on the nanofiller concentration given by [20]:

P

E:;lff - Em (fc_I]::Lano) ’ (3)
where €, and efnf I are the permittivity of the pristine and the nano-modified matrices respectively,
fe and p are the percolation threshold and critical exponent which depend on both the nanofiller
and the matrix, and f,ano is the concentration of the nanofiller in the matrix. Equation 3 implies a
rapid increase in the effective permittivity of the modified matrix as the filler concentration funo
approaches the percolation threshold f. and the increase is more pronounced for higher values of
the critical exponent p. We obtain the percolation parameters from experimental measurements on
PVDF matrices with uniformly dispersed nanofillers. In the case of MWCNTs with an
approximate aspect ratio of 100, f=1.14% and p=1.0068 [21]. In the case of graphene, the
percolation threshold is much smaller, with £,=0.18% and p=1.09 [22]. We emphasize here that
adding more nanofiller to a matrix beyond the percolation threshold will lead to electrical shorting
of the material and render it unusable and thus the percolation threshold is considered as the upper
limit of nano-additions here. The piezoelectric response of the matrix is related to its [S-phase
content, which is influenced by the addition of nanofillers [23-25]. We note that this dependence
is not completely characterized and the available data suggests a weak dependence which can be
ignored considering much larger piezoelectric coefficients of the BaTiOs3 inclusions, and hence we
model the piezoelectric coefficients of the matrix as constants given by the values of the pristine
matrix.
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Figure 1 — (a) The schematic of the RVE investigated in this analysis with the coordinate system
and the RVE dimensions, (b) and (¢) are the boundary conditions BC1 and BC2, respectively, used
to obtain the effective piezoelectric coefficients e;; and ez3 respectively.
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The polycrystallinity of the BaTiOs3 inclusions is an important design parameter. The effective
electro-elastic properties of polycrystalline inclusions, the material model used to derive these
quantities and the relevance of polycrystalline inclusions in piezocomposite design have been
discussed elsewhere [9, 13]. The effective electro-elastic coefficients of polycrystalline inclusions
are derived starting from the coefficients of BaTiO3z single crystals [13]. The extent of
polycrystallinity is quantified by using parameter «, such that ¢ = 0 and a — oo, respectively,
correspond to the single crystalline and randomly oriented conditions. Values of a in between
these extreme limits correspond to a controlled randomness with net orientation of grains along
the poling direction (x;3 direction). The value of @ depends on several factors including the crystal
quality, poling conditions and so on [13].

3. Results and discussion

Although graphene leads to a significantly higher hardening of the matrix compared to a matrix
modified by the same volume fraction of non-agglomerated nanotubes (see details in appendix
A2), the graphene-based architecture has a much lesser percolation threshold. The implication of
this is that adding more graphene to a percolated composite matrix will lead to electrical shorting
and hence it is not possible in the context of a piezoelectric device. Therefore, when it comes to
the maximum matrix hardening possible with a given nanomaterial, we are limited by the
percolation threshold of the nanomaterial. Hence, we see that at percolation, the nanotube-
modified matrices have around a 100% increase in the elastic coefficients, implying significant
hardening. However, in the case of graphene, the increase is not so significant and is around a
maximum of 50%. However, the permittivities of both matrices follow a percolative dependence
on the volume fraction of the nanomaterial in the matrix. This means that near percolation
conditions, the graphene-modified matrix is significantly softer than the CNT-modified matrix,
while having similar significant improvements in the effective matrix permittivity. This is an
advantage in the context of individually tailoring the mechanical and electrical properties of the
composite. It is possible to significantly boost the permittivity while retaining the softness of the
host matrix. In this particular case, it will be a considerable advantage, for example, in the design
of wearable or flexible devices which can sense or harvest energy from mechanical stimuli. These
devices require soft composites exhibiting appreciable electrical performance for which design
strategies that allow boosting the electrical performance while not hardening the matrix further,
are desired. It is also clear from Figures 2 (d)-(e) that both the CNT- and graphene- modified
matrices lead to a percolative improvement in the piezoelectric response with a significant
improvement near percolation (shown for a polycrystallinity index of a = 0.3, which is near the
optimal value for best piezoelectric response). Based on this observation, all the analyses that
follow are based on the behavior of the composite near percolation conditions, which is modeled

as fCNT = 099]';
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Figure 2 — (a)-(c) in sequence show the effective elastic coefficients c;4, ¢33, and c¢;3 of both nano-
modified PVDF matrices as a function of the nanofiller concentration f;,,,, normalized by the
percolation threshold f, of the corresponding nanofiller. (d) and (e) show a percolative dependence
of the effective piezoelectric coefficients e;; and e;3; of the composite as a function of the
normalized nanofiller concentration.

Figure 3 (a)-(c) and (d)-(f), respectively, show the effective piezoelectric coefficients e3; and e33
of the two composite architectures which are modified by CNTs and graphene. The results
corresponding to very dilute BaTiO3 loading are not presented here. This is because BaTiO3 and
PVDF have piezoelectric tensor coefficients (specifically, e;; and e33) which are of opposite signs,
owing to which, the addition of BaTiO3 negates the piezoelectric activity of the PVDF and reduces
the overall response of the composite for low BaTiOs concentrations. We have discussed this
aspect earlier [18]. However, once the BaTiO3 concentration exceeds a certain limit, the effective
piezoelectric response of the matrix, especially in the presence of a percolated nano-modified
matrix, is predominantly controlled by the BaTiO3 inclusions with the matrix piezoelectricity
contributing negligibly [18]. Accordingly, we see that in the case of both the nano-fillers, there is
a significant increase in the piezoelectric response coefficients e;; and e;3. At higher inclusion
concentrations, Figure 3 (b)-(f) indicate that an improvement of more than an order of magnitude
is possible through graphene or CNT addition to the matrix. However, the piezoelectric response
of graphene-based composites is still smaller compared to the CNT-based composites. This is
mainly because of reduced matrix-hardening. Although graphene-based designs do not exceed the
performance of CNT-based designs, an order of magnitude improvement in the piezoelectric
response is still possible, compared to composites which are not nano-modified, while appreciably
retaining the mechanical properties of the matrix. This observation is also in agreement with recent
experimental work on graphene-modified PVDF/BaTiO3 piezocomposites [26].
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Figure 3 — The effective transverse and longitudinal piezoelectric coefficients, e;; and es;
respectively, of the nano-modified PVDF/BaTiO3s composites for different BaTiOs inclusion
concentrations Vgro : (a) and (d) correspond to Vero= 14.7%, (b) and (e) correspond to
VB10=25.9%, and (c) and (f) correspond to Vero=41.2%.

From Figure 3(a)-(f), it is also seen that the polycrystalline index «, at which optimum
piezoelectric response results, is slightly different for CNTs and graphene. This could be due to a
combination of the following factors — the difference in the elastic properties of the matrix at
percolation and the difference in the permittivity of the matrix at percolation — which vary across
the designs. Notably, although the graphene-modified PVDF matrix has much smaller elastic
moduli compared to the CNT-modified matrices, the permittivity of the graphene-based system is
relatively higher at percolation. From Equation 3, we understand that when f-yr = 0.99f_, the
enhancement in the permittivity in graphene-modified PVDF is around 150 times of the pristine
PVDF permittivity, while in the case of CNT-modified PVDF, the enhancement is around 100.

In Figure 4(a)-(b), we further plot the optimal a which leads to maximum piezoelectric flux
generation (i.e. maximum e;;) for both piezocomposite architectures (CNT-modified and
graphene-modified), as a function of the volume fraction of the BaTiO3 inclusions, Vsro. First, we
notice that the optimal polycrystalline index for graphene-modified systems is slightly higher
consistently, for all Vpro, compared to the CNT-modified system. Further, the optimal
polycrystalline index increases with an increase in Varo. These results have the following
implications: (a) graphene-nanomodifications can allow the use of slightly more polycrystalline
piezoelectric inclusions for optimum performance and therefore allow more tolerances in the
processing of high quality piezoelectric crystals, and (b) higher BaTiO3 inclusion concentrations
allow the introduction of higher polycrystallinity to maximize the piezoelectric response.
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Figure 4 — the optimal polycrystallinity index a,,; for the best piezoelectric flux response of the
composite. (a) corresponds to the best e;; and (b) corresponds to the best e55.

We further point out that the effectiveness of a piezocomposite material is measured by its ability
to simultaneously generate high electric flux and electric fields [27, 28]. In fact, the product of the
piezoelectric flux coefficient and the field coefficient (d;;g;;) is a measure of the energy density
in a piezocomposite. Usually, there is a tradeoff between the flux and field generating processes
[27] and effective design needs to take into consideration a balance between these processes. In
this context, we explore the electric field coefficient in the CNT- and graphene-modified
composites, given by:

$ij = (E—_l) “)

where the numerator in the right-hand side is the volume averaged electric field, and the
denominator is the applied boundary strain (refer to Figure 1(b)-(c)) in the Voigt notation. For
example, &34 is the ratio of the volume averaged electric field generated in the x5 direction
normalized by the axial strain in the x; direction (i.e. €;; = &;). Given the present two-dimensional
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context, we will refer to {5, and &35 as the transverse and longitudinal electric field coefficients,
respectively.

We present the transverse and longitudinal electric field coefficients, 54 (Figure 5(a)-(c)) and &35
(Figure 6(d)-(f)), respectively, for three different volume fractions. We note that the electric field
generated in the graphene-based composite is smaller than in the case of the CNT-based composite,
irrespective of the polycrystallinity index a. This is because of the higher permittivity of the
graphene-modified PVDF matrix near percolation, as pointed out earlier, compared to the CNT-
modified matrix. This increased permittivity is due to the differences in the percolation properties
of CNTs and graphene, where particularly graphene has a slightly larger critical exponent which
gives larger permittivity enhancements due to the percolative effect. It is thus evident that an
optimal critical exponent p is necessary to obtain a permittivity which is high enough to obtain a
large permittivity to support the flow of electric flux from the high-permittivity inclusion
environment through the surrounding matrix. However, it should be low enough to ensure that the
electric fields within the composite do not get compromised. The critical exponent, as seen from
experimental literature on CNT-based composites [29], is tunable through chemical
functionalization of the nanotubes. One can envisage such an atomic/molecular level design even
for graphene-based composites to further tune the critical exponent to an optimal value. Also, the
dependence of the electric field response on the polycrystallinity and the existence of an optimal
a for maximum electric field generation gradually fades out at higher inclusion concentrations,
unlike in the case of the electric flux response where clear local maxima exist even at higher
inclusion concentrations.
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Figure 5 — the volume averaged electric field normalized by the applied strain, for different volume
fractions. (a)-(c) correspond to the transverse response &3; and (d)-(f) correspond to the



longitudinal response &35. As in Figure 3, (a) and (d), (b) and (e), and (c¢) and (f) correspond to
Vero=14.7%, 25.9%, and 41.2%, respectively.

In summary, we have observed that significant enhancements (an order of magnitude) in the
electric flux generation are possible in both CNT and graphene-modified PVDF matrices.
However, in contrast to CNT-modified composites, the considerably smaller percolation threshold
in the case of graphene can allow such improvements in flux generation without significant matrix
hardening. Secondly, the higher permittivity of graphene-modified composite at percolation results
in reduced electric field generation compared to CNT-modified composites. Thirdly, we have
noticed that the optimal inclusion polycrystallinity leading to maximum flux generation, at
percolation, is slightly higher in the case of the graphene-based composite and this optimal value
increases with increasing inclusion concentration indicating that polycrystal-based designs could
be more useful in composites with larger inclusion concentrations. From the perspective of design,
this means that a larger quantity of inexpensive of microscale polycrystals can lead to a better
design compared to high-quality single-crystal inclusions.

4. Conclusions

We have explored the design of nano-modified PVDF-based lead-free piezocomposites by
developing a new effective property model accounting for the elastic anisotropy in PVDF. Using
this modeling approach, we have compared the performance of piezocomposites modified by
carbon-nanotubes and graphene. While CNT addition is a well understood route to boost
piezoresponse, graphene holds more promise in terms of better mechanical properties of the
modified matrix. Firstly, in terms of piezoelectric response, although the graphene-based design
results in lesser electric flux generation compared to the CNT-based design, it can still lead to an
order of magnitude improvement near percolative conditions compared to composites which are
not nano-modified. Secondly, with increasing inclusion concentrations, the optimal inclusion-
polycrystallinity for maximum flux generation also increases, thus pointing to the fact that using
larger quantities of polycrystalline materials could lead to optimum performance and practically
viable solutions to superior piezoelectric performance. Thirdly, graphene-based designs generate
smaller electric fields compared to CNT-based designs because of higher matrix permittivity at
percolation. Lastly, the graphene-modified composites require piezoelectric inclusions of slightly
higher polycrystallinity, compared to CNT-modified composites, for optimum flux generation.
This indicates that using graphene as a nano-modifier allows for slightly more process intolerances
in the processing of high quality of piezo-crystals, which would directly impact the cost of their
production. Also, in both the composite systems, the optimum polycrystallinity for best flux
generation at percolation of the nanofiller, increases as the piezoelectric inclusion concentration is
increased. This further suggests that using larger quantities of relatively more polycrystalline
piezo-crystals might be an interesting route to maximize piezo-response in a scalable manner. In
conclusion, we note that graphene-modified piezocomposites provide improvements similar to
CNT-modified systems, while allowing for higher inclusion polycrystallinity and better retention
of the matrix elasticity. This makes graphene a viable alternative to CNTs especially in application
requiring flexible high-performance piezocomposites.
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Appendices
Al: Details of the RVE geometries

The RVEs investigated here with the inclusion volume fraction Vzro are shown in Figure AF1 (a)-

(e).
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(a) VBT0=14'7% (b) VBTO=21'7% (C) VBTO=25'9% (d) VBTO_32'5% (e) VBTO—41.2A)
Figure AF1 — The RVEs investigated in this analysis with different inclusion volume fractions,
Vero.

A2: Effective elastic coefficients of nano-modified PVDF

Figure AF2 shows the effective elastic coefficients, relevant to the two-dimensional analysis
carried out here. Graphene has a significantly larger (>50%) hardening effect compared to CNTs.
However, at percolation, due to much smaller percolation thresholds in the case of graphene, the
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matrix hardening is considerably lesser than the CNT-modified PVDF, as would be seen from

Figure 2.
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Figure AF2 — Effective elastic coefficients of (a) CNT-modified PVDF and (b) Graphene-modified
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