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ABSTRACT

Flexoelectricity is often studied at the macroscopic scale for energy conversion and harvesting. The fact that microstructural heterogeneities
can have a profound impact on a material’s flexoelectric response has been under-appreciated and largely unexplored. To capture the effects
of microstructure on both the macroscopic flexoelectric behavior and the development of microscopic electric field that drives such
microscale processes, we develop a computational framework that enables the quantification of how the microstructure can influence the
flexoelectric behavior of heterogeneous materials. The specific material evaluated is a porous composite of tetrafluoroethylene-hexafluoro-
propylene-vinylidene fluoride polymer and aluminum (Al) particles. The models explicitly resolve the Al particles and voids within the
microstructure. The focus of the analysis is on assessing the physical mechanisms that enhance the macroscopic flexoelectric output and
determining the effective flexoelectric coefficient of the inhomogeneous material. The approach also allows the contributions of individual
strain gradient components to the effective flexoelectric coefficient to be delineated and offers a method of determining the flexoelectric
coefficients associated with individual strain gradient components using measurements of the macroscopic flexoelectric responses of micro-
structures with different concentrations of Al particles and voids. It is concluded that the enhancement of local strain gradients near the Al
particles and voids and the activation of contributions from multiple strain gradient components are the primary mechanisms for the
increase in the macroscopic flexoelectric output of the composites. The macroscopic flexoelectric coefficient under cantilever beam bending
is found to rise linearly with the Al content, consistent with the experimental measurements.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0141173

I. INTRODUCTION

Flexoelectricity is an electromechanical phenomenon in which
strain gradient induces electric polarization (direct flexoelectric
effect) and vice versa (converse flexoelectric effect).1–4 Similar to
piezoelectricity, flexoelectricity has applications in energy harvest-
ing, actuation, MEMS devices, and semiconductors,5–26 all of which
take advantage of the direct and converse effects at the macroscopic
level. Recently, experiments and analyses demonstrated27–30 that
the underlying microstructure and material heterogeneities can
have a significant impact on the apparent flexoelectric output of
materials. This raises the question of how materials can be engi-
neered at the microscopic scale to tailor their macroscopic flexo-
electric behavior. On the other hand, flexoelectricity is increasingly
recognized for its ability to affect the thermodynamic state of

materials at small scales. For instance, the presence of high strain
gradients near crack tips was shown to substantially influence the
fracture behavior.31 Also, under certain loading conditions, the
development of high strain gradients in polymer–metal composites
was shown to be responsible for the high electric field (E-field)
within the inhomogeneous material, ultimately leading to dielectric
breakdown. Such events can cause localized heating (also referred
to as “hotspots”) that results in the onset of chemical reactions32–35

in energetic materials (EMs). This leads to an exciting means for
precisely controlling the ignition behavior of EMs or devices using
such materials. Many of these events can occur even under condi-
tions dominated by microscopic strain gradients but involve low or
no net strain gradients at the macroscopic level. Such microscopic
flexoelectric effects remain underexplored.
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Fluoropolymers such as tetrafluoroethylene-hexafluoropropylene-
vinylidene fluoride (THV) are flexoelectric. Previous studies
mostly focused on the piezoelectric and flexoelectric properties
of poly(vinylidene fluoride) (PVDF) and its co- and
terpolymers,18,19,27,32,33,35–38 while the flexoelectric coefficient of a
homogeneous (neat) THV polymer has only been reported
recently.28 The flexoelectric response of inhomogeneous THV or
other flexoelectric materials at the macroscopic level is much less
understood. This poses a challenge in the development of materials
with enhanced flexoelectric properties via microstructural engineer-
ing for a variety of materials.

The intentional introduction of heterogeneities through com-
posite formation has been shown to offer a route to enhance both
the piezoelectric and flexoelectric properties of polymers via micro-
structure modification while maintaining their mechanical
integrity.37–41 For example, the addition of piezoelectric ceramic
inclusions, such as lead zirconate titanate (PZT) into PVDF, can
result in overall piezoelectric coefficients as high as 40 pC/N
(∼2 times higher than those of neat PVDF).39,40 The electroactive
characteristics of microstructures can also be enhanced via changes
in porosity. By increasing the porosity level of a PVDF thin film, the
piezoelectric output was observed to increase by as much as 100%.42

On the other hand, porosity was also shown to play a role in influ-
encing flexoelectricity.43,44 For instance, Zhang43 reported an ultra-
high flexoelectric effect for porous polydimethylsiloxane and PVDF.
While the piezoelectric effect of composite materials is reasonably
well understood, there is growing interest in further elucidating the
influence of microstructural design on flexoelectricity for all material
types. Recently, Zaitzeff and Groven determined experimentally28

that the effective (i.e., macroscopic) flexoelectric coefficient of
THV/Al composites increases linearly with the weight fraction (ηAl)
of embedded aluminum (Al) particles (e.g., up to 53% increase in
an aluminized composite compared to a homogeneous THV
polymer). This finding highlights the need to study the mechanism
through which this effect occurs and quantify the influence that the
underlying microstructure has on the electromechanical behavior.

We present a novel computational framework for analyzing
the effects of microstructural heterogeneities, such as embedded
voids and Al particles, on the electromechanical behavior of the
materials at both the microscopic and macroscopic (or structural)
levels. A set of statistically similar microstructure models are gener-
ated and used to analyze the deformation and flexoelectric response
of the THV/Al composites under cantilever beam bending
(CBB).45–47 Furthermore, a systematic method is developed in
order to numerically predict the effective flexoelectric coefficient
(�μ�TR) of the composites as a function of the transverse, shear, and
longitudinal strain gradients. The predicted values of the effective
flexoelectric coefficient are in good agreement with the experimen-
tal results.28 This approach lends itself to applications for other
material systems as well.

II. COMPUTATIONAL MODEL AND SIMULATION

A. Microstructure model generation

The microstructures (MSs) of the THV/Al composite com-
prise Al particles and voids embedded within a THV binder. Both
the particles and voids are circular in shape. The Al particles have a

weight fraction ranging between 0% and 40% and a Gaussian distri-
bution of diameter with a mean of 3.5 μm and a standard deviation
of 0.3 μm. The void diameter is ∼25 μm, as shown in Figs. 1(a)
and 1(b). The two-dimensional microstructure model [Fig. 1(c)]
captures the salient characteristics of the particles and voids.
Moreover, the overall size of the model is 100 μm
(thickness) × 500 μm (length), as shown in Fig. 2.

To capture and quantify the stochastic nature of the micro-
structural heterogeneities, a total of 35 sets of non-porous
(ηvoid = 0%) and porous (ηvoid = 5% and 10%) THV/Al specimens
are randomly generated with Al particle weight fractions ranging
between 0% and 40% and with different particle sizes
(DAl = 3.5 μm, 7.0 μm, and 10.5 μm). As an example, the five sets of
porous specimens (ηvoid = 10%) with a mean particle size of 3.5 μm
are illustrated in Fig. 2. Each of the statistically equivalent micro-
structure sample set (SEMSS) consists of five random but statisti-
cally similar specimens. Assessing multiple specimens from the
SEMSS allows for a more realistic characterization of the material
response, as the analysis yields a range of behavior outcomes based
on the random microstructure instantiations. In addition to the
SEMSS shown in Fig. 2, the remaining 30 microstructure sets are
not shown here for brevity. These additional sets are used to
analyze the effects of varying the particle size (3.5, 7.0, and
10.5 μm; no voids; 0%, 10%, 20%, 30%, and 40% particles by
weight), void size (10, 25, and 40 μm; 10% porosity; 3.5 μm in par-
ticle size; 0%, 10%, 20%, 30%, and 40% particles by weight), and
porosity level (0%, 5%, and 10%; 3.5 μm in particle size; 0%, 10%,
20%, 30%, and 40% particles by weight). Together, these SEMSSs
enable a systematic study of the effects of different microstructure
attributes on the effective flexoelectric output of the specimens.

B. Boundary conditions

The impact-induced electromechanical response of the
THV/Al composite from its piezoelectric and flexoelectric proper-
ties and subsequently the dielectric breakdown and chemical reac-
tion processes preceding the ignition event are simulated using
COMSOL v6.0. Here, the impact loading condition emulates that
tested in the experiments,28 albeit using a smaller specimen. The
microstructure is subjected to the cantilever beam bending (CBB)
configuration, as illustrated in Fig. 3. The left-hand side of the
specimen is fixed such that there is no rotation or displacement.
The right-hand side is subjected to an external moment M0 such
that the displacement at the tip of the specimen is Δ0 ¼ 50 μm in
the upward direction. The top and bottom surfaces are traction-
free. The specimen is initially stress-free and charge-free. A plane-
strain condition is assumed throughout the analysis.

Moreover, the finite element model is discretized into two-
dimensional, isoparametric, quadratic Lagrange, triangular ele-
ments (with six nodes per element). The average element size in
the domain is ∼0.6 μm. Among the various sets of microstructures
analyzed herein, the maximum number of elements in a given
model is ∼ 900 000.

C. Governing equations and constitutive relations

The governing equations and constitutive relations for the
coupled electromechanical processes are outlined here. A
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quasistatic model is used, as the load duration is significantly
longer than the time needed for the mechanical stress waves to
traverse the specimen. A finite deformation formulation is used to
account for large deformation and rotation. The mechanical

response is governed by the conservation of momentum. On the
other hand, the electrostatic response is governed by the conserva-
tion of charge (Gauss’s law) and Faraday’s law of induction applied
to quasistatic conditions. In the reference configuration, the equa-
tions are

∇ � (FS)T ¼ 0,

∇ � D ¼ ρq,

∇�E ¼ 0,

8>><
>>:

(1)

where S and F are the second Piola–Kirchhoff stress and the defor-
mation gradient, respectively. D, E, and ρq represent the electric
displacement, the electric field, and the volumetric free-charge
density, respectively.

The electric displacement comprises a dielectric polarization
part caused by the induced dipole moment and a flexoelectric
polarization part caused by the local strain gradients. For large
deformation, this electromechanical constitutive relation48 can be
expressed as

Di ¼ ϵδij þ ϵ0(JF
�1
ik F�1

jk � δij)
h i

Ej þ μijklε jk,l , (2)

where J ; det(F), Ej, and ε jk,l ¼ @ε jk/@xl represent the Jacobian, elec-
tric field, and the gradient of the Green–Lagrange strain

FIG. 1. SEM images showing (a) the voids embedded within the THV polymer and (b) the Al particles; (c) inset view of the microstructure showing Al particles (red) and
voids (black) within THV binder (yellow); (d) probability density function of the particle diameters based on a normal Gaussian distribution. For this specimen, mean and
standard deviation are 3.5 and 0.3 μm, respectively.

FIG. 2. Statistically equivalent microstructure sample sets (SEMSSs) of THV/Al
composites with 10% porosity and void size and mean particle size of 25 and
3.5 μm, respectively. Microstructures shown with varying levels of embedded Al
particles (ηAl) between 0% and 40% by weight fraction. The overall size of the
models is 100 μm (thickness) × 500 μm (length). In addition to the five sets
shown here, the other 30 additional sets (not shown) are used to analyze the
effects of particle size, void size, particle content, and porosity.

FIG. 3. A computational model showing the explicit consideration of Al particles
(red) and voids (black) within THV polymer (yellow). The composite (MS No. 1
in Fig. 2 with 40% Al by weight and 10% porosity) is subjected to pure bending
via external moment load (M0). The upward deflection at the tip is Δ0 = 50 μm.
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εij ¼ 1
2(ui,j þ u j,i þ uk,iuk,j), respectively; ϵ and μijkl are isotropic

dielectric permittivity (absolute) and flexoelectric coefficient tensor,
respectively. The electric field vector is given as Ek ¼ �@w/@xk with w
denoting the scalar electric potential. The value of ϵ is given in Table I
in terms of the vacuum permittivity (ϵ0 ¼ 8:854� 10�12 F/m).

The flexoelectric response is assumed to be isotropic, such
that the fourth-order flexoelectric coefficient tensor can be fully
determined using two independent constants,49 similar to the iso-
tropic linear elastic modulus tensor [see Eq. (6)]. Specifically,

μijkl ¼ μTR λ δijδkl þ δikδ jl
� �þ δilδ jk

� �
, (3)

where μTR ¼ μijji (i, j = 1, 2, 3; i≠ j; no summation implied for the
repeated indices: i and j) denotes the transverse flexoelectric coeffi-
cient, whose value is listed in Table I; and λ ; μSH/μTR is the ratio
of the shear flexoelectric coefficient μSH ¼ μiijj ¼ μijij (i, j = 1, 2, 3;
i≠ j; no summation implied for the repeated indices) to the trans-
verse flexoelectric coefficient μTR. The longitudinal coefficient is
μLT¼ μiiii ¼ (1þ 2λ)μTR (i = 1, 2, 3; no summation implied for the
repeated index).

It is noted that the experimentally measured values of the
flexoelectric properties of homogeneous materials (e.g., from canti-
lever beam bending) are often reported with the longitudinal strain
gradient effect included,1,3,4 owing to the coexistence of the lateral
strain, which is proportional to the axial bending strain via
Poisson’s ratio. Assuming plane-strain conditions, this apparent
transverse flexoelectric coefficient (μ�TR) can be expressed as

μ�TR ¼ μTR � νμLT. Furthermore, since it is difficult to measure μSH
and μLT directly and no values are reported for them in the
literature for THV, a parametric study is carried out systematically
by varying the value of λ over a range to explore the trends
and to determine μSH and μLT via best-fit to experimental data
for the THV/Al composites. Here, it is found parametrically that
λ ¼ �0:625 yields the best comparison to the experimental results.
The flexoelectric part of the polarization can be expressed as

Pflexo
i ¼ μijklε jk,l ¼ μTR(ε jj,i þ 2λεij,j): (4)

The second Piola–Kirchhoff stress (S) and the Green–
Lagrange strain (ε) are used to express the coupled electromechani-
cal constitutive relation, which includes the effect of converse
flexoelectricity50 as

Sij ¼ JF�1
ik CklmnεmnF

�1
jl � μlijk

@El
@xk

, (5)

where the elastic stiffness tensor can be expressed as

Cijkl ¼ νE
(1þ ν)(1� 2ν)

δijδkl þ E
2(1þ ν)

(δikδ jl þ δilδ jk), (6)

with E and ν denoting Young’s modulus and Poisson’s ratio (see
Table I), respectively.

III. RESULTS AND DISCUSSION

A. Electromechanical response at the microstructure
level

To study how the microstructure’s heterogeneities affect the
effective flexoelectric behavior of the composite, the mechanical
and electrical responses of the composite are analyzed. In Fig. 4,
the two normal strains (ε11 and ε22) and the in-plane shear strain
ε12 are shown for a specimen (MS No. 1; 40% Al particles by
weight and 10% porosity in Fig. 3). Here, the “1” direction is paral-
lel to the beam’s axis, while the “2” direction is perpendicular to
the beam’s axis.

When a positive moment is applied at the tip of the specimen
as shown, the upper half of the beam experiences local compression
along the axial direction, whereas the lower portion experiences
tension. The magnitude of ε11 is relatively low along the centerline
(i.e., near the neutral axis). The bending also induces a normal
strain along the lateral direction (ε22), as the specimen expands and
contracts transversely in regions of flexural compression and
tension, respectively, due to the Poisson effect. Moreover, the het-
erogeneity effect caused by the inclusions also engenders micro-
scopic shear strains within the specimen. The focus of this analysis
is on the direct flexoelectric effect. To gain a perspective on the
scale of the converse flexoelectric effect, the axial stress (S11) distri-
bution is shown in Fig. 5. It can be seen that the magnitude of the
part of the stress due to the converse flexoelectric effect [i.e., the
last term shown in Eq. (5)] is negligible.

To gain further insight into the deformation, the individual
strain gradient components are analyzed. Figure 6 delineates the
gradients of the three in-plane strain components for the

TABLE I. Physical and electromechanical properties of the constituents.28,51

Material ρ (kg/m3) ϵ/ϵ0 E (MPa) ν μ�TR (nC/m)

THV polymer 1980 4.47 22 0.4 5.12
Al particles 2702 … 70 × 103 0.33 …

FIG. 4. Distributions of in-plane strain components for porous THV/Al (MS No.
1 shown here with 40% Al and 10% porosity, as in Fig. 3) under CBB with
Δ0 = 50 μm.
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FIG. 5. Comparison of contributions to the second Piola–Kirchhoff stress S11, (a) elastic contribution, (b) converse flexoelectric contribution, and (c) total. Results near the
microstructural inclusions are shown for the microstructure in Fig. 3 and Δ0 = 50 μm.

FIG. 6. Close-up view of the strain gradient components showing higher magnitudes near the particles and voids. The results are for the porous microstructure shown in
Fig. 3 at Δ0 = 50 μm.
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microstructure shown in Fig. 3. Here, ε11,1 and ε22,2 are the longitu-
dinal strain gradients; ε11,2 and ε22,1 are the transverse strain gradi-
ents; ε12,1 and ε12,2 are the shear strain gradients.

The stiffness mismatch among the various constituents pro-
motes a significant enhancement of the local strain gradients near
the particles and voids. The multidirectional state of strain gradient
due to the introduction of Al particles and voids demonstrates that
the effective flexoelectric behavior may be manipulated or tailored
by controlling the size and level of the microstructural heterogene-
ities within a flexoelectric material. The effects of heterogeneities
on the induced electrical output can be seen in Fig. 7, which

compares the electric potential distributions in a homogeneous
THV and the inhomogeneous composite microstructure shown in
Fig. 3. When subjected to the same magnitude of deformation
(Δ0 ¼ 50 μm), the potential differences (Δw) across the top and
bottom surfaces are 5.5 and 5.3 V for the homogeneous and inho-
mogeneous specimens, respectively. In contrast to the uniformity
seen in the potential field of the homogeneous specimen, the elec-
trical response of the inhomogeneous specimen is profoundly influ-
enced in the vicinity of the Al particles and voids, owing to both
the localized magnification of the gradients of the normal strains
(ε11 and ε22) and the activation of the gradients of the shear strains
(ε12 and ε21), which are non-existent in the homogeneous case.

The electromechanical polarization in the microstructure is eval-
uated using Eq. (4). Integration of the polarization component in the
“2” (vertical) direction over the entire microstructure yields the
output potential between the top and bottom surfaces, which is what
is measured in the experiments.28 The electrical potential fields of the
five microstructures in the SEMSS with 10% porosity and 40% of Al
by weight are shown in Fig. 8. There is a degree of variation in both
the local fields and the overall electrical outputs due to the stochastic
nature of material heterogeneities. For example, the potential differ-
ence across the top and bottom surfaces varies between 4.7 and 6.0V
for the five specimens evaluated under (Δ0 ¼ 50 μm). The use of
SEMSS allows for a more accurate and realistic characterization of the
underlying behavioral trend and a systematic quantification of the
behavioral fluctuations from specimen to specimen.

B. Macroscopic response

The effects of microstructural heterogeneities on the effective
flexoelectric behavior of the composite are analyzed here. To assess
the overall macroscopic response, the electric polarization across
the top and bottom surfaces of each specimen is evaluated as

�P2 ¼ 1
Ω

ð
Ω
P2(x) dV ¼ �μTR�ε11,2, (7)

where the “overbar” symbol denotes the macroscopic effective or
average value of the respective variable and Ω is the total volume of
the specimen. This leads to the effective transverse flexoelectric
coefficient (�μTR) of the composite as

�μTR ¼ μTR
Ð
Ω b

[ε11,2 þ 2λε12,1 þ (1þ 2λ)ε22,2] dVÐ
Ω ε11,2 dV

, (8)

where Ωb is the volume of the THV polymer (which is the only
constituent that is flexoelectric) in the microstructure. Equation (8)
shows that �μTR can be determined from the fields of the strain gra-
dient components and the flexoelectric properties (i.e., μTR and λ)
of the homogeneous THV polymer. The first term in the numera-
tor corresponds to the flexoelectric polarization caused by the
transverse strain gradient, while the second and third terms corre-
spond to the polarizations caused by the shear and longitudinal
strain gradients, respectively.

To study the effects of the microstructural heterogeneities on
the macroscopic flexoelectricity of the THV/Al composite, a set of
parametric analyses are performed. The flexoelectric coefficient

FIG. 7. Comparison of potential distributions between homogeneous (top) and
inhomogeneous (bottom) specimens under CBB (Δ0 = 50 μm). The microstruc-
ture for the inhomogeneous specimen is shown in Fig. 3.

FIG. 8. Distributions of the electrical potential in the undeformed configurations
of the five microstructures in the SEMSS with 10% porosity and 40% Al by
weight shown in Fig. 2 (Δ0 = 50 μm).
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obtained from experiments28 is used as a basis for calibration and
comparison. The ratio between the effective flexoelectric coeffi-
cients of a heterogeneous composite and the homogeneous THV
polymer under CBB (Ψ ; �μTR/μTR) is taken as a measure for the
microstructure enhancement of the overall flexoelectric output. The
results are shown in Fig. 9, which includes a parametric study.

The shear and longitudinal flexoelectric coefficients of THV
are determined by varying the ratio λ ; μSH/μTR for microstruc-
tures with 10% voids (the approximate porosity tested in the exper-
iment) and Al particle fractions between 0% and 40%. The
parametric study involves λ values between −0.525 and −0.675.
The results suggest that λ ; μSH/μTR ¼ �0:625 yields the best
match, yielding μSH ¼ �2:91 nC/m and μLT ¼ �1:16 nC/m. In the
analyses to follow, λ ¼ �0:625 is used.

Figure 9 also shows the effect of Al content on the flexoelec-
tric enhancement (Ψ). The effective flexoelectric coefficient of
the composite �μTR increases monotonically with Al content, as
the particles intensify the local strain gradients and activates the
shear strain gradients, which do not occur in homogeneous spec-
imens under CBB. For the specimen shown in Fig. 3, the flexo-
electric enhancement is between 1.18 and 1.47 for Al content
between 0% and 40%, leading to as much as ∼22% difference
within this range.

FIG. 9. Enhancement parameter (ψ) for the macroscopic transverse flexoelectric coefficient �μTR as a function of Al content (ηAl). The results for λ values between
−0.525 and −0.675 are shown. Five statistically similar microstructures are used at each level of Al content. All specimens are 10% in porosity.

FIG. 10. Individual contributions to the macroscopic transverse flexoelectric
coefficient for ηAl ranging between 0% and 40% wt. In all cases, porosity is
10% and λ is −0.625. The void size and mean particle size are 25 and 3.5 μm,
respectively.
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The relative contributions of the three strain gradient terms to
�μTR in Eq. (8) are plotted in Fig. 10 for the microstructure in Fig. 3.
While the transverse term dominates, the shear and longitudinal
terms also constitute significant contributions. While the contribu-
tions of the transverse and longitudinal terms decrease as the Al
content increases, the contribution of the shear strain gradient term
increases with the Al content. Because of this trend, at lower Al
content levels (< 20%), the contribution to �μTR of the longitudinal
strain gradient outweighs the contribution of the shear strain gradi-
ent, while at higher Al content levels (>20%), the shear strain gradi-
ent plays a more pivotal role than the longitudinal strain gradient.
At an Al particle content of 40%, the contribution from the trans-
verse term accounts for 67.4% of �μTR, while those from the shear
and longitudinal terms account for 22.7% and 9.9%, respectively.

C. Effects of particle content, porosity, particle size,
and void size

In addition to the Al content, other effects of microstructure
features are also explored. First, as shown in Fig. 11, the porosity
effect is studied by comparing the flexoelectric enhancement for

0% (non-porous), 5%, and 10% porosity levels for microstructures
with 0–40% wt. of Al. Here, a void size of 25 μm is used for the
two sets of porous specimens. The flexoelectric enhancement (Ψ) is
higher with voids than without voids. Specifically, Ψ at 10% voids
is higher than at 0% voids by the following amounts: 2.4% at 0% Al
and 6.3% at 40% Al. This increase in the effective flexoelectricity of
porous specimens can be attributed to the increased magnitude of
strain gradients near the voids.

The results in Fig. 12 illustrate how the Al particle size (DAl)
can affect the macroscopic flexoelectricity of the specimens. The
comparison is made between non-porous microstructures with dif-
ferent particle sizes (3.5 μm, 7.0 μm and 10.5 μm in diameter) and
Al content between 0% and 40% wt. Smaller Al particles generally
lead to a higher effective flexoelectric output. The net difference
between the 3.5 and 10.5 μm cases is 7.4% at 40% wt. Al. This
trend is due to the fact that smaller particles cause the local strain
gradient to be relatively higher near the particles.

Furthermore, Fig. 13 shows the effect of void size (Dvoid). The
microstructures all have 10% porosity, 3.5 μm particle size in diam-
eter, and Al content ranging between 0% and 40%. Compared to
the trend exhibited by various Al particle sizes, varying the void

FIG. 11. Comparison of the transverse flexoelectric enhancement between THV/Al specimens with 0% (left), 5% (center), and 10% (right) porosity levels. All cases have a
mean particle size of 3.5 μm. The void size assumed in the two porous cases is 25 μm. Five statistically similar microstructures are used for each material case.

FIG. 12. Comparison of the transverse flexoelectric enhancement between THV/Al specimens with mean particle size of 3.5 μm (left), 7.0 μm (center), and 10.5 μm
(right). All cases are non-porous. Five statistically similar microstructures are used for the material case.
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size alone is shown to have relatively minor effect on the overall
flexoelectric output. The net difference in the effective flexoelectric
enhancement among the three sets of microstructures shown is
limited to only 3.9% for the range of Al content analyzed.

Finally, the relationship between the macroscopic flexoelectric
enhancement and the bulk stiffness of the inhomogeneous speci-
mens is examined, as the enhancement depends not only on the
degree of the relative size difference of the various constituents but
also on the degree of the relative stiffness mismatch. Here, the bulk
stiffness (i.e., effective Young’s modulus) of the porous particulate
composite is calculated using the Pal model (Model No. 2 listed
under Table I).52

In Fig. 14, it can be seen that specimens with higher normalized
effective modulus have higher flexoelectric enhancement for all micro-
structure cases shown. This is due to the role that stiffness mismatch

has on intensifying the local strain gradient within the microstructure,
thus enhancing the flexoelectric output at the macroscale.

IV. CONCLUSION

Microstructure can profoundly influence both the microscopic
and macroscopic flexoelectric behavior of materials. To elucidate
the influence of microstructural heterogeneities on the overall
flexoelectric properties of THV/Al composites, an electromechani-
cal computational model is developed to analyze the distributions
of strain gradient and electrical polarization. Simulations are
carried out using a cantilever beam bending (CBB) configuration,
emulating companion experiments. The analyses allow the effective
macroscopic transverse flexoelectric coefficient (�μTR) to be system-
atically predicted as a function of microstructure attributes, includ-
ing the contents and sizes of Al particles and voids. The results of
the analyses closely track experimental results. It is found that both
Al particles and voids markedly enhance the effective macroscopic
flexoelectric coefficient. The enhancement comes from both the
magnification of local longitudinal and transverse strain gradients
relative to the homogeneous THV and the activation of shear strain
gradients that are non-existent in homogenous materials under
CBB.

The effective flexoelectric coefficient is shown to rise linearly
with the level of Al particles in the material. At 40% Al content,
the effective flexoelectric coefficient is ∼22% higher than that
homogenous THV without particles. A 10% porosity can cause the
effective flexoelectric coefficient to be ∼6.3% higher, compared to
similar materials without voids. Overall, smaller microstructural
heterogeneities, especially the Al particles, cause the local strain
gradients to be higher, leading to higher flexoelectric output at the
macroscale.

While the materials considered involve only particles and
voids, the model and computational framework introduced herein
can be applied to materials with other microstructural characteris-
tics as well. For example, different metals with different electric and
elastic properties can be used. Furthermore, dielectric particles with
significantly different stiffness and dielectric constants from those
of the polymer matrix can be used. Such changes may reveal new

FIG. 13. Comparison of the transverse flexoelectric enhancement between THV/Al specimens with void size of 10 μm (left), 25 μm (middle), and 40 μm (right). All cases
have a 10% porosity and a mean particle size of 3.5 μm. Five statistically similar microstructures are used for each material case.

FIG. 14. Relationship between the macroscopic transverse flexoelectric
enhancement and the normalized composite modulus for all 35 sets of the
specimens examined.
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regimes of behavior and offer avenues for tailoring the behavior of
the composite. The approach and microstructure-flexoelectric
behavior relations developed here can be utilized to carry out such
analyses in the future and to design and engineer materials with
desired electromechanical properties.
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