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The effects of meso-scale geometry on piezoelectric
properties of additively manufactured flexible polymer-

barium titanate (BaTiO3, BTO) have been implemented in a
wide range of applications including piezoelectric and
ferroelectric Pb(ZrxTi1�x)O3 (PZT) composites are systemati-
cally investigated through an integrated computational
framework. Specifically, phase-field simulations is used to
generate the meso-scale geometry and large-deformation
finite-element modeling is applied to predict the properties of
the composites. The model predicts superb stress transfer
efficiency in the 3–3 composite with three-dimensional (3D)
interconnected geometry of PZT. Comparisons on hydrostatic
performance are made to demonstrate the great potential of
the 3–3 composite for fabricating underwater acoustic devices.

Ferroelectric ceramics, due to their inherent piezoelectricity
and pyroelectricity, can convert both mechanical and thermal
stimuli into electricity respectively and vice versa. For
example, lead zirconium titanate (Pb(ZrxTi1�x)O3, PZT) and
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pyroelectric energy harvesting.[1,2] However, their inherent
mechanical brittleness impedes their high strain resistant
and/or complex shaped piezoelectric energy harvesting
applications. An attractive solution for this material selection
problem is incorporating compliant and flexible polymers,
to produce polymer-particulate ferroelectric ceramic
composites.[3,4]

Polymer-ceramic composites show tremendous potential
even for highly flexible and stretchable energy harvesting
devices (e.g., wearable electronics and healthcare sensors), as
they come with tunable and advantageous mechanical
properties such as high compliances, high toughness, and
high yield strains at moderate or low ceramic volume
fractions. However, the polymer-ceramic composites with
the 0–3 geometry, that is, randomly dispersed ceramic
particles in polymer matrix, are characterized by relatively
poor piezoelectric properties.[5] On the other hand, the
polymer-ceramic composite of 1–3 (ceramic fibers in polymer
matrix) or 2–2 (ceramic laminates in polymermatrix), can only
guarantee superb energy harvesting properties when the
poling direction is parallel to the longitudinal direction of the
fibers (1–3 composites) or the ceramic laminates (2–2
composites). A potential way to overcome these issues is to
optimize the meso-scale geometry of composites, by tailoring
the ceramic particle morphologies, sizes, volume fractions,
and spatial distributions.

In recent years, there has been an increased interest in the
development of 3–3 complex geometry of composites, for
example, three-dimensional (3D) interconnected composites
with continuous ceramic skeleton, which has been shown to
possess superb energy harvesting figure of merit (FOM).[1,6]

One considerable challenge of fabricating such composites is
to precisely control the complicated meso-scale geometry
featured by the randomness and interconnectivity of the
interfaces and achieve desired functional properties in the
final structures. With the merits of dealing with complicated
geometries, additive manufacturing (AM) has been widely
studied and applied in both scientific research and industry,
and can be applied for the fabrication of polymer-ceramic
composites.[1,4] Figure 1a shows the additively manufactured
meso-scale 3D interconnected ceramic skeleton and the
Co. KGaA, Weinheim wileyonlinelibrary.com (1 of 6) 1600803



Fig. 1. (a) Additively manufactured a 3D interconnected polymer-ferroelectric ceramic composite: (a1) printed ceramic skeleton; (a2) polymer-ceramic composite after sintering; and
polymer infiltration and comparison with a quarter dollar coin; (b) 3D grain structures of a polycrystalline microstructure generated by the grain growth phase-field model; (c)
generation of the 3D geometry of the ceramic skeleton by selecting the grain edges in (b). The connectivity of the grain edges enables the interconnected ceramic skeleton.
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corresponding composite systems. The details of the 3D-
printing process are given in Supplementary Material A.

The physical properties of the materials are usually
complicated nonlinear functions of the geometries. To
investigate the structure-property relations, the trial-and-
error-based experimental investigations, although accumu-
lating valuable guidance, are time-consuming and cost-
expensive, especially for the complicated 3–3 composites. In
this study, we therefore systematically investigate the effect of
meso-scale geometry on piezoelectric properties of flexible
polymer-ferroelectric composites by using a combined phase-
field and large-deformation finite-element computational
study.

The challenge to numerically generate such geometry
(Figure 1a) and send the generated data to fabricate the
composite using additive manufacturing lies in both the
randomness of the ceramic wire orientation and the 3D
interconnectivity of the ceramic wires. There have been a few
existing efforts for numerically generating this kind of
geometry.[7,8] However, such constructed geometries are still
not capable of guaranteeing the fiber morphology and
interconnectivity.[8]

There have been a few studies devoting to the topological
optimization of piezoelectric structures.[9,10] With these
1600803 (2 of 6) http://www.aem-journal.com © 2017 WILEY-VCH Verl
insights, we use the phase-field approach to generate the
randomly distributed 3D interconnected geometry of the
ceramic.[11] Typically, to ensure the interconnectivity, a grain-
growth model[12] is used to obtain a polycrystalline micro-
structure with randomly distributed grains and the inter-
connected grain edges are kept to mimic the interconnected
fibers, as shown in Figure 1b. Specifically, a set of order

parameters hg

n o
g¼1;:::;G

is used to describe the G grains with

different orientations; inside each grain only one order
parameter is active with hg ¼ 1 while all the other order
parameters are zero. The order parameters vary continuously

from 0 to 1 near the grain boundaries. By considering hc ¼

1�
XG
g¼1

h2g larger than a critical value hccrit, the grain edges can

be selected and the interconnectivity of the grain edges can
be ensured, as shown in Figure 1c. The volume fraction of
the interconnected parts can be adjusted by using different
initial grain numbers G or different gradient coefficients,
or stopping the simulation at different time steps. The
details of the phase-field model are given in Supplementary
Material B.
ag GmbH & Co. KGaA, Weinheim DOI: 10.1002/adem.201600803
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The finite-element (FE) method is then used to predict the
piezoelectric properties of the polymer-ceramic composites
under different stimuli, by taking a representative volume
element (RVE). In particular, the piezoelectric constitutive
equations that couple the mechanical and electric fields
are:[13]

Df g ¼ d½ � sf g þ x½ � Ef g ð1Þ

ef g ¼ S½ � sf g þ d½ � Ef g ð2Þ

where Df g is the electric displacement vector, sf g is the
stress tensor, ef g is the strain tensor, Ef g is the electric field,
S½ � is the elastic compliance matrix, d½ � is the piezoelectric
matrix, and x½ � is the dielectric permittivity matrix at a
constant mechanical stress. Specifically, the mechanical
strain involves both geometrically linear and nonlinear
parts by taking into account the large deformation
originated from the “soft” nature of polymer subjected to
a certain large mechanical loading, as e ¼ eL þ eNL, where
eL;ij ¼ 1

2 ui;j þ uj;i
� �

and eNL;ij ¼ 1
2 uk;iuk;j
� �

. Here, uf g is the
displacement vector solved from the stress equilibrium
equation using FE.

Six typical categories of meso-scale geometry of the
composites (see Supplementary Figure S1): (\i) randomly
distributed 0D spherical PZT particles in 3D polymer
matrix (0–3 particle); (ii) randomly distributed 0D PZT
cylinders with average length-to-radius ratio of 5.0 in 3D
polymer matrix (0–3 cylinder); alternating layers of PZTand
polymer with poling/z- direction: (iii) parallel to the
multilayer (2–2 parallel), (iv) perpendicular to the multi-
layer (2–2 series); (v) PZT rods one-dimensionally con-
nected between the electrodes in 3D polymer matrix (1–3
rod); (vi) 3D interconnected PZT skeleton in 3D polymer
matrix (3–3 interconnected); are investigated and com-
pared. The size of the RVE is set as 10� 10� 10mm3 for all
the polymer-ceramic composites. Material parameters for
the epoxy matrix, the photocurable resin polymer (PRP)
matrix, and the PZT ceramics in use are tabulated in
Supplementary Table S1. All the governing equations
together with the numerical schemes are implemented
through a commercial finite-element (FEM) software
package, COMSOL 5.2.[10] The periodic boundary condi-
tions are used for RVE. To establish grid independence, the
system mesh was set with a smallest element size of
0.05mm based on solution convergence trials.

Figure 2 compares the average piezoelectric coefficient d33
calculated from Equation 1–2 for different composite geome-
tries with three different moderate volume fractions (VF¼ 20,
25, and 30% which enable high flexibility) of the ceramics. A
tensile stress of 0.2GPa is applied at the surfaces along the
poling direction, that is, z-direction. Note that indices 1, 2, and
3 represent the x-, y-, and z-axes. No external electric field is
applied to the RVE. The results obtained using the spherical
particle-based theoretical model by Yamada,[14] and the
DOI: 10.1002/adem.201600803 © 2017 WILEY-VCH Verlag GmbH & C
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experimental measured particle-based values[5] are also
included for the purpose of comparison.

Clearly, Our FE simulation on the 0D particles with
epoxy matrix shows a close agreement with Yamada’s
spherical particle-based theoretical model from Figure 2
(“Particle theoretical model (epoxy)” vs. “0D particle FE
(epoxy)”). However, both the FE simulation and the
theoretical model yield the underestimations of the
experimental data for d33. The assumed spherical equi-
axed morphology in the models may be a non-insignificant
factor for the discrepancy, since the non-equi-axed particle
shape is usually observed experimentally due to particle
agglomeration. Furthermore, FE simulations predict a
higher d33 for 0–3 composites with PRP matrix than with
epoxy matrix due to the slightly higher intrinsic d33 of the
PRP matrix.

Onemore important finding is that as the aspect ratio of the
ceramic oriented along the poling direction (z-axis) increases,
the average piezoelectric coefficient d33 is improved signifi-
cantly, which is consistent with the prediction from the shear-
lag model[15] (see Supplementary Material C). The 0–3 cylinder
case (d33¼ 13.8pC/N, VF¼ 30%) presents an apparent
improvement of d33 compared to the 0–3 particle case
(d33¼ 8.1pC/N, VF¼ 30%). However, such values still remain
relatively low for the piezoelectric devices. On the other hand,
the 3D interconnected microskeleton composed of intercon-
nected thinwires exhibits a larger aspect ratio along the poling
direction due to interconnectivity. Correspondingly, the
piezoelectricity of the composite achieves a much more
significant enhancement, and the d33 value can even reach 288
pC/N at the PZT volume fraction of 30%. For the 1–3 and 2–2
(parallel) composites with complete connectivity along the
poling direction, the d33 values can be even higher, that is,
�340 pC/N at VF¼ 30%.

From the quantitative analysis in Figure 2, although the
predicted d33 value of the 3–3 composite is lower than its 1–3
and 2–2 counterparts, it is already 20–30 times higher than
its 0–3 counterparts. More importantly, the 3–3 composite,
due to the random distribution and 3D interconnectivity,
shows a relatively less anisotropic piezoelectric property,
that is, the d33 values can be quite close when the composite
is poled along different directions. In contrast, although the
2–2 parallel composite attains the highest d33 values in
Figure 2, when poled perpendicular to the laminates, the d33
values are quite poor, even lower than that of the 0–3
composites (see 2–2 series FE in Figure 2). This special
feature of the 3–3 composite can give rise to its potential
high efficiency in absorbing and converting complicated
mechanical stimuli, for example, in applications in under-
water acoustic systems.

From a practical viewpoint, the hydrostatic performances
of the different types of composites are also presented in
Figure 3 to evaluate their potential in underwater acoustic
applications. Although the 3–3 composite has relatively high
permittivity e33 along the poling direction (Figure 3a), it shows
clear dominance over other types of composites in terms of
o. KGaA, Weinheim http://www.aem-journal.com (3 of 6) 1600803



Fig. 2. Effect of meso-scale geometry on the piezoelectric coefficient d33 of the polymer-
PZT composite under different ceramic volume fractions by experiments, theoretical
model, and FE calculations: columns with outside borders plot d33 results of 0–3 particle
composite with epoxy matrix, and the others correspond to d33 results of different
composites with PRP matrix.

Y.-Z. Ji et al./Effect of Meso-Scale Geometry on Piezoelectric. . .

C
O
M

M
U
N
IC

A
T
IO

N

hydrostatic piezoelectric charge coefficient dh (Figure 3b),
hydrostatic piezoelectric voltage coefficient gh (Figure 3c) and
especially hydrostatic figure of merit (HFOM) dh � gh
(Figure 3d). Since dh¼ d33þ (d31þ d32), the higher dh values
of the 3–3 composites originate from the relatively low
Fig. 3. Effect of meso-scale geometry on the effective parameters of piezoelectric composite
piezoelectric charge coefficient dh, (c) hydrostatic piezoelectric voltage coefficient gh, and

1600803 (4 of 6) http://www.aem-journal.com © 2017 WILEY-VCH Verl
absolute values of d31 and d32, which can be attributed to the
interconnectivity of the 3D ceramic foams that stiffen the
structure along the x- and y-directions.[16] Consequently,
gh¼ dh/e33 is greatly enhanced for the 3–3 composite, and
therefore dh, � gh, or HFOM of the 3–3 composite can achieve
the value of 897.1�10�14Pa�1 with 20% volume fraction of
ceramics, which makes it greatly outperform 0–3, 1–3, and 2–2
counterparts as well as the pure piezoceramic. Thus, the 3D
interconnected piezoelectric composite is highly potent for
fabricating hydrophone and other related underwater
devices.[6,16]

To understand the underlying mechanism of the effect of
meso-scale geometry on the piezoelectric property, we
compare the stress distributions of the three geometries of
polymer-ceramic composites mentioned above. Figure 4d–f
shows the spatial distribution of the stress along the loading
direction, szz, in a 2D x–z intersection. The stress is
transferred from the matrix to the ceramics by the shear
stress at the ceramic-matrix interface, as labeled out by the
arrows in the figures. In particular, szz within the ceramics in
the 3D interconnected geometry is significantly higher: it is
about 15–25 times as large as that in the 0D particles, and 4–8
times as large as that in the 0D cylinders. These results
indicate the composite with 3D interconnected geometry of
with PRP matrix: (a) relative permittivity along the poling direction e33, (b) hydrostatic
(d) hydrostatic figure of merit dh � gh.

ag GmbH & Co. KGaA, Weinheim DOI: 10.1002/adem.201600803
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Fig. 4. Effect of different meso-scale geometries on the stress distribution within the polymer-PZT composite by FE calculations: (a) 0–3 particle; (b) 0–3 cylinder; (c) 3–3
interconnected. Left columns (a–c) show the schematic geometries of the polymer-ceramic composites with ceramic fraction of 20%. Right columns (d–f) plot the spatial distribution of
stress along the poling direction, that is, szz for the polymer-ceramic composites under tensile stress of 0.2GPa. The arrow in the figures indicates the shear stress on the interface. The
system size is 10mm� 10mm� 10mm.
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PZT has significantly higher stress transfer efficiency, which
subsequently contributes to its superior piezoelectric
properties.

In summary, by integrating the phase-field model to
generate the meso-scale geometry and the large deforma-
tion finite-element method to examine the related physical
properties, we find that, in a flexible polymer-ferroelectric
ceramic composite, the 3D interconnected microskeleton
geometry of the PZT ceramic attains about 20–30 times d33
as many as their 0D counterparts, and a less anisotropic
piezoelectric property, arising from its superb stress
DOI: 10.1002/adem.201600803 © 2017 WILEY-VCH Verlag GmbH & C
ADVANCED ENGINEERING MATERIALS 2017,
transfer efficiency, randomness, and interconnectivity.
As a result, the 3–3 composite significantly outperforms
its 0–3, 1–3, and 2–2 counterparts in terms of HFOM, which
shows its great potential in underwater acoustic applica-
tions. All of these indicate the as-yet barely explored
potential of applying additive manufacturing to fabricate
the 3D interconnected geometry of the flexible polymer-
ceramic composites. The combined phase-field and finite-
element computational framework established herein lays
a solid foundation for the further microstructure optimi-
zation of polymer-ceramic composites to achieve the
o. KGaA, Weinheim http://www.aem-journal.com (5 of 6) 1600803
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 desirable properties or functionalities for various device
applications.
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