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A B S T R A C T

Structural Health Monitoring (SHM) techniques are being developed to continuously oversee defects in com-
posite structures. Within this context, research is focusing on the development of new types of sensors with high
sensitivity and proper integration in the laminate.
In this work, the mechanical and electrical properties of a recently developed piezoelectric composite material

made of a Lead Zirconate Titanate (PZT) powder embedded in an epoxy matrix are evaluated with finite element
simulations of plane strain Statistical Volume Elements (SVEs). The homogenized properties are then imple-
mented in a second finite element model of a composite specimen with the embedded self-sensing material and
loaded in compression. The electrical sensitivity is evaluated as a function of the distance between the signal
electrodes.
The results show that the finite element models with the homogenized properties have decreasing sensitivity

with increasing electrodes distance, in agreement with the experimental results from another work, in which
Glass Fiber Reinforced Polymer (GFRP) laminates with the embedded piezoelectric composite are loaded in
compression and tested for output signal.

1. Introduction

Composite materials play a dominant role in the manufacturing of
lightweight structures as the limits on energy consumption and pollut-
ants emissions are becoming more and more stringent. Among them,
long fiber-reinforced polymers have high stiffness and strength-to-
weight ratio, but their laminated structure makes them inherently
weak to out-of-plane loadings and prone to delamination. Moreover,
interlaminar defects usually initiate and propagate without any visible
recognition, leading to sudden catastrophic failure. In this context,
research has been focusing on the development of Non-destructive
testing (NDT) techniques which can be used for the characterization
and localization of internal defects in composite structures, such as
thermography [1], X-ray Computed Tomografy (X-ray CT) [2] and
Acoustic Emissions (AE) [3] among others.

Structural Health Monitoring (SHM) techniques are also used to
assess the presence of defects in a structure in real time and evaluate the
propagation of such defects, to estimate its remaining service life. SHM

has been widely applied in many fields, such as aerospace and civil
engineering, to replace scheduled maintenance with as-needed main-
tenance for existing structures, thus avoiding the cost of periodic NDT
[4–11]. Moreover, SHM allows for a less conservative and damage
tolerant design of new structures, which is of paramount importance in
many fields (e.g., aerospace) to reduce weight and energy consumption.

SHMmethods can be classified as passive or active based on the type
of sensors involved in the monitoring process. In the former, the sensors
can only detect defects based on how the structure responds to an
external perturbation, such as operational loading or impacts. Some
examples of passive SHM sensors are optical fibers [12], AE sensors [13]
and strain gauges [14]. In active systems, on the other hand, the struc-
ture is equipped with actuators that produce a perturbation themselves
(usually in the form of vibrations) and sensors that can evaluate the
structure’s response to such loading. Piezoelectric materials are an
example of sensors/actuators used in active SHM systems [15].

In the context of composite laminates, SHM sensors can either be
externally attached or embedded in the composite. The first ones do not
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usually affect the laminate properties but are exposed to environmental
hazard, such as impacts and electrical interference [16]. For the second
type of sensors, Fiber Bragg Grating (FBG) [17,18] and ceramic piezo-
electric transducers [19] are commonly used. The integration in the
lamination process eliminates the typical drawbacks of the external
sensors, but can be detrimental for the laminate properties in terms of
impact resistance. Thus, the research is moving towards the improve-
ment of the integration of the embedded monitoring sensors.

Carbon Nanotubes (CNTs) have been exploited not only to increase
the mechanical properties of composite laminates [20], but also for
piezoresistive monitoring via making the composite’s matrix electrically
conductive [21,22]. While the CNTs can be perfectly integrated in the
composite, the main drawback is the incapability of damage localiza-
tion, in contrast to piezoelectric based sensors.

In the work of Brugo et al. [23], a mat of piezoelectric Poly
(vinylidenefluoride-trifluoroethylene) (PVDF-TrFE) electrospun nano-
fiber was interleaved in a Glass Laminate Aluminum Reinforced Epoxy
(GLARE), using the aluminum sheets as electrodes, and overcoming the
issues related to the integration of a bulk sensor in the laminate while
still being capable of detecting impacts. Similarly, in the work of Selleri
et al. [24] the same type of nanostructured PVDF-TrFE mat was inter-
leaved in a fiber reinforced laminate with polymeric electrodes mixed
with carbon black nanoparticles. The resulting self-sensing material was
able to detect impact loading and non-impulse loading. Also, the poly-
meric electrodes showed great integration in the laminate, avoiding the
material discontinuity that the introduction of metal electrodes could
have caused.

Ceramic piezoelectric SHM sensors, like Lead Zirconate Titanate
(PZT) sensors, usually have high sensitivity, but are inherently brittle.
To overcome this issue, composite PZT-resin materials have been stud-
ied to combine high piezoelectric constants with higher toughness
compared to the bulk ceramic material [25]. This new type of PZT-resin
composites would improve the integration of embedded piezoelectric
ceramics inside composite laminates, especially for the localization of
impact events, which requires multiple sensors.

An interesting solution for the integration of embedded piezoelectric
ceramic sensors in a composite laminate is the manufacture of micro-
metric PZT powder. While the concept of using a PZT powder can be
found in the literature for the development of sensors and paints
[26–31], their integration in a composite laminate needs further
investigation.

In the investigation carried by Gino et al. [32], a commercial PZT
disk was ground to obtain a micrometric powder which was embedded
in a Glass fiber laminate with brass sheet electrodes. The powder was
embedded in the laminate prior to curing, and the system was polarized
by applying an electric field of 4 kV/mm to the brass electrodes. The
impact tests and the micrographic analysis showed a higher sensitivity
and a much better integration of the powder sensors compared to the
samples with bulk PZT disks. Moreover, the authors developed an
analytical model of the electrical circuit to predict the sensitivity of the
samples as a function of the volumetric fraction of the powder and the
distance between the signal electrodes.

To the authors knowledge, a micromechanical simulation of a PZT
powder-epoxy resin composite is lacking in the literature. The micro-
mechanical simulation can be used to predict both the mechanical
behavior and the sensitivity in terms of electrical field vs. stress of such a
system starting from commercial PZT disks and polymer properties.

The simulation route drawn in this work takes the sensors manu-
factured by Gino et al. [32] as a reference for the development of FE
Statistical Volume Elements (SVEs) of the PZT-epoxy composite, to give
a detailed evaluation of its homogenized mechanical, dielectric, and
piezoelectric properties for application in design and digital twinning of
self-sensing composite structures. Indeed, the route can be applied not
only to composite laminates but also, for instance, to adhesive joints.

This possibility would open new promising scenarios for the design
of self-sensing composite laminates or bonded joints with an excellent

integration between the sensor and the host structure which would have
significant potential for engineering applications.

Validation of the proposed route has been done using homogenized
properties to simulate the experiments done by Gino et al. [32], showing
good agreement between the two.

2. Notation adopted in this work

Two-dimensional axisymmetric or plane strain finite element models
have been developed in this work using the software ABAQUS® version
2021. For these models, ABAQUS requires that the reference coordinate
system for the material orientation has the revolution axis in the 2 (Y)
direction. This means that, referring to the figures of the FE models in
this work, the 3 (Z) direction is perpendicular to the cross section of the
samples, while 1 and 2 directions are in the plane of the cross-section.
Since the usual notation for piezoelectric materials prescribes the
index 3 to the polarization direction, the material properties and the
results are presented to this standard. For the coordinate transformation
of the material properties, please refer to the appendix to this paper.

From now on, the polarization direction will be referred to as the 3
direction in a cartesian coordinate system, thus the d333 constant stands
for the proportionality between the applied electric field and the
resulting deformation in the mentioned direction. Also, for the sake of
clarity, a contracted notation is enforced, where 11->1, 22->2, 33->3,
12->4, 13->5, 23->6. For instance, the d333 constant will be referred as
to d33 henceforth. For further clarification on the piezoelectric behavior,
please refer to the appendix of this paper.

3. Experiments

In this work, two different types of laminates are investigated among
the ones manufactured in the study by Gino et al. [32], namely.

• A conventional self-sensing GFRP laminate with a BB-35-3L0 PZT
commercial sensor from Murata in its midplane (hereafter called
COM), comprising of the built-in signal electrodes.

• Three GFRP laminates with the PZT powder in their midplanes,
hereafter called PWD. The powder was distributed with an areal
density of 2400 g/m2. Circular brass sheets were used as signal
electrodes (20 mm diameter and 0.1 mm thickness and 30 mm
diameter with 0.1 mm thickness for the top and the bottom elec-
trodes respectively). The electrodes are positioned during the lami-
nation at a different distance depending on the sample, i.e. with 2
(sample P2400-G2), 4 (sample P2400-G4) or 8 (sample P2400-G8)
GFRP plies between them, according to Table 1 and Fig. 1.

In both the COM and the PWD laminates, all the plies have the same
orientation. The laminates have a square shape with a 50 mm side
length.

In order to model the geometry of the SVEs, an additional PWD
sample is manufactured and cut in its mid-plane. The sample is then
polished and a micrograph of the cross-section is taken with a Axio
Observe A1 microscope (Zeiss, Oberkochen, Germany). The geometry of
the SVEs is then modeled from the micrograph as will be described in
Section 4.2.1. SVE models setup.

A summary of the materials, manufacturing technology, polarization
process and mechanical testing of these samples done by Gino et al. [32]

Table 1
Sample naming and corresponding electrodes distance.

electrodes distance [mm]

COM 0.38
P2400-G8 2.42
P2400-G4 1.44
P2400-G2 1.08

M. Gulino et al.
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is reported in the following.

3.1. Materials and manufacturing of the samples

In the work of Gino et al. [32], the PZT powder was derived from a
Murata BB-35-3L0 commercial sensor, consisting of a Piezotite P–7B
piezoelectric disk with a metallized silver coating and a glued brass
sheet as electrodes (Fig. 2).

To obtain the powder, the PZT disk was first detached from the brass
electrode via thermal treatment at 350 ◦C for 1 h, which also de-
polarizes the piezoelectric material (the PZT disk’s Curie temperature
is 300 ◦C, which is less than the 350 ◦C of the treatment).

After detaching the electrode, the PZT disk was ground with a
rotating blade mill (IKA A 10 basic) at 25 000 rpm for 20 s. The PZT
powder was then uniformly spread over the first half of the uncured

laminate using a circular mask with a 20 mm diameter.
The epoxy matrix of the GFRP prepreg (E-glass 8H Satin 300 g/m2,

epoxy matrix, VV300S - DT121H-34 Delta-Preg, 50x50 × 0.245 mm3)
impregnated the PZT powder during the cure cycle, without additional
resin.

Brass electrodes were introduced in the stacking sequence of the
PWD samples, in order to capture the electric charge from the sensing
layer. A total of 9 PWD samples were manufactured, varying both the
number of GFRP plies between the electrodes (2, 4 and 8 plies) and the
PZT powder areal density (600 g/m2, 1200 g/m2 and 2400 g/m2), to
assess the effect of these two parameters on the sensitivity. As stated at
the beginning of Section 3. Experiments, only the PWD samples with
2400 g/m2 areal density were examined in this study, since they were
the ones with the highest sensitivity. Nevertheless, the methodology
used in this work can be readily extended to samples with different PZT

Fig. 1. Samples with stacking sequence.

Fig. 2. Schematics and dimensions of the Piezotite P–7B piezoelectric disk commercial sensor from Murata, with picture on the right. The upper electrode is silver
coating (~0 mm thickness), while the lower electrode is brass. All dimensions in millimetres.

M. Gulino et al.
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powder densities.
For the manufacturing of the COM sample, the commercial PZT

sensor from Murata was embedded in the GFRP laminate with its own
electrodes. All the samples were cured in an autoclave at a pressure of 6

bar with the vacuum bag technique and a three-step curing cycle,
namely 30 min at 50 ◦C, 120 min at 100 ◦C and 60 min at 150 ◦C, with
2 ◦C/min heating ramps.

3.2. Polarization

From now on, the superscripts P, G, R and C are used when referring
to physical quantities regarding the PZT, the GFRP, the GFRP matrix
resin and the whole composite laminate, respectively.

Bulk PZT disks were then polarized at 100 ◦C for 24 h, with different
electric field intensities to check the influence on the d33 piezoelectric
deformation constant. The experimental data were then interpolated
with the following formula [32]:

d33= a
(
1 − e− bΨP

3

)
− c (1)

Where a, b and c are fitting coefficients (614 p.m./V, 2.19 mm/kV, and
143 p.m./V respectively [32]), and ΨP

3 is the electric field applied at the
PZT electrodes. Eq (1) shows that d33 reaches a stable value of 450 p.
m./V for applied electric fields Ψ of 2 kV/mm or higher. The PZT disks
were also tested for electrical permittivity and conductivity at both 20 ◦C
and 100 ◦C. The properties of the PZT are shown in Table 2 together with
those of the GFRP.

In the COM laminate, the polarization field was applied evenly at the
boundaries of the PZT disk. In the PWD laminates, on the other hand, the
field distributed unevenly over the GFRP and the PZT-resin phases, ac-
cording to the polarization model developed by Gino et al. [32]:

ΨP =

ΨC
3

γP

VP
f

γP +
1− VP

f
γG

(2)

which gives the electric polarization field on the PZT particles (ΨP). ΨC
3

is again the electric field, applied in this case to the laminate’s elec-
trodes, while γ and Vf are the conductivities and volumetric fraction of
the phases, respectively. Superscript P refers to the PZT and superscript
G to the GFRP.

In order to reach the saturation value of d33, according to Eq. (1), the
electric field applied for polarization was 4 kV/mm at 100 ◦C (below the
glass transition temperature of the resin) for 24 h for both COM and
PWD samples.

3.3. Mechanical testing

The samples were tested with a cyclic compressive load between 0.5

Table 2
material properties. Subscripts (a), (d), and (e) stand for “assumed”, “datasheet”
and “experimental” respectively. For the mechanical properties of the PZT, D is
the compliance tensor, thus Dij are its terms in contracted notation.

GFRP PZT

E1 (a) [MPa] 23600 D11 (d) [MPa] 140967.0
E2(a) [MPa] 22300 D12 (d) [MPa] 80361.0
E3 (a) [MPa] 8000 D13 (d) [MPa] 80483.0
G12 (a) [MPa] 22890 D33 (d) [MPa] 128463.0
G13 (a) [MPa] 2000 S44 (d) [MPa] 29412.0
G23 (a) [MPa] 2000 S66 (d) [MPa] 30303.0
ν12 (a) [− ] 0.1 κ1rel @20◦C

(a)
[− ] 1825.2

ν13 (a) [− ] 0.3 κ2rel @20◦C
(a)

[− ] 0.0

ν23 (a) [− ] 0.3 κ3rel @20◦C
(e)

[− ] 1801.0

κ1rel @20◦C
(a)

[− ] 7 κ1 @20◦C(a) [F/mm
10− 15]

16150.9

κ2rel @20◦C
(a)

[− ] 7 κ2 @20◦C
(a)

[F/mm
10− 15]

0.0

κ3rel @20◦C
(e)

[− ] 7 κ3 @20◦C
(e)

[F/mm
10− 15]

15937.0

κ1 @20◦C (a) [F/mm
10− 15]

58 d33eq (e) [mm/V
10− 9]

450.0

κ2 @20◦C (a) [F/mm
10− 15]

58 d33 (d) [mm/V
10− 9]

271.0

κ3 @20◦C (e) [F/mm
10− 15]

58 d31 (d) [mm/V
10− 9]

− 131.0

κ1rel @100◦C
(a)

[− ] 7 d15 (d) [mm/V
10− 9]

400.0

κ2rel @100◦C
(a)

[− ] 7 γ @20◦C (e) [S/mm
10− 18]

223

κ3rel @100◦C
(e)

[− ] 7 γ @100◦C
(e)

[S/mm
10− 18]

2600

κ1 @100◦C
(a)

[F/mm
10− 15]

60

κ2 @100◦C
(a)

[F/mm
10− 15]

60

κ3 @100◦C
(e)

[F/mm
10− 15]

60

γ @20◦C (e) [S/mm
10− 18]

4

γ @100◦C (e) [S/mm
10− 18]

143

Fig. 3. (a) Experimental setup and (b) electric circuit of the piezoelectric sample, that can be modeled as a charge generator qc in parallel with its capacitance Cc,
where the superscript C stands for the sensing composite laminate. Ccab is the cables’ capacitance and Ramp is the resistance of the amplifier.
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and 1 kN at 25 Hz in an Instron 8033 hydraulic testing machine
equipped with PolyOxyMethylene (POM) indenters (10 mm in diameter
for the upper and 30 mm for the lower) and a dedicated signal amplifier
(Texas Instruments INA118, Dallas, Texas, U.S.A.), as shown in Fig. 3.

4. Modeling methodology

4.1. COM sensing laminate model

The first step of the work is the setup of a coupled electrical-
mechanical FE model of the COM sensing laminate with the commer-
cial software ABAQUS, as a guideline to validate the FE simulations of
the PWD samples.

Given the circular shape of both the commercial sensor and the brass
electrodes, an axisymmetric model is chosen to represent the sample
(Fig. 4). The whole model is discretized with first-order quadrilateral
piezoelectric elements, which have 3 degrees of freedom, namely the in-
plane displacements and the electric potential.

The GFRP plies are treated with a macromechanical approach, i.e., as
a homogenous medium defined by orthotropic elasticity and null

piezoelectric constants. The PZT disk (0.23 mm thickness, 25 mm of
diameter) is characterized with transversely isotropic elasticity with the
dielectric and piezoelectric constants shown in Table 2.

The loading setup is simulated with a 1000 N downward concen-
trated force applied to the uppermost node of the axis of symmetry. The
POM upper indenter is modeled by constraining the vertical displace-
ment d.o.f. of the adjacent nodes within 5 mm (radius of the upper
indenter) from the axis of symmetry to be equal to the loaded node. The
bottom plastic support is modeled as an analytical rigid axisymmetric
surface in contact with the sample with a 0.2 coefficient of friction,
which is chosen to be plausible for the case study.

For the COM sample, the upper electrode is silver metallized (~0mm
thickness), while the bottom electrode is a circular brass sheet of 0.3 mm
thickness, resulting in an averaged electrode distance of 0.38 mm (0.23
+ 0 + 0.3/2 mm). The upper electrode is therefore modeled as an
equipotential surface imposing the same electric potential of a reference
node for all the nodes at a vertical distance of (0.38–0.23)/2 from the
upper edge of the PZT disk. The same procedure is followed for the
bottom electrode, where all the nodes are set to be at null electric po-
tential (Figs. 5 and 6). The electric potential used for the evaluation of
the sample sensitivity was taken from the reference node of the upper
electrode.

To evaluate the sensitivity of the COM sample, the voltage output
between the two electrodes resulting from a given load is needed. Being
the bottom electrode at null electrical potential, plotting the electric
potential for the upper reference node gives the voltage across the
electrodes, namely 2.29 V. Dividing the voltage by the applied load of
1000 N gives a sensitivity of 2.29 V/kN which is close to the experi-
mental value of 2.31 V/kN [32], with a difference of less than 1 %.

Since this axisymmetric modeling approach worked well for the
COM sample, it will be applied later to the simulation of PWD samples
modeled with the homogenized properties coming from the micro-
mechanical analysis.

4.2. FE simulations of the SVEs

4.2.1. Clarification on the use of Statistical Volume Elements (SVEs)
The properties homogenization of heterogenous materials such as

composites is usually associated to the concept of Representative

Fig. 4. Surface of revolution of the axisymmetric FE model with quadrilateral element meshing. In this model, the 2 axis (Y in the model triad) is the direction of
polarization, load application and stacking sequence.

Fig. 5. (a) brass electrode (the silver electrode is not represented as it has
negligible thickness); (b) approximation of the electrodes as two partition lines
at a distance of 0.38 mm, i.e. the mean distance from the brass electrode and
the upper disk surface (silver electrode). The partition lines are then used to
enforce the equipotential constraint.

Fig. 6. Modeling of the electrodes as equipotential nodes (yellow circles). The red circles are the node bound to have the same vertical displacement.

M. Gulino et al.
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Volume Element (RVE) [33–37], i.e. a material point that is represen-
tative of its whole structure. The RVE (mesoscale) acts as the connection
between the microscale, which is the scale of the reinforcement (PZT
particles in this case) and the macroscale, namely the scale of the
macroscopic component (in this case the PZT enriched resin layer).
These conditions imply that the RVE has a size large enough to contain a
population of particles such that the mesoscale properties are no longer
dependent on particle size and distribution. In this work instead, there is
not a strong dimensional separation between the macroscale and the
microscale and, therefore, it is not possible to identify a region in the
PZT-enriched resin layer which is truly representative of the whole
material. Therefore, it is more appropriate to use the concept of Statis-
tical Volume Element (SVE) [38,39], i.e. a material point that takes into
account the variability in the microstructure using multiple realizations,
each one differing from the other in terms of yielded results, over which
the homogenized material properties are averaged.

4.2.2. SVE models setup
The PZT-epoxy composite under examination has a powder distri-

bution as shown in Fig. 7. The image is an optical micrograph of a radial
section enclosing the epoxy-PZT layer captured with a Axio Observe A1
microscope (Zeiss, Oberkochen, Germany).

The powder-interleaved area of the laminate has a maximum thick-
ness of approximately 765 μm near the center of the circular patch,
gradually decreasing to 363 μm towards the extremities.

The PZT areal density is approximately 2400 g/m2, given by 0.75 g of
powder spread over a circular patch of 0.02 m of diameter i.e.
3.14*10− 4 m2 area. An average thickness of 579 μm, is probed along 37
points from the optical micrograph image, resulting in a volume of the

region with PZT powders of 1.82*10− 7 m3, thus a powder volumetric
density of 4120 g/m3.

Square images of the optical microscopy are sampled for the nu-
merical analysis (Fig. 8); image sizes of 0.15 x 0.15, 0.3 x 0.3 and 0.5 ×

0.5 mm2, are considered to appraise the effect of different SVE’s di-
mensions on the output results. Four images are sampled in different
positions of the micrograph for each size of SVE.

The results of the SVEs of the different samples are then averaged size
by size, in order to smooth possible differences related to the local
particle distribution.

The 2D sketches are filled with a quad-dominated mesh. Plane strain
piezoelectric first-order elements having an average element size of 167
μm are used, after a convergence study on the strain energy of the
models. The choice of a 2D model is related to the availability of just 2D
pictures of the microstructure in a radial section; this of course is a
limitation of the model with respect to a full 3D representation, that on
the other hand would require either a time-consuming sectioning or a
tomography. When dealing with a 2D model, the option of a plane strain
model over an axisymmetric one was driven by the fact that, in the
latter, the circumferential and radial deformations depend on the dis-
tance from the axis of symmetry, i.e. the homogenized properties are
dependent on the positioning of the SVE in the FE model. Preliminary
simulations were made with a SVE at a distance of 5 mm from the axis of
symmetry (halfway between the axis and the outer radius of the powder
patch), leading to results similar to the ones obtained with the plane
strain model (<1% difference in sensitivity between the plane strain and
axisymmetric models for all the SVE dimensions), therefore plane strain
assumption is considered reasonable in this case.

Periodic boundary conditions are implemented via a Python code

Fig. 7. Optical micrograph of the PZT-epoxy composite.

Fig. 8. Sketches of the three different SVE sizes: (a) 0.15 mm, (b) 0.3 mm, (c) 0.5 mm. The composite material is sampled 4 times for each SVE size to average the
results of the homogenization. The images are then imported in a CAD software (SolidWorks) as a guideline to draw the geometry for the SVE model. The sketches are
saved with a.dxf extension and imported in ABAQUS for the finite element analysis.

M. Gulino et al.
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that constrains all the pairs of homologous nodes on the top and bottom
edges and left and right edges to have the same difference in displace-
ments of the nodes on the corners.

In absence of data about the permittivity of the epoxy matrix, it is
assumed to be equal to that of the GFRP plies, while the elastic modulus
and the Poisson’s coefficient are assumed to be 2750 MPa and 0.38
respectively, that are reasonable values for an epoxy [40].

For the PZT powder particles, the dielectric and elastic constants are
taken from the experiments of Gino et al. [32] and the datasheet
respectively. The piezoelectric constant, on the other hand, is chosen
depending on the number of plies interposed between the electrodes in
the PWD samples: the higher the number of plies, the lower the polar-
ization electric field applied to the PZT particles, hence the lower the
resulting piezoelectric constant.

Knowing the volumetric fraction of the powder for the considered
samples, the resulting piezoelectric constants, which are presented in
Table 3, can be calculated as:

dP
33= gP33κP

33 (3)

Where gP33 and κP33 are respectively the piezoelectric stress and dielectric
constants of the PZT powder in the polarization direction.

4.3. Homogenized properties definition

4.3.1. Mechanical properties
For given stress and strain fields, the average stresses and strains in

the chosen SVE of material can be defined as:

σij =
1
V

∫

V
σijdV (4)

εij =
1
V

∫

V
εijdV (5)

Where V is the volume of the SVE.
The homogenized mechanical properties of the material are calcu-

lated assuming that the average deformation is equal to the applied
constant deformation at the boundaries, and similarly for the stress
[33–37]:

ε0ij = εij (6)

σ0ij = σij (7)

Where ε0ij and σ0ij are constant strains and stresses over the boundary of
the SVE, obtained by imposing displacements ui(B) (Dirichlet boundary
conditions) or tractions ti(B) (Neumann boundary conditions), respec-
tively, such that at the boundary:

ui(B)= ε0ijxj (8)

ti(B)= σ0ijnj (9)

Where xj and nj are, respectively, the spatial coordinates and the com-
ponents of the unit outward normal vector of the SVE’s boundary B.

Therefore, the effective elastic moduli are evaluated as relations

between the average stresses and strains:

σij =Dijklεkl (10)

Hereafter, for the sake of conciseness, the superscript bar on average
strains and stresses is omitted.

Two different assumptions are made about the epoxy-PZT compos-
ite’s mechanical properties: 1) the composite material is isotropic, 2) the
composite material is transversely isotropic. If the resulting material is
isotropic, then the constitutive equations can be written in Voigt’s
notations:

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

ε1
ε2
ε3
ε4
ε5
ε6

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

1
/E − ν/E − ν/E 0 0 0

− ν/E
1
/E − ν/E 0 0 0

− ν/E − ν/E
1
/E 0 0 0

0 0 0 1
/G 0 0

0 0 0 0 1
/G 0

0 0 0 0 0 1
/G

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

σ1
σ2
σ3
σ4
σ5
σ6

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(11)

Which, for a plane strain scenario (ε2 = ε4 = ε6 = 0), yield the
following system of equations:

ε1=
σ1
E
−

ν
E
(σ2 + σ3) (12)

0=
σ2
E
−

ν
E
(σ1 + σ3) (13)

ε3=
σ3
E
−

ν
E
(σ1 + σ2) (14)

ε5= σ5/G (15)

The Poisson’s coefficient can be calculated from Eq. (13) as:

ν= σ2
σ1 + σ3

(16)

While (12) and (14) yield the Young’s modulus:

E=
σ3
ε3

−
σ2(σ1 + σ2)
ε3(σ1 + σ3)

(17)

If the material is transversely isotropic, then, from Eq. (18) with D13

= D23,D11 = D22:
⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

σ1
σ2
σ3
σ4
σ5
σ6

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

D11 D12 D13 0 0 0
D21 D22 D23 0 0 0
D31 D32 D33 0 0 0
0 0 0 D44 0 0
0 0 0 0 D55 0
0 0 0 0 0 D66

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

ε1
ε2
ε3
ε4
ε5
ε6

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(18)

σ1=D11ε1 + D13ε3 (19)

σ2=D12ε1 + D13ε3 (20)

σ3=D13ε1 + D33ε3 (21)

σ5=D55ε5 (22)

and by introducing D13 = D12, D11 = D22, then:

D11 =D22 =
σ1
ε1

−
σ2

ε1 + ε3
ε3 (23)

D33 =
σ3
ε3

−
σ2

ε1 + ε3
ε1
ε3

(24)

D13 =D23 = D12 =
σ2

ε1 + ε3
(25)

Table 3
Piezoelectric and dielectric properties of the two phases. Superscript P stands for
powder while R stands for resin.

g33P d33P κ33P d33R κ33R

[Vm/N] [m/V] [F/m] [m/V] [F/m]

P2400-G8 6.90E-03 1.10E-10 1.59E-08 0 6.20E-11
P2400-G4 8.30E-03 1.32E-10 1.59E-08 0 6.20E-11
P2400-G2 1.10E-02 1.75E-10 1.59E-08 0 6.20E-11
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D55= σ5/ε5 (26)

Three different models with different loading and boundary condi-
tions are created for the constants to be determined, namely one for the
assessment of E, ν, D11 and D13, one for the D33 modulus and the last one
for the D55 modulus (Table 4, Fig. 9).

While both Neumann and Dirichlet boundary conditions should be
considered for the evaluation of homogenized mechanical properties,
only the results obtained with the latter are shown in this work for the
sake of clarity and conciseness, since in a preliminary study no signifi-
cant differences in the homogenized properties were recorded between
the two cases (Table 5).

It is worth noting that across the three examined dimensions, a
decreasing trend in the Young’s modulus difference can be observed
with increasing SVE size (Table 5). Nevertheless, given the small number
of samples and the limited maximum size of the SVE, the trend is not

monotonic, with the minimum difference in Young’s modulus given for
the SVE with 0.3 mm size.

4.3.2. Dielectric properties
For the assessment of the dielectric properties, an energetic approach

is followed [41–44]:

UD =
1
2

κijΨiΨj (27)

where UD is the electrostatic energy of the system, while κij , Ψi , Ψj are
the components of the permittivity and electric field respectively.

As for the traction and displacement, the electric potential ϕ at the
boundary of the SVE is chosen to be homogeneous, via the imple-
mentation of the periodic boundary conditions as explained in Section
4.2.1. SVE models setup:

ϕ(B)= − Ψ0
i xi (28)

Since the permittivity of the bulk PZT is transversely isotropic, the
epoxy-PZT composite is assumed to behave in the same way i.e., in a
matrix notation:

κ=

⎡

⎣
κ1 0 0
0 κ2 0
0 0 κ3

⎤

⎦; κ1= κ2 (29)

Table 4
Homogeneous Dirichlet boundary conditions for the determination
of the elastic moduli. ʹ́u1, u2, u3” are the displacements, ϕ is the
electric potential. “l” is the size of the SVE.

Applied boundary conditions

E,ν,D11,D13 u1(x = 0) = 0
u1(x = l) = ε011 l
u3(z = 0; z = l) = 0
ϕ(B) = 0

D33 u1(x = 0; x = l) = 0
u3(z = 0) = 0
u3(z = l) = ε033l
ϕ(B) = 0

D55 u1(x = 0) = 0
u3(x = 0) = 0
u3(x = l) = 0

u1(x = l) =
1
2

γ
0

13
l

ϕ(B) = 0

Fig. 9. Boundary conditions for the evaluation of (a) E, ν, D11, D13 (b), D33 and (c) D55. The PZT phase is shown in green while the resin matrix is shown in grey. The
orange triangles are hinges while the orange arrows are imposed displacements.

Table 5
Preliminary study on the Young’s modulus of the PZT-resin composite obtained with Dirichlet’s and Neumann’s boundary conditions, showing only minor differences
between the two approaches.

SVE size [mm] G8 G4 G2

Edirichlet Eneumann |diff%| Edirichlet Eneumann |diff%| Edirichlet Eneumann |diff%|

[Mpa] [%] [Mpa] [%] [Mpa] [%]

0.15 10 598 11 274 6.386 10 610 11 291 6.412 10 639 11 328 6.473
0.3 10 279 10 276 0.030 10 285 10 282 0.030 10 298 10 295 0.030
0.5 9682 9422 2.683 9689 9429 2.683 9705 9445 2.683

Table 6
Homogeneous boundary conditions for the determination
of the dielectric constants.

Applied boundary conditions

κ1 u1(x = 0; x = l) = 0
u3(z = 0; z = l) = 0
ϕ(x = l) = ϕ0

κ3 u1(x = 0; x = l) = 0
u3(z = 0; z = l) = 0
ϕ(z = l) = ϕ0
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Thus, in the model used to determine κ3, the applied electric po-
tential is null at the bottom edge and 1 V at the top edge. For the κ1
constant, the electric potential is null at the left edge and one at the right
edge (Table 6, Fig. 10).

4.3.3. Piezoelectric properties
The piezoelectric properties are determined based on the average

deformation caused by the applied electric field e.g.: for a unit cell of 0.5
mm side, with a difference of potential between the top and bottom
edges of 1 V, the electric field is 1/0.5 = 2 V/mm. Knowing this value,
the piezoelectric deformation constant can be calculated as:

d33= ε3/Ψ3 (30)

The boundary conditions applied for the determination of d33 are the
same as the ones for the determination of κ2 (Fig. 10, Table 7).

5. Results and discussions

5.1. Homogenized properties

The formulas for the evaluation of the homogenized properties are
applied to each SVE model, and the results are averaged over the 4
sampled microstructures for the l = 0.15, 0.3 mm and 0.5 mm side size
SVE.

The homogenized properties are listed in Tables 8 and 9, where the
results are presented for all the three different sizes of SVE.

The values of d33, E and κrel3 are shown against the distance between
the electrodes in Fig. 11 and against the SVE size in Fig. 12.

The values of mechanical properties are almost independent of the
electrodes distance as expected, while the choice of the SVE size has a
limited impact on them (±5 % around the average of the three SVEs).
Concerning the permittivity κ, the values are also independent from the
electrodes distance, while the dependence on the SVE size is higher than
that of mechanical properties (±10 % around the average of the three
SVE), though still quite limited. The piezoelectric constant d33 instead,
exhibits an expected dependence on the electrodes distance that is
related to the polarization process, where the larger the distance, the
lower the polarization electrical field applied on the powders. However,
it shows also a fairly large dependence on the SVE size (±22 % around
the average of the three SVE), hence for this property the homogeniza-
tion process might necessitate a further refinement in future.

Fig. 10. Boundary conditions for the evaluation of (a) κ1, with null electric potential at the left edge and 1 V at the right edge, and (b) κ2, with null electric potential
at the bottom and 1 V at the top edge.

Table 7
Homogeneous boundary conditions for the determination of
the d33 constant.

Applied boundary conditions

d33 u1(x = 0; x = l) = 0
u3(z = 0; z = l) = 0
ϕ(z = l) = ϕ0

Table 8
Homogenized properties for each model and SVE dimension.

SVE 0.15 mm SVE 0.3 mm SVE 0.5 mm

P2400-G8 P2400-G4 P2400-G2 P2400-G8 P2400-G4 P2400-G2 P2400-G8 P2400-G4 P2400-G2

E [MPa] 10597.7 10610.4 10639.3 10278.8 10284.9 10298.4 9681.6 9688.9 9705.4
ν [− ] 0.343 0.343 0.343 0.342 0.342 0.342 0.344 0.344 0.344
D11 [MPa] 15370.8 15368.6 15363.8 16418.7 16416.7 16412.5 14920.2 14918.2 14913.6
D33 [MPa] 14153.3 14210.0 14337.2 13202.6 13243.9 13335.9 13695.1 13743.8 13852.6
D13 [MPa] 7892.9 7888.9 7879.9 8635.8 8632.7 8625.9 7776.2 7772.8 7765.1
D55 [MPa] 3123.9 3124.7 3126.3 3243.3 3243.8 3245.1 3377.9 3378.8 3381.1
d33 [mm/V] 2.73E-09 3.17E-09 3.90E-09 1.80E-09 2.09E-09 2.55E-09 2.44E-09 2.83E-09 3.48E-09
κ3 [F/mm] 3.18E-10 3.18E-10 3.20E-10 2.63E-10 2.63E-10 2.64E-10 3.01E-10 3.02E-10 3.03E-10
κ1 [F/mm] 4.67E-10 4.67E-10 4.67E-10 4.43E-10 4.43E-10 4.44E-10 3.70E-10 3.70E-10 3.71E-10
κ3rel [− ] 35.92 35.98 36.11 29.74 29.77 29.83 34.04 34.09 34.20
κ1rel [− ] 52.73 52.74 52.77 50.06 50.08 50.14 41.85 41.86 41.90
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5.2. Validation of the homogenized properties on PWD experiments

The homogenized properties are then introduced in the compression
loaded sensing laminate modeled in Section 4.1. COM sensing laminate
model, with, in this case, the electrodes at different distances according
to Table 1, (3 models, namely P2400-G8, P2400-G4 and P2400 -G2). A
total of six simulations are made for each model, one for every SVE size
and their corresponding properties, both with the isotropic and trans-
versely isotropic behavior.

The results for the sensitivity are listed in Table 10 and plotted

against the electrodes distance in Fig. 13.
The results of the FE simulations show a trend of decreasing sensi-

tivity for increasing electrodes distance in accordance with the experi-
ments, since 1) as the electrodes are moved further apart from the PZT-
powder patch, it can be assumed that the electrical charges reaching
them are lowered and 2) during the polarization process, the lower the
distance between the electrodes, the higher the electric field inside the
PZT layer, leading to higher piezoelectric constants [32]. A difference in
the steepness of the curve must be noted though, with the experimental
curve having a more abrupt increase of sensitivity with the reduction of

Fig. 11. Trend of (a) d33, (b) E and (c) κrel3 against the distance between the electrodes.

Table 9
Average and standard deviation of homogenized properties for SVE of same dimension.

SVE 0.15 mm SVE 0.3 mm SVE 0.5 mm

Average Std.dev. Average Std.dev. Average Std.dev.

E [MPa] 10615.8 17.4 10287.4 8.2 9692.0 10.0
ν [− ] 0.343 6.3E-06 0.342 3.322E-06 0.344 4.773E-06
D11 [MPa] 15367.7 2.9 16416.0 2.6 14917.4 2.8
D33 [MPa] 14233.5 76.9 13260.8 55.7 13763.8 65.8
D13 [MPa] 7887.2 5.4 8631.4 4.1 7771.4 4.6
D55 [MPa] 3125.0 1.0 3244.1 0.8 3379.3 1.3
d33 [mm/V] 3.269E-09 4.803E-10 2.145E-09 3.092E-10 2.916E-09 4.296E-10
κ3 [F/mm] 3.186E-10 6.92E-13 2.635E-10 3.072E-13 3.019E-10 5.931E-13
κ1 [F/mm] 4.668E-10 1.437E-13 4.433E-10 2.842E-13 3.705E-10 1.767E-13
κ3rel [− ] 36.00 0.08 29.78 0.0347153 34.11 0.07
κ1rel [− ] 52.75 0.02 50.09 0.0321168 41.87 0.02
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the electrodes distance. The P2400-G8 sample behavior was accurately
captured from all the models, while the difference from the experi-
mental results is more marked for the other two samples. The models
with the homogenized properties derived from the 0.15 mm side SVE
show an overall better fit compared to the other two.

For all the samples, the difference of the sensitivity for the models
with isotropic and orthotropic elasticity is negligible.

The differences in the output sensitivity are probably due to three
factors, namely.

• the proportion between the micro, meso and macro scale of the
samples, meaning that the thickness of the powder-resin phase
(macro-scale) is comparable to the dimension of the powder (micro-

Fig. 12. Trend of (a) d33, (b) E and (c) κrel3 against the size of the SVE.

Table 10
Comparison of the sensitivity from experiments and FE models. “ISO” and
“TR_ISO” stand for isotropic and transversely isotropic, respectively.

Sensitivity [mV/kN]

ISO TR_ISO ISO TR_ISO ISO TR_ISO

P2400-G8 P2400-G4 P2400-G2

Experimental 3620 8600 12 440
SVE 0.15 mm 4247.0 4247.0 6054.2 6054.3 9098.0 9098.6
SVE 0.3 mm 3340.9 3341.4 4695.2 4695.8 6892.5 6894.1
SVE 0.5 mm 3995.8 3996.0 5651.5 5651.7 8470.8 8471.4

Fig. 13. Plot of the sensitivity against the electrodes distance. The continuous
line is the experimental result, while the dashed lines are the numerical results.
For the sake of clarity, only the results for the transversely isotropic homoge-
nized properties are presented, as the differences from the isotropic models
are negligible.
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scale), leaving little room for the definition of the SVE’s character-
istic dimension (meso-scale).

• The lenticular shape of both the electrodes and the powder patch due
to the autoclave curing, which was not considered in the FE model
and could potentially lead to variations in the relative distance be-
tween the two, hence non-homogeneous polarization electric field.
The difference between real and nominal distance between the
electrodes due to their curvature is more marked for samples P2400-
G2 and P2400-G4 compared to sample P2400-G8, which is likely the
reason why the sensitivity of the latter is better represented by the
SVE models.

• The fact that a possible influence of the polarization field on the
dielectric properties was not taken into consideration.

5.3. Evaluation of d31 and d15 piezoelectric constants

The experimentally retrieved d33, incorporates the effect of defor-
mation. Specifically, since the powder patch is embedded in the GFRP,
and since the indenter and the support have different diameters, non-
negligible strains in the radial directions arise (Fig. 14), which must
be coupled with the electric field generated in the axial direction. The
contribution of d31 can reduce the measured d33 by up to a factor of 3
depending on the tested PZT family and the loading condition [45,46].

To account for this effect, the FEmodels should be populated with all the
piezoelectric constants, namely d31 and d15. Assuming that the ratios
between the d33 and the other deformation constants are the same as the
ones in the Murata commercial disk datasheet:

dd
33

/
dd31 = − 2.069; dd

33

/
dd
15 = 0.678 (31)

Where the superscript d stands for “datasheet”.
Considering the homogenized properties coming from the 0.15 mm

side SVE, which showed the best overall match with the experimental
data, the same type of FE models of Section 4.1. COM sensing laminate
model is run adding the d31 and d15 calculated from the ratios showed in
Eq. (31). The resulting sensitivity is higher than the one coming from the
model with just d33, because the d31 contributes to the overall electric

Fig. 14. Non negligible strains in the radial direction (b) compared to the axial direction (a). Applied load is 1000 N in compression. The deformation scale is set
at 100x.

Table 11
Equivalent d33 vs. complete piezoelectric characterization ( d33,d31,d15).

P2400-G8 P2400-G4 P2400-G2

d33eq [mm/V] 2.73E-09 3.17E-09 3.90E-09
d33fe [mm/V] 3.73E-09 4.33E-09 5.32E-09
d31fe [mm/V] − 1.80E-09 − 2.09E-08 − 2.57E-09
d15fe [mm/V] 5.50E-09 6.39E-09 7.85E-09
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field in the polarization direction, as the laminate deforms radially
(Fig. 11). For this reason, the constants are varied keeping the same
proportion of Eq. (31), until a good fit to the initial model (the one with
only d33) is reached. The results are shown in Table 11.

The resulting ratio between the experimental equivalent deq33 and the
FE model dFE33 is:

deq
33
/
dFE
33 = 0.733 (32)

The updated properties for the PZT-powder composite comprising
d31 and d15 are reported in Table 12.

6. Conclusions

A novel composite made from epoxy resin matrix and PZT powder
particles has been simulated with a SVE approach in this work. The
experiments from Gino et al. [32] are used as a reference to compare the
results of the simulation with properties coming from the SVE.

An optical micrograph of the laminate cross-section is used as a ge-
ometry for a two-dimensional plane strain SVE of the composite. Three
different sizes of the SVE are investigated, namely 0.15 mm, 0.3 mm and
0.5 mm. The effective elastic moduli are calculated as the relation be-
tween the average stresses and strain field produced by homogeneous
boundary conditions. The dielectric constants are calculated knowing
the electrostatic energy of the representative volume element. The
piezoelectric deformation constant d33 is determined as the ratio of the
strain to the electric field applied in the polarization direction.

The resulting properties are then implemented in finite element
models of the sensing laminates, whose sensitivities are compared to the
experimental ones.

The results show a comparable trend of sensitivity, which decreases
as the distance between the electrodes increases. Nevertheless, the

steepness of the sensitivity drop of the experimental samples is sharper.
The sensitivity of the sample with the highest electrodes distance
(P2400-G8, 8 GFRP plies between the electrodes) is captured with very
good agreement regardless of the SVE size used for the retrieval of the
homogenized moduli, dielectric, and piezoelectric constants. The prop-
erties derived from the SVE with 0.15 mm edge size are overall the best
fit for the experimental curve, presumably due to the other SVEs being of
comparable dimension with respect to the total thickness of the PZT-
powder-resin composite. Overall, the proposed procedure for the pre-
diction of the homogenized properties starting from the constituents is
deemed to work properly.

It is also possible to evaluate the piezoelectric constants d31 and d15
that are not available experimentally, leading to the complete charac-
terization of the PZT-epoxy layer.

The outcome of this work is therefore a complete characterization of
the novel piezoelectric composite, for both mechanical and electrical
properties, enabling the FE modeling of these types sensing laminates
under any given loading scenario.

As a possible future endeavor, the manufacturing of a monodisperse
PZT powder with smaller particle size could be useful not only for a
better integration in the laminate, but also as a more convenient way to
estimate the homogenized properties of the sensing layer.
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Appendix. – Piezoelectric behavior and coordinate transformation

The piezoelectric materials in this paper are assumed to display a linear piezoelectric behavior, that in an extended tensorial notation can be
written as:

εij = Sijhkσhk + dnijΨn (A.1)

Δi = dihkεhk + κinΨn (A.2)

Where ε, S, σ, d, Ψ and Δ are the strain, compliance, stress, piezoelectric strain, electric field and electric displacement tensors.
With the same contracted notation introduced in this work, the constitutive matrix of the coupled electro-mechanical problem for an orthotropic

material is:

Table 12
Homogenized properties comprising d31 and d15 for the best fitting model (SVE
0.15 mm).

Homogenized properties

P2400-G8 P2400-G4 P2400-G2

E [MPa] 10597.7 10610.4 10639.3
ν [− ] 0.343 0.343 0.343
D11 [MPa] 15370.8 15368.6 15363.8
D33 [MPa] 14153.3 14210.0 14337.2
D13 [MPa] 7892.9 7888.9 7879.9
D55 [MPa] 3123.9 3124.7 3126.3
d33 [mm/V] 3.73E-09 4.33E-09 5.32E-09
d31 [mm/V] − 1.80E-09 − 2.09E-08 − 2.57E-09
d15 [mm/V] 5.50E-09 6.39E-09 7.85E-09
κ3 [F/mm] 3.18E-10 3.18E-10 3.20E-10
κ1 [F/mm] 4.67E-10 4.67E-10 4.67E-10
κ3rel [− ] 35.92 35.98 36.11
κ1rel [− ] 52.73 52.74 52.77
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(A.3)

For instance, the d15 constant, which in extended notation is d113 couples the electric field in the 1 direction (first subscript in d113) and the
subsequent angular deformation in the 13 plane, such as in Fig. A.1.

Fig. A.1. Piezoelectric d15 effect.

A change in the polarization direction from 3 to 2, leads to a rearrangement of the piezoelectric matrix such as:
⎡

⎣
0 0 0 0 d113 0
0 0 0 0 0 d223

d311 d322 d333 0 0 0

⎤

⎦→

⎡

⎣
0 0 0 d112 0 0

d211 d222 d233 0 0 0
0 0 0 0 0 d323

⎤

⎦→

⎡

⎣
0 0 0 d14 0 0
d21 d22 d23 0 0 0
0 0 0 0 0 d36

⎤

⎦ (A.4)
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