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� A non-invasive method for
piezoelectric functionalization of
composite laminate by interleaving
Lead Zirconate Titanate micro-
powder is proposed.

� An analytical model based on the
volumetric fractions is implemented
to predict the piezoelectric behaviour
of the self-sensing composite
laminate.

� The proposed laminate
functionalization does not impact on
the strength of the hosting material,
unlike conventional Structural Health
Monitoring sensors.
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The structural health monitoring of composite laminates is a rapidly emerging need in structural appli-
cations. Different real-time sensors integrated into laminates have been proposed, such as fiber Bragg
gratings and piezoceramics. However, their presence negatively affects the mechanical properties of
the hosting laminate.
This work proposes a non-invasive method for piezoelectric functionalization of composite laminates

by interleaving lead zirconate titanate micrometric powder between glass-fiber-reinforced polymer plies.
The effects of different powder volume fractions on the electromechanical properties were evaluated in
terms of the electrical response and laminate inherent strength. The lead zirconate titanate powder lam-
inates demonstrated an electrical sensitivity value that was up to 439% higher compared with that of the
embedded commercial disk laminate (12.4 V/kN versus 2.3 V/kN). Impact tests revealed that the resis-
tance of the interleaved lead zirconate titanate powder laminates is comparable to that of the pristine
laminates, whereas a fragile commercial disk leads to delamination. Furthermore, an analytical model
was proposed to predict the piezoelectric voltage coefficient g33 as a function of the electrical properties,
volumetric powder fractions, and polarization process. The model matched the experimental g33 coeffi-
cients (R2 ¼ 0:97), demonstrating its capability to predict the electromechanical behavior of piezoelectric
composites and define their design guidelines.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Manufacturing process of the two types of piezoelectric laminates: (a)
commercial sensor; (b) thermal treatment; (c) removal of electrodes; (d) PZT disk
grinding into (e) powder; (f) COM laminate with the pristine sensor; and (g) PWD
laminate with the PZT powder.
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1. Introduction

Fiber-reinforced plastics (FRP) are becoming a primary require-
ment in many engineering fields owing to their light weight, stiff-
ness, and mechanical strength [1]. However, their laminar
morphology presents a potentially critical issue because delamina-
tion can propagate between plies without any visual recognition of
damage evolution. In this context, structural health monitoring
(SHM) is an emerging technique for real-time supervision of the
structural status and for accurate impact localization [2,3]. The
sensors can be attached to the outer surface to avoid any alteration
in the mechanical performance of the laminate; however, environ-
mental conditions and external noise could affect their proper
operation. Therefore, recent efforts have been made to embed sen-
sors into composite laminates [4-6].

Broad investigations have been conducted on various types of
sensors, such as strain gauges, optical fibers, capacitive sensors,
and piezoelectric sensors [7]. Strain gauges, using a thin metallic
grid, convert the laminate deformation into a resistance variation
measured as a voltage change in the Wheatstone bridge circuit.
Strain gauges are usually bonded to the component surface after
the curing process and can be used to detect in-plane and bending
deformations. Fiber Bragg grating (FBG) sensors embedded in the
composite laminate convert the strain into a variation of the refrac-
tive index of the fiber core, causing a phase shift in the reflected
wavelength [8]. However, the interleaving of an optical fiber
between composite plies perpendicular to the reinforcing fiber
direction constitutes a defect that can induce matrix cracking
and subsequent delamination of the composite laminate [9].
Another sensing technique involves dispersing carbon nanotubes
(CNTs) inside the host matrix to impart electrical conductivity
[10]. As the structure is compressed, a correlation can be estab-
lished between the mechanical deformation and measured electri-
cal resistance. This type of piezoresistive composite material
ensures proper quantification of the impact amplitude, but it does
not provide damage localization. For this reason, ceramic piezo-
electric materials such as lead zirconate titanate (PZT) are often
preferred for elastic wave detection because they can be placed
at strategic points in the composite material and identify the dam-
aged region [11]. Saeedifar et al. validated a network composed of
eight PZT wafers attached to a carbon-fiber-reinforced plastic
(CFRP) composite plate surface for accurate damage localization
[12]. Debonding of the structural components resulted in acoustic
wave propagations that were successfully detected by the PZT disk
attached to the CFRP plate surface [13]. PZT sensors can also be
embedded into the composite laminate, which can more effectively
localize damage [14] compared with sensors attached to the outer
surfaces, as demonstrated by Yang et al. [15].

However, the brittle nature of the ceramic PZT material and
bulky morphology of the disk can trigger delamination and dra-
matically decrease the strength of the hosting material [16,17].
The intrusiveness of the sensor in the hosting laminate can be
reduced by changing the wafer morphology of the PZT to microfi-
bers. For example, Konka et al. [18] found that the laminate shear
strength could be reduced by 7% by embedding PZT microfibers in
unidirectional GFRP prepreg plies compared with a 15% reduction
by embedding a PZT disk. However, their dispersion in the matrix
was hampered by difficult handling owing to their fragile nature
and micrometric dimensions. Hwang et al. proposed an interleav-
ing PZT in the form of a micrometric powder instead of a bulky disk
for interleaving between GFRP plies [19]. This approach could be a
viable strategy to functionalize the composite material, reducing
the detrimental effect of fragile PZT on the inherent strength of
the hosting laminate.
2

In this study, the epoxy matrix of the composite material was
made piezoelectric by dispersing it inside the PZT powder. In par-
ticular, PZT powder was interleaved between the GFRP prepreg
plies of the laminate together with thin brass sheets as electrodes
to collect the piezoelectric signal. The effects of the PZT morphol-
ogy (disk vs. powder) and PZT/GFRP volume ratio were analyzed
in terms of the impact resistance of the hosting laminate and sen-
sor performance.

A piezoelectric model was used to correlate the volumetric frac-
tion of the two phases and the polarization process of the lami-
nates with the electromechanical responses to impact.
2. Materials & methods

2.1. Fabrication process of the sensing laminate

All sensing laminates were fabricated using lead zirconate tita-
nate (PZT) obtained from the commercial sensor Murata 7BB-35-
3L0 composed of Piezotite� P-7B piezoelectric material (relative
dielectric constant, er = 1510; Curie temperature, Tc = 300 �C;
piezoelectric strain coefficient, d33 = 271 � 10–12 m/V; and piezo-
electric voltage coefficient g33 = 20� 10–3 Vm/N, according to data-
sheet). The piezoelectric element was embedded in the composite
in two different forms: a commercial sensor (COM), as obtained
from the manufacturer; and PZT powder (PWD), which was
obtained by grinding the PZT disk extracted from the commercial
sensor. The manufacturing processes for the two types of piezo-
electric laminates are shown in Fig. 1. In the COM laminate, the
piezoelectric commercial sensor was embedded as is, and its elec-
trodes (where the lower and upper electrodes were composed of a
brass sheet and silver coating, respectively) and cables were used
to collect the signal. For the PWD laminates, the PZT powder was
extracted from the pristine sensor, as described in Section 2.1.1.
Both the PZT disk and powder were embedded in the laminate fol-
lowing the procedure described in Section 2.1.2 and then poled
according to Section 2.1.3. Finally, to acquire the piezoelectric sig-
nal, a circuit was designed, as described in Section 2.1.4.

2.1.1. Piezoelectric powder fabrication
To extract the piezoelectric element to produce the PZT powder,

the PZT disk was separated from the pristine sensor via thermal
treatment for 1 h at 350 �C (Fig. 1a–c). In this manner (i.e., by burn-
ing the adhesive), it was possible to easily detach the PZT disk from
the commercial electrodes and disrupt the polarization by exceed-
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ing its Curie temperature (Tc) of 300 �C. The PZT powder was then
obtained by grinding five PZT disks (equal to 16 g) in a single batch
with a rotating blade mill (IKA A 10 basic) at 25 000 rpm for 20 s
(Fig. 1d–e). In Fig. 2, scanning electron microscopy (SEM) images
of the PZT powder morphology are shown at two different
magnifications.

The PZT particle sizes were measured using image analysis soft-
ware (ImageJ) on a sample of 100 particles. The PZT powder con-
tains two different particle-dimension distributions: one with an
average size of 24.6 ± 10.9 lm and another with 2.06 ± 0.26 lm.

2.1.2. Lamination and curing
To investigate the effect of the PZT morphology and PZT and

GFRP volumetric fractions on the piezoelectric and mechanical
properties of the hosting composite laminate, specimens with dif-
ferent stacking-sequence configurations were fabricated, as sum-
marized in Fig. 3.

As a reference for the mechanical behavior, a pristine non-
sensing laminate with 10 GFRP plies, labeled as REF-G10, was fab-
ricated (Fig. 3a). A conventional sensing laminate, labeled COM,
with eight GFRP plies and a commercial sensor interleaved in the
laminate midplane was also fabricated (Fig. 3b). For the PWD lam-
inates, a combination of three different PZT powder areal densities
(600, 1200, and 2400 g/m2) interleaved in the laminate midplane
with three different numbers of GFRP plies (2, 4, and 8) between
the electrodes was investigated (Fig. 3c). Note that the total num-
ber of GRFP plies in the PWD laminates was maintained as 8 by
adding layers above and below the electrodes. For the reference
REF-G10 laminate, 10 plies were stacked to obtain a thickness
equal to or greater than that of the sensing laminates, compensat-
ing for the thickness of the piezoelectric elements and making all
laminates mechanically comparable. In this exploratory study, only
one specimen was manufactured for each configuration. All the
specimens were composed of woven layers of GFRP prepreg (E-
glass 8H Satin 300 g/m2 epoxy matrix, VV300S - DT121H-34 Delta-
Preg, 50 � 50 � 0.245 mm3). For the PWD specimens, PZT powder
was interleaved in the laminate midplane by depositing it on the
GFRP prepreg before stacking. The powder was evenly dispersed
using a customized vibrating dispersing tool and a circular mask
with a diameter of 20 mm.

The partially cured prepreg resin (B-stage) was sufficient to
impregnate the PZT powder without the need for additional resin.
In the COM laminate (Fig. 3b), the electrodes of the commercial
sensor were used to collect the piezoelectric signal, while for the
PWD laminates (Fig. 3c), thin, circular brass sheets (£ 20 � 0.1 m
Fig. 2. SEM micrographs of PZT powder mor
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m2 and £ 30 � 0.1 mm2 for the top and bottom electrodes, respec-
tively) were co-cured with the GFRP prepreg plies. Before stacking,
the brass sheets were treated with sandpaper (P220), and signal
cables with Teflon jackets were soldered onto them.

After stacking, all the laminates were cured in an autoclave by
following a vacuum bag technique involving a optimized, three-
step curing cycle, as described in ref. [20], to facilitate the impreg-
nation of the PZT powder, evacuate air bubbles, and increase the
glass transition temperature (Tg) of the epoxy resin to 132 �C.
2.1.3. Poling
Generally, to to obtain a material with a piezoelectric behavior,

it is necessary to orient the dipoles through a poling process [21],
where the poling temperature, poling time, and applied electric
field typically depend on the electrical properties of the piezoelec-
tric material. For PZT, the poling process is performed at a high
temperature in order to increase the mobility of the dipoles during
the application of a strong external electric field [22]. Simultane-
ously, the poling temperature of the composite materials should
be maintained below the Tg of the polymeric matrix to avoid dam-
aging the laminate. Indeed, above the Tg, the increased mobility of
the macromolecules could lead to a rapid decrease in dielectric
strength, causing electrical breakdowns [20]. Therefore, the tem-
perature of the poling process was set to below the Tg of the epoxy
resin. The PZT embedded in the laminates was poled by applying a
DC electric field of 4 kV/mm across the two electrodes at 100 �C for
24 h. It was observed that electric fields higher than 4 kV/mmwere
unstable over a long period owing to electrical breakdown. In the
end, the system was cooled to room temperature at 2 �C/min while
the electric field was kept on.
2.1.4. Signal conditioning
As illustrated in the equivalent circuit of Fig. 4, the self-sensing

laminate can be modeled as a charge generator qp connected in
parallel with its resistance and capacitance (Rs and Cs respectively),
where Rs is generally sufficiently high so as to be omittable [23].
The electrical charges generated by the PZT are collected by the
two brass electrodes and flow through the cables (Cc) to the ampli-
fier resistance Ra, thereby generating a potential.

The measured cable capacitance was 5 pF, and according to the
INA118 Texas Instruments supplier datasheet, the amplifier resis-
tance was 10 GO. The signal was acquired using a National Instru-
ments NI 9215 instrument.
phology at two different magnifications.



Fig. 3. Laminate stacking-sequence configurations: (a) non-sensing reference laminate, (b) laminate with embedded commercial sensor, (c) laminates with different PZT
powder areal weights and number of GFRP plies between the electrodes.

Fig. 4. Equivalent circuit of the piezoelectric laminate.
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2.2. Electrical measurements

2.2.1. Phases electrical measurements
The conductivities of the single phases (GFRP and PZT) were

measured using a picoammeter (Keysight B2981A). The dielectric
constants of the single phases were measured using a dielectric
analyzer (Novocontrol alpha dielectric analyzer B2.2) in the fre-
quency range of 10–2–104 Hz.
4

The gP
33 of the PZT phase was evaluated for different poling

electric-field intensities. The commercial disks were first treated
in a muffle furnace to remove the initial polarization, as described
in Section 2.1.1. Then, each disk was polarized in a dielectric
silicon-oil bath at 100 �C (composite poling temperature) at differ-
ent electric fields for 24 h, in the range of 0.1–3 kV/mm. Electric
fields higher than 3 kV/mm resulted in electrical breakdown across
the PZT disk.
2.2.2. Composite electrical measurements
The impedances of the sensing laminates were measured in the

40–400 kHz range using a precision impedance analyzer (Agilent
4294A). The capacitances were determined by interpolating the
impedance vs. frequency curve using the linear equation of the
RC circuit.

The piezoelectric responses of the sensing laminates were eval-
uated with a compressive cyclic load using an Instron 8033
hydraulic testing machine equipped with a 25 kN load cell. As
shown in Fig. 5, the specimens were compressed between a flat
plastic support and plastic cylindrical indenter with a diameter



Fig. 6. Low-velocity impact setup.

Fig. 5. Cyclic force indentation setup.
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of 10 mm to electrically insulate the specimens. A compressive
force oscillating between 0.5 and 1 kN at 25 Hz was applied; this
frequency was chosen as the cyclic frequency was above the 3 dB
cut-off frequency of the equivalent RC circuit represented in
Fig. 4, allowing a non-attenuated and frequency-independent
piezoelectric signal. Indeed, with a minimum equivalent capaci-
tance (C ¼ Cs þ Cc) of 14.4 pF (according to the capacitance mea-
surements reported in Section 3.2.2) and a resistance Ra of 10
GX, the estimated cut-off frequency was equal to 1.1 Hz. The force
measured by the commercial load cell and the piezoelectric signal
were acquired simultaneously at a frequency of 2 kHz.

Knowing the generated piezoelectric voltage as a function of the
applied force, it is possible to determine the piezoelectric proper-
ties of a composite laminate by using two different coefficients that
depend on its application. In the case of an actuator, the composite

material can be described using the piezoelectric strain dC
33 (m/V)

coefficient. On the other hand, for sensing applications, the com-
posite material can be defined by the gC

33 (Vm/N) piezoelectric volt-
age coefficient, according to ref. [24,25].

Knowing the equivalent circuit parameters of the sensor and
amplifier described in Fig. 4 as well as the voltage generated by
the applied force F, it is possible to calculate the piezoelectric

strain coefficient of the composite laminate, dC
33. For a specific case

of a sinusoidal load with angular frequency x, according to ref.
[23], the signal magnitude jV j and phase shift u for a piezoelectric
sensor can be expressed as follows:

Vj j ¼ dC
33Fffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 1
xs

� �2q
C
tanu ¼ 1

xs
ð1Þ

where s ¼ RaC is the time constant.
For high xs values, as in this case, Eq. (1) can be simplified as

Vj j ¼ FdC
33=C, and the dC

33 value can be simply calculated. Note that
in this particular case, the output voltage is proportional to the
applied load and is frequency-independent.

Finally, the gC
33 coefficient was calculated as the ratio of the dC

33

to the dielectric constant of the composite material (gC
33 ¼ dC

33=eC3).
By measuring the capacitance C, the electrode surface S, and the
distance d of each composite laminate, the dielectric constant
was derived as eC3 ¼ Cd=S.

This procedure can be replicated for the calculation of the PZT-

phase piezoelectric coefficients (i.e., dP
33 and gP

33).
2.3. Low-velocity impact test

Low-velocity impact tests (LVI) were performed to investigate
the effects of interleaving the piezoelectric element with different
morphologies and PZT/GFRP weight ratios on the impact resistance
of the hosting laminate. Tests were performed according to ASTM
5

D7136 on a low-velocity impact machine with a 1.3 kg impactor
mass equipped with a PCB 208C05 load cell and 12.7 mm hemi-
spherical steel tip, as described in ref. [26] and shown in Fig. 6.
Owing to the small dimensions of the specimen and to maximize
the shear stress, a support plate containing a cylindrical hole with
a diameter of 20 mmwas used. The specimens were impacted at an
energy of 3 J and a velocity of 2.2 m/s. An impact energy of 3 J was
chosen so as to induce delamination without fiber breakage and to
determine the effect of embedding an external body on the inter-
laminar strength of the laminate. Micrograph analyses of the
cross-section of the laminates at the impact point were performed
to evaluate the damaged zone.
3. Results and discussion

The experimentally measured electrical properties of the single-
phase and composite configurations are reported in Section 3.1. In
Section 3.2, the proposed polarization and piezoelectric models are
described and validated using the aforementioned experimental
data. Finally, the impact resistances of the sensing composite lam-
inate configurations are compared in Section 3.3.
3.1. Electrical properties

3.1.1. Phase electrical properties
The absolute permittivity (e), relative permittivity (er), and con-

ductivity (r) of the single phases (PZT and GFRP), as reported in
Table 1, were measured at 20 �C and 100 �C, which correspond to
the working and polarization temperatures of the sensor, respec-
tively. In particular, the permittivity values (eP and eG for PZT
and GFRP, respectively) were determined for the regime state in
the frequency domain, reached at 104 Hz, and the conductivity val-
ues (rP and rG for PZT and GFRP, respectively) were determined for
the regime state, which was reached after 8 h.

Comparing the PZT and GFRP permittivity values, a difference of
three orders of magnitude was observed at both temperatures. The
conductivity difference between the two phases at 20 �C was two
orders of magnitude, which decreased to one order of magnitude
at 100 �C. This reduction of the conductivity gap between the
two phases at 100 �C is crucial to the polarization process, as dis-
cussed in Section 3.2.1.



Table 1
Single-phase electrical properties.

e @ 20 �C (F/m 10-12) e @ 100 �C (F/m 10-12) er @ 20 �C er @ 100 �C r @ 20 �C (S/m 10-15) r @ 100 �C (S/m 10-15)

PZT 15,937 20,364 1801 2301 223 2600
GFRP 58 60 7 7 4 143

Fig. 7. PZT piezoelectric-strain-coefficient dP
33 vs. poling electric field EP

3 for 24 h at a
temperature of 100 �C.
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In Fig. 7, the experimentally measured dP
33 piezoelectric strain

coefficients of the commercial PZT disks are plotted for the differ-
ent electric-field magnitudes applied during the poling process,
which was conducted at 100 �C for 24 h (represented by black

dots). The dP
33 was measured using the same procedure as that

for the self-sensing composite laminate, as described in Sec-
tion 2.2.2. The experimental data were then interpolated using
the exponential function given in Eq. (2) and employing the nonlin-
ear least-squares method:

dP
33 ¼ a � 1� ebE

P
3

� �
� c ð2Þ

where the fitting coefficients a; b; and c are 614 pm/V,
2.19 mm/kV, and 143 pm/V, respectively. The interpolating equa-
tion is represented by the dotted line in the graph and has a coef-

ficient of determination (R2) of 0.985. As can be observed, the dP
33

rapidly increases with an increase in the electric field applied to
PZT (EP

3) and then stabilizes at 450 pm/V after 2 kV/mm.
Table 2
Experimental vs. model electrical parameters for each laminate configuration: volume
permittivity of the composite (e3C), piezoelectric voltage coefficient of the composite (g33C ),
PZT phase (g33P ).

Configuration Experimental

PZT
(g/m2)

n� GFRP
within
electrodes

d (mm)
within
electrodes

mP C
(qF 10-12)

e3C

(F/m10-12

P2400-G8 2400 8 2.42 0.14 14.5 73
P2400-G4 2400 4 1.44 0.24 27.5 103
P2400-G2 2400 2 1.08 0.39 44.7 136

P1200-G8 1200 8 2.17 0.07 14.4 65
P1200-G4 1200 4 1.29 0.14 23.8 77
P1200-G2 1200 2 0.88 0.24 44.3 110

P600-G8 600 8 2.06 0.04 16.1 73
P600-G4 600 4 1.11 0.07 24.2 68
P600-G2 600 2 0.72 0.14 45.0 92

6

3.1.2. Composite electrical properties
The measured capacitance values for each composite configura-

tion are listed in Table 2. Generally, a drastic decrease in the com-
posite capacitance occurs as the distance between the electrodes
and the amount of GFRP plies (low dielectric constant) increases.

The piezoelectric sensitivity of the sensing laminates was eval-
uated using compressive cyclic loads, as described in Section 2.2.2.
Overall, the piezoelectric responses of the samples accurately fol-
lowed the applied force, as shown in Fig. 8 for samples P1200-
G8, P1200-G4, and P1200-G2. Variations in the magnitude were
registered, showing that the peak-to-peak piezoelectric output
increased as the number of GFRP plies within the electrodes
decreased.

In Fig. 9, the sensitivity is plotted as a function of the number of
GFRP plies for all laminate configurations described in Fig. 3. The
sensitivity of each laminate was calculated as the peak-to-peak
ratio of the piezoelectric output to the applied force. A sensitivity
value of 2.31 V/kN was measured for the commercial PZT sensor,
as provided by the manufacturer and embedded in the composite
laminate (COM). Generally, it can be observed that by integrating
PZT in the form of powder (PWD) rather than the commercial
PZT sensor, as provided by the manufacturer (COM), the sensitivity
of the sensing laminate is sharply enhanced, especially for 1200 g/
m2 and 2400 g/m2 PZT powder areal densities (yellow point vs.
green and red curves). It is reasonable to assume that the physical
mechanisms that enhance the piezoelectric performance of the
PWD laminates stem from the microstructured shape of the PZT
powder. The enhanced surface-to-volume ratio of the PZT powder
with respect to the PZT bulk disk impacts both the mechanical and
electrical properties of the laminate. First, compared with the COM
laminate, the use of powder favors strain transmission from the
GFRP matrix to the piezoelectric phase. Furthermore, the use of
PZT powder results in a wider PZT area that faces the GFRP matrix,
thus leading to an increase in the generated charges flowing
toward the electrodes.

Considering the PWD laminates, by decreasing the number of
GFRP plies interleaved between the electrodes, the sensitivity is
considerably improved. Indeed, it can be reasonably assumed that
the thickening of the insulating layer results in a reduction in the
fraction of PZT phase (mP), equivalent capacitance for each laminate (C), absolute
electric field applied to the PZT phase (E3P), and piezoelectric voltage coefficient of the

Model

)
Sen-
sitivity (mV/N)

g33C

(Vm/N10-3)
E3P

(kV/mm)
g33P

(Vm/N10-3)
g33C

(Vm/N10-3)

3.62 0.72 0.87 6.9 0.95
8.60 2.29 0.96 8.3 2.04

12.44 4.07 1.13 11.0 4.31

2.21 0.49 0.82 6.1 0.45
3.35 1.03 0.87 6.9 0.95
4.87 1.96 0.96 8.3 2.04

1.05 0.23 0.80 5.6 0.22
1.46 0.52 0.82 6.1 0.45
2.74 1.35 0.87 6.9 0.95



Fig. 8. Piezoelectric response of the sensing laminate (red curve) compared with the contact force measured by the indenter load cell (blue curve) for a powder sensor with
1200 g/m2 and different plies of GFRP within the electrodes (8, 4, and 2, respectively). (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 9. Sensitivity vs. number of GFRP plies for commercial and powder-sensing
laminates.

Fig. 10. (a) Micrograph and (b) equivalent series model of the self-sensing
laminate.
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electric charges that reach the electrodes. Therefore, different
numbers of GFRP plies (i.e., -G2, -G4, and -G8 laminate types)
result in a change in the distance between the electrodes and a
variation in the sensitivity of the laminates. Finally, for powder
laminates, an exponential increase in the sensitivity as a function
of the powder-to-resin weight ratio can be observed. This behavior
is explained in detail in Section 3.2.2, considering model
prediction.

Knowing the sensitivity values of the composite laminates, the
experimental piezoelectric strain coefficients of the composites
(gC

33) can be calculated according to the procedure described in Sec-
tion 2.2.2. These values are reported in Table 2 for each laminate
configuration.
3.2. Polarization and piezoelectric composite model

To understand the piezoelectric behavior of the self-sensing
laminate and to design it efficiently, it is necessary to consider
the electrical and mechanical interactions between the two phases.
By taking into account the cross-section of the self-sensing lami-
nate (micrograph in Fig. 10a) and neglecting the transversal cou-
pling, the piezoelectric composite can be modeled as a simple
one-dimensional series connection between the two phases
(Fig. 10b). First, a series-connected polarization model was devel-
oped to estimate the gP

33 of the piezoelectric phase, which depends
on the effective electric field applied during the poling process
(Section 3.2.1). Subsequently, a series-connected piezoelectric
model was proposed to estimate the behavior of the laminate as
7

both a sensor and actuator (Section 3.2.2) and was validated with
previous experimental results.
3.2.1. Polarization model
As described in Section 2.1.3, all the fabricated piezoelectric

composite laminates were polarized with an electric field of
4 kV/mm. However, unlike for bulk PZT materials, where the elec-
tric field is applied homogenously, the electric field was distributed
unevenly between the PZT powder and GFRP phase [27].

The piezoelectric laminate can be modeled as a multilayered
system in which the GFRP plies and PZT layer are connected in ser-
ies, as schematically shown in Fig. 11, where each phase can be
represented as a resistance (RP , RG) in parallel with a capacitance
(CP , CG) [28].

By applying Kirchhoff’s laws to the equivalent circuit according
to ref. [27], the effective electric field applied to the piezoelectric
phase can be calculated as follows:

EP
3 tð Þ ¼ EP

3SS
þ ðEP

3 TR � EP
3 SSÞe�t=s ð3Þ
EP
3 SS ¼

EC3
rP

mP
rP þ 1�mP

rG

; EP
3 TR ¼ EC

3 eG
mP
eG þ 1�mP

eP
ð4Þ
s ¼ sG � sP
1
eP þ 1�mP

mPeG
1
rP þ 1�mP

mPrG

ð5Þ

where EC
3 is the electric field applied to the composite laminate

(4 kV/mm); EP
3 SS and EP

3 TR are the steady-state and transient-state
electric fields applied to the PZT phase, respectively; e, r, and m are
the dielectric constant, conductivity, and volumetric fraction,
respectively; the superscripts P and G refer to the PZT and GFRP
phases, respectively; t is the time of application of the electric
field; and s is the time constant representing the time needed to
reach 63% of the regime value, according to Eq. (3).



Fig. 11. Polarization-lumped model of the piezoelectric composite, where the PZT
(P subscript) and GFRP (G subscript) phases are modeled as a capacitance and a
resistor in parallel.
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As shown in the graph in Fig. 12, when the DC voltage generator
is switched on, the first transient domain distributes the electric
field (EP

3 TR) on the phases according to their permittivity (eG and
eP). After a period s, the steady state is reached, and the electric
field distribution (EP

3 SS) on the two phases is governed by the elec-
trical conductivity (rG and rP) of the materials [29]. The electric
field distributions of the two dielectric materials were evaluated
as described in ref. [30]. The electric field strength reached in the
steady-state regime and the transient period s for the PZT and
GFRP composites depended on the volumetric fraction of the two
phases (mP , mG). In particular, by increasing mP , the electric field
applied to the PZT phase increased, and the time constant s
decreased. However, the s value was still on the order of several
hours for all the laminates, as calculated using Eq. (5) based on
the electrical properties of the single constituents.

In this study, a poling time of 24 h was chosen to reach the
steady-state regime of the electric field distribution in the PZT
phase; therefore, Eq. (3) can be simplified to EP

3 ¼ EP
3 SS, according

to the asymptotic behavior observed in the graph shown in

Fig. 12. The piezoelectric strain coefficient of the PZT phase (dP
33),

obtained during the polarization of the self-sensing laminate, can
then be estimated by substituting EP

3 into Eq. (2), and the gP
33 can

be derived as the ratio of dP
33 to eP . The calculated EP

3 and gP
33 values

are reported in Table 2 for each laminate configuration.
Fig. 12. Electric field applied to the PZT phase (EP
3) of the composite as a function of

its volumetric fraction (mP) and time.
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3.2.2. Piezoelectric model
When the piezoelectric composite was mechanically loaded, the

electric charges generated by the PZT piezoelectric phase flowed
toward the electrodes passing through the GFRP plies. The pres-
ence of the dielectric GFRP phase influenced the piezoelectric
response of the self-sensing laminate, as can be observed in the
graph in Fig. 9.

The piezoelectric behavior of the laminate can be described as a
simple one-dimensional series-connected model of the two phases,
as shown in Fig. 10. Subsequently, according to refs. [24] and [25],
by applying the electric and mechanical boundary conditions to
the direct and indirect constitutive piezoelectric equations, the

equations for the composite piezoelectric strain (dC
33) and voltage

(gC
33) coefficients can be obtained for the series-connected model:

dC
33 ¼ mPdP

33eG þ mGdG
33eP

mPeG þ mGeP
ð6Þ
gC
33 ¼ mPgP

33 þ mGgG
33 ð7Þ

where dP
33 and dG

33 are the piezoelectric strain coefficients of the
PZT and GFRP phases, respectively, and gP

33 and gG
33 are the piezo-

electric voltage coefficients of the PZT and GFRP phases, respec-
tively. Equations (6) and (7) can be simplified by assuming that
the piezoelectric strain and voltage coefficient of the GFRP phases
are null.

Therefore, by substituting into Eq. (6) the piezoelectric strain

coefficient of the PZT phase, dP
33, which was determined using the

polarization model described in Section 3.2.1 and the dielectric
properties of the single phases, it is possible to calculate the piezo-

electric strain coefficient of the composite, dC
33. Similarly, Eq. (7)

can be used to calculate the piezoelectric voltage coefficient of
the composite, gC

33.
The calculated trend of gC

33 as a function of the volumetric frac-
tion of the piezoelectric phase (mP) is reported in Fig. 13 (blue
curve) and compared with the experimental data for the P600,
P1200, and P2400 laminate configurations (blue dots). A parabolic
trend was observed for the model that predicted the experimental
gC
33 values, with R2 ¼ 0:967. The sharp increase in gC

33 as a function
of the volumetric fraction correlated with two main physical fac-
tors. According to Eq. (7), the gC

33 of the composite is linearly
dependent on the volumetric fraction of the piezoelectric phase
(gG

33 = 0). Therefore, if gP
33 is constant, gC

33 is linearly proportional
to the amount of the piezoelectric phase. However, the piezoelec-
tric coefficient gP

33 depends on the polarization electric field applied
to the PZT once it is integrated into the composite. This electric
field (EP

3 SS), under stationary conditions, depends on the electrical
conductivities of the individual phases and their volumetric frac-
tions, in accordance with Eq. (4). Considering that the conductivity
of the piezoelectric phase is one order of magnitude greater than
that of the GFRP phase, the higher the volumetric fraction of the
piezoelectric phase, the higher the amplitude of the electric field.
Consequently, the value of gP

33, obtained during polarization (see
Section 3.1.1), increased as the volume fraction of the PZT
increased. Therefore, adopting Eq. (7), gC

33 depends on mP and on
gP
33, which in turn depends on mP . Hence, this double dependence

on mP results in a parabolic trend in the gC
33 curve.

On the other hand, it can be observed that the piezoelectric

strain coefficient of the composite, dC
33, rapidly decreases for small

amounts of the GFRP phase. FormP = 0.9, the dC
33 of the composite

dropped to 3% of the dP
33 value for the pure PZT. These results sug-

gest that the composite laminate can be used for sensing applica-
tions with a wide range of PZT volumetric fractions (mPÞ, whereas



Fig. 13. Composite piezoelectric voltage coefficient gC
33 (blue curve) and strain

coefficent dC
33 (red curve) vs. PZT volume fraction mP, as estimated by the model. The

blue dots represent the gC
33 experimental data measured for P600, P1200, and P2400

laminates. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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high and unfeasible mP values are necessary for actuator
applications.

3.3. Impact resistance

The effect of embedding the piezoelectric PZT with different
morphologies and quantities on the impact resistance of the host-
ing material was evaluated by low-velocity impact experiments
following the procedure described in Section 2.3. In Fig. 14, the
impact contact force vs. displacement responses for the different
laminate types are plotted.

As shown in Fig. 14a, the curve of the laminate embedded with
the commercial sensor (COM) contains multiple load drops, which
are correlated with the breakages of the fragile ceramic disk. How-
ever, the absorbed energy was slightly lower than that of the refer-
ence laminate (REF-G10) because the breakage of the PZT ceramic
disk absorbed a low amount of energy. For the PZT-powder-
interleaved laminates, represented in Fig. 14b–d, the force vs. dis-
placement curves do not show significant load drops linked to
breakages.

To directly assess the impact behavior of the laminates, a micro-
graph analysis of the cross-section at the impact point was per-
formed. The most significant samples are displayed in Fig. 15,
where only half of the micrographs are shown, as the damage
was symmetric with respect to the impact axis.

The reference laminate contained a few small 45�-oriented
matrix cracks that propagated as a minor delamination between
the GFRP layers along the midplane.

Conversely, for the commercial PZT sensor embedded in the
composite (COM), the lower brass electrode was completely
debonded from the PZT disk and adjacent GFRP ply. Moreover,
Fig. 14. Low-velocity impact test at 3 J: impac
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the PZT disk exhibited multiple 45�-oriented cracks. Indeed, the
bulky and fragile ceramic disk integrated into the laminate cracks
and triggered delamination owing to the stiffness mismatch
between the PZT and GFRP layers.

In the powder laminate P1200-G8, debonding of the external
electrodes occurs, except in the case where the electrodes are
interleaved inside the laminate (e.g., P1200-G4 and P1200-G2),
where the bending stress is lower. The P1200-G8 specimen did
not display cracks corresponding to the midplane where the PZT
powder was interleaved, while P1200-G4 and P1200-G2 presented
a remarkable 45� crack propagating in a reverse pine-tree pattern
induced by the high Hertzian contact stress [31]. This crack contin-
ued to propagate as delamination occurred between the GFRP plies
and PZT phase. The lower impact resistance of the P1200-G2 lam-
inate can be ascribed to the high amount of PZT powder compared
to the epoxy resin of the GFRP prepreg. Indeed, all the specimens
with 600 g/m2 PZT powder showed negligible cracks and delami-
nation through the PZT layer (in Fig. 15, specimen P600-G4 is
shown as a representative example), while all the specimens with
2400 g/m2 PZT powder showed remarkable cracks propagating
through the PZT layer (see P2400-G4, for example).

The qualitative analyses of Figs. 14 and 15 were performed
using the measurements of the absorbed energy and delamination
length for each laminate, respectively, as shown in the bar graph in
Fig. 16.

The absorbed energy of the powder laminates (blue columns in
Fig. 16) was generally slightly higher than the reference value. The
energy dissipated during impact is generally linked to viscous
damping and laminate damage, such as fiber breakage and plasti-
cization [31], which are high-energy absorption mechanisms. In
this particular case, the ductile brass electrodes are likely to plas-
ticize during impact and absorb energy, especially if positioned
in the outer layers of the G8 configuration, where the bending
stress is higher. However, owing to the absorbed energy, it is diffi-
cult to detect matrix cracks and delamination because they are
low-energy absorbing events. For this reason, the delamination
length measurements of the micrograph analysis are shown in
the bar graph in Fig. 16 (red columns). The total delamination
was measured as the sum of the lengths of the matrix longitudinal
delamination, electrode debonding from the GFRP ply, and the 45�-
oriented cracks.

Owing to its bulky morphology, the COM is the most damaged
laminate. Among the PWD laminates, the highest values of delam-
ination length were observed for the G8 laminates, regardless of
the PZT areal density. As mentioned previously, the external dispo-
sition of the electrodes leads to remarkable debonding at the inter-
face with the GFRP ply. In the case of the G2 laminates, the
interleaving of the electrodes between the GFRP plies improves
the impact resistance; however, considerable delamination is still
observed in the red columns of Fig. 16. Instead, delamination is
lower for the P600-, P1200-, and P2400-G4 samples. Generally,
by increasing the PZT amount or reducing the number of GFRP
t contact force vs. displacement response.



Fig. 15. Micrograph analysis of the cross-section of the laminates at the impact point. The red arrows indicate cracks. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 16. Absorbed energy for low-velocity impact test at 3 J (blue columns) and
total delamination length (red columns). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 17. Figures of merit of the self-sensing laminates, considering the ratio
between the sensitivity and measured delamination length.
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plies between the electrodes, the delamination total length
increases owing to the lower ratio between the epoxy resin of
the GFRP plies and PZT powder.

Finally, a figure of merit representing the ratio between the sen-
sitivity (mV/N) and delamination length (mm) is shown in Fig. 17.
Among the PWD laminates, the coefficient of merit exhibits an
increasing trend for higher PZT amounts. P2400-G4 presented the
highest coefficient of merit, but the value of total delamination
was higher than the reference value. Therefore, P1200-G4 is the
best compromise, as it has a self-sensing capability and impact
resistance most comparable to those of the reference laminate.
10
4. Conclusions

In this study, a piezoelectric self-sensing composite material
was successfully fabricated using ceramic PZT powders. The piezo-
electric powder was interleaved between the GFRP prepreg plies,
and brass-sheet electrodes were used to collect the piezoelectric
signals. The effect of the PZT powder volume fraction on the elec-
tromechanical properties was investigated experimentally, and the
results were compared with those of a piezoelectric laminate pre-
pared using a PZT commercial disk. The PZT powder laminates
show a higher sensitivity compared with that of the PZT commer-
cial disk laminate (e.g., 12.44 V/kN for P2400-G2 vs. 2.31 V/kN for
COM).

To understand the piezoelectric behavior and design guidelines
for the fabrication of the self-sensing laminate, an analytical series-
connected model was proposed. Based on the electrical properties
of the two phases (GFRP and PZT), their volumetric fractions, and
the polarization process, the model can predict the piezoelectric
response of the laminate and effectively assist in its design. The
model fitted the experimental results with a coefficient of determi-
nation of 0.97. Moreover, it allowed the prediction of the piezoelec-
tric composite as an actuator, showing that even for a low
volumetric fraction of GFRP, the piezoelectric strain coefficient
d33 drastically decreases, confirming its impracticality as an actua-
tor. The model can be adapted for the general design of
piezoelectric-composite smart materials with embedded piezo-
electric phases comprising different materials (e.g., PVDF) and
morphology (e.g., nanofibers).

With respect to the mechanical performance, the micrometric
powder dispersion slightly affected the impact resistance of the
hosting composite laminate, whereas the embedded, fragile PZT
commercial sensor dramatically triggered delamination. Based on
the designed application, figures of merit were determined to iden-
tify the composite representing the best compromise between
impact resistance and sensing capability. In particular, the
P1200-G4 PZT powder laminate showed impact damage compara-
ble to that of the non-sensing reference counterpart and a sensitiv-
ity 45% higher than that of the embedded COM.
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