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ABSTRACT

Piezoelectric composites are a significant research field because of their excellent mechanical flexibility and sufficient stress-induced voltage. Furthermore, due to the
widespread use of the Internet of Things (IoT) in recent years, small-sized piezoelectric composites have attracted a lot of attention. Also, there is an urgent need to
develop evaluation methods for these composites. This paper evaluates the piezoelectric and mechanical properties of potassium sodium niobate (KNN)-epoxy and
KNN-glass fiber-reinforced polymer (GFRP) composites using a modified small punch (MSP) and nanoindentation tests in addition to d33 measurements. An analytical
solution for the piezoelectric composite thin plate under bending was obtained for the determination of the bending properties. Due to the glass fiber inclusion, the
bending strength increased by about four times, and Young’s modulus in the length direction increased by approximately two times (more than that of the KNN-
epoxy); however, in the thickness direction, Young’s modulus decreased by less than half. An impact energy harvesting test was then performed on the KNN-
epoxy and KNN-GFRP composites. As a result, the output voltage of KNN-GFRP was larger than that of KNN-epoxy. Also, the output voltage was about 2.4 V
with a compressive stress of 0.2 MPa, although the presence of the glass fibers decreased the piezoelectric constants. Finally, damped flexural vibration energy
harvesting test was carried out on the KNN-epoxy and KNN-GFRP composites. The KNN-epoxy was broken during the test, however KNN-GFRP composite with a load
resistance of 10 M2 generated 35 nJ of energy. Overall, through this work, we succeeded in developing piezoelectric energy harvesting composite materials that can
withstand impact and bending vibration using glass fibers and also established a method for evaluating the electromechanical properties with small test specimen.

1. Introduction

Piezoelectric materials can convert mechanical and electrical energy
with high efficiency and are mainly applied to sensors and actuators.
Furthermore, piezoelectric materials are also expected to be utilized as
virus sensors [1-3]. In recent years, many research types have been
conducted on energy harvesting materials [4-10].

The most commonly used piezoelectric material, lead zirconate
titanate (PZT), has extensive piezoelectric properties. However, the
Restriction of Hazardous Substances, which came into effect in Europe
in 2006, regulates the use of lead. Also, piezoelectric materials, espe-
cially ceramics, are incredibly brittle and have the disadvantage of
cracking [11-15] during manufacturing and service. To solve this
problem, methods such as protecting piezoelectric materials with other
protective materials are considered, but they are challenged with other
problems, such as the device size and the cost of the protective materials.

There are piezoelectric composite materials in which piezoelectric
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and polymer materials are combined to overcome drawbacks such as the
brittleness of piezoelectric materials [16-20]. Piezoelectric composites
with high toughness are essential in energy harvesting, and this topic has
been attracting a lot of attention [21-27]. However, devices that convert
vibration and shock energy into electrical energy have the problem of
how they will be damaged after long-term use, resulting in drastic de-
creases in power generation. Therefore, it is necessary to secure suffi-
cient strength to prevent piezoelectric materials from being damaged in
the devices used for extended time.

Piezoelectric energy harvesting composite materials can result in
catastrophic failures under vibration, and they need to be reinforced so
that their durability can be improved. Glass fiber-reinforced polymers
(GFRPs) [28] and carbon fiber-reinforced polymers (CFRPs) [29] with
piezoelectric performances have been developed. For example, Wang
et al. [30] fabricated potassium sodium niobate (KNN) piezo resin
composites and polarized the composites successfully using CFRP elec-
trodes. Then, they evaluated the output power characteristics under
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impact and vibration tests. Also, Takaishi et al. [31] fabricated mullite
ceramic fiber/thermoplastic polymer piezoelectric composites and
evaluated their performance. To design and develop high-performance
and long-life vibration energy harvesting composite materials, evalua-
tions of the strength, fracture properties, output voltage, and power
limits are vital. Hence, it is necessary to use small test specimens. Thus, a
new evaluation method for determining the strength and fracture
properties of energy harvesting piezoelectric composite materials using
small test specimens is needed.

In this work, we aimed to fabricate GFRP composite materials using
an epoxy resin mixed with lead-free piezoelectric nanoparticles. Then,
we evaluated the electromechanical properties of the proposed GFRP
composite materials. Modified small punch (MSP), nanoindentation,
and compressive impact and damped flexural vibration tests were con-
ducted on the piezoelectric GFRP composites to evaluate the Young’s
modulus, bending strength, MSP energy, and compressive and bending
stress-induced output voltage. Also, analytical solutions for an axisym-
metric piezoelectric material were derived under a uniformly distrib-
uted load inside a concentric circle while considering the associated
electromechanical interactions. The performance of the piezoelectric
GFRP composite was compared with that of a piezoelectric resin without
glass fibers.

2. Experimental procedure
2.1. Material preparation

Two types of piezoelectric composites were considered, one with
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glass fibers and the other without glass fibers. Fig. 1 (a) and (b) show
schematic diagrams of the piezoelectric composites without and with
glass fibers, respectively. The piezoelectric composite was made using a
piezoelectric resin with a length of 20 mm, a width of 12 mm, and a
thickness of 0.4 mm; glass fibers, and conductive tape (copper foil). The
tape’s length, width, and thickness are 18 mm, 10 mm, and 0.2 mm,
respectively. Two-component epoxy resin (Bisphenol F resin; Sumita
Science and Technology Laboratory Co., Ltd.) and ST12 (epoxy resin
curing agent; Mitsubishi Chemical) were used as base materials to pre-
pare the piezoelectric resin. Also, sodium niobate K; 4NayNbO3 (KNN)
particles (Nippon Chemical Industrial Co., Ltd.) were used. The KNN
particles and epoxy resin were mixed at a mass ratio of 64:36 to a vol-
ume content of 32 %. After stirring with a spoon for 10 min, the mixture
was further stirred for 5 min using a stirrer (AR-100, THINKY Corp.).
Then, it was defoamed for 5 min. In the sample piece without glass fi-
bers, the stirred piezoelectric resin was uniformly applied onto the
aluminum plate. To adjust the thickness of the sample, a 0.40-mm thick
Teflon sheet was sandwiched, and an aluminum plate of the same size
was placed on top of it. Then, they were fixed with screws and com-
pressed. Afterward, the resulting sheet was cured in a thermostat
(DVS402, Yamato Scientific Co., Ltd.) at 135 °C for 1 h. After curing, the
produced piezoelectric resin sheet was cut and polished, and a
conductive tape was attached to it as an electrode. In the case of the
sample with glass fiber, the stirred piezoelectric resin was uniformly
applied to an aluminum plate. Then, two layers of glass cloth were
placed, and the piezoelectric resin was infiltrated into the glass cloth.
Afterward, the sheet was cured using the same way as mentioned above.
Fig. 1(c) shows the scanning electron microscope (SEM) (SU-70, Hitachi
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Fig. 1. Schematic diagram of the piezoelectric composite samples (a) without and (b) with glass fibers; (c) SEM image of the KNN-GFRP sample; (d) photograph of

the specimen.
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Co., Ltd.) image of the cross-section of the KNN-GFRP sample, and Fig. 1
(d) shows the prepared sample. The volume content of KNN was
approximately 20 %.

2.2. Modified small punch test

A test sample with dimensions of 10 mm x 10 mm x 0.4 mm was cut
out. The surface of the sample was polished to # 1200 on both sides
using abrasive paper. The MSP test was performed using a 5-kN uni-
versal tester (AG-5kNXD, Shimadzu Corp.), and the load was applied on
the test sample with a crosshead speed of 0.1 mm/min. The load was
applied with cylindrical stainless steel. Fig. 2(a) shows a photograph of
the MSP test jig, and Fig. 2(b) shows a schematic diagram of the MSP
test. Here, the radius of the lower die hole is 2.1 mm, and the radius of
the puncher is 1.175 mm.

2.3. Nanoindentation test

The elastic properties of the piezoelectric composites were evaluated
in accordance with 1ISO14577 [32]. A TTX-NHT? (Anton Paar Inc.) with
a Berkovich indenter tip was used, and the maximum load was 500 mN.
More than ten indentations were made in each test sample, and an
average of these indentations was obtained. Young’s modulus (Y33) in
the thickness direction was determined using the Oliver & Pharr
analysis.

2.4. Poling treatment

The piezoelectric composites were polarized using the corona
discharge polarization method, and a corona discharge device (ELC-
01N, Element Co., Ltd.) was used. The polarization treatment conditions
were performed for all the samples at a hot plate temperature of 100 °C,
an applied voltage of 8 kV, and an applied time of 10 min.

2.5. Piezoelectric constant measurement

Each polarized sample was placed between the upper and lower
probes of the force head. The center of the sample was fixed, and the
piezoelectric constant was measured using a ds3 meter (YE2730A,
Sinoceramics, Inc.).

(a)

Fig. 2. Schematic of the MSP test: (a) photograph and (b) schematic diagram.
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2.6. Impact output voltage measurement

Fig. 3 shows a schematic diagram of the impact energy harvesting
test. First, the test sample (KNN-epoxy and KNN-GFRP) was connected
to an oscilloscope (MDO3024, Tektronix, Inc.) and fixed on the central
axis of the head of the impact load device. After that, compressive loads
0f 0.10, 0.15, and 0.20 MPa were applied ten times under the conditions
of a load time of 0.1 s and a load interval of 3.0 s, and the generated
voltage by the impact was measured.

2.7. Damped flexural vibration output voltage measurement

A test sample (KNN-epoxy and KNN-GFRP) with dimensions of 10 x
45 x 0.6 mm°® was cut out, and gold electrodes were deposited on the top
side using a sputtering machine (SC-701MKII, Sanyu Electron Co., Ltd.).
Then, the sample was polarized and attached to the stainless-steel plate
(YUS205M1, NIPPON STEEL Chemical & Material Co., Ltd.) of 0.1 mm
thickness by the conductive epoxy resin (CW2401, Chemtronics). After
that, the sample was fixed to Acrylic resin block as shown in Fig. 4. Free
length is 40 mm. Load resistance Ry, was then connected in parallel to the
samples, and damped vibration was applied by snapping the tip by 2
mm. An oscilloscope (TBS 1052B, Tektronix, Inc.) measured the output
voltage with time. The accumulated energy due to the damped vibration
was evaluated as the harvested energy [33].

3. Theoretical analysis of bending
3.1. Analytical procedure for the thin plate under open circuit condition

Let us now consider the rectangular Cartesian coordinates x;(O-
X1,X2,Xx3). The constitutive relations [34] for the piezoelectric composite
materials poled in the x3- direction can be found in Appendix A. For a
thin plate in the x;x; plane, all the strain and stress components that are
related to the x5 coordinate can be neglected. The constitutive relations
for the piezoelectric thin plate under the open circuit condition are also
given in Appendix A.

Consider a piezoelectric composite plate with a thickness of h as
shown in Fig. 5(a). Let the coordinate axes x = x; and y = x3 be such
that they are in the middle plane of the plate with the thickness of h,
where the z = x3 axis is normal to this plane. Also, suppose that the
coordinate z = 0 is located on the neutral surface of the plate. Beckers
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Fig. 3. Schematic diagram of the impact energy harvesting test.
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Fig. 4. Schematic diagram of the damped flexural vibration energy harvesting test.
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Fig. 5. Schematic drawing of (a) a thin plate and (b) a simply supported circular plate under a partially uniform distributed load.

y

and Dehez [35] developed the constitutive equations of piezoelectric

laminated structures under bending load. They considered the trans- £ = %, £y = a&’ e, = 1 (aux %) )
lation of the arbitrary point on the neutral surface in the x- and y-di- ox 9 2\dy  ox
rections as well as the out-of-plane displacement. For simplicity here, we Thus, the strain variations within the plate are related to the
ignore the neutral surface displacements in the x- and y-directions. Ac- deflection w(x,y) by the following expressions:
cording to the classical thin plate theory, the displacement components ) " )
b d as follows [36]: _ oW ow 0w
may be expressed as follows [36] £ = _ZW’ £y = _ZW’ £y =—2 e 3)
ow ow
Uy = —2——, Uy = —7——, U, = w(x,y) (@] e . i
ox dy The stress equilibrium equations and stress boundary conditions on the

. . . plate surfaces are given in Appendix B.
where w(x,y) represents the deflection of the middle plane. The strains From Eq. (B7), with the third of Eq. (A5), Egs. (A8), (83) and (3), we

are defined in terms of displacement as follows: obtain
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DViw =g¢q (C)]

where the flexural stiffness D is obtained as follows:

n 5P
D=———"1 %)
12 (511)1)2 - (Sll)z)2
By substituting Eq. (A9) into Eq. (5), then
n Yi(1—d3 /snes) ©)

T 12 (1—v3,) = 2(1 +vi2)d;, [sn1€33

If we consider the case where the piezoelectric plate is deformed
under the short circuit condition, then Eq. (6) can be rewritten as
follows:

K1y

=— Q)
121-u},

This is equivalent to the flexural stiffness of the elastic composite ma-
terials that ignore the piezoelectric effect [37].

3.2. Solution for the circular axisymmetric plate under a uniformly
distributed load inside a concentric circle

Let us now consider a circular piezoelectric composite plate with a
radius a and a thickness h, as shown in Fig. 5(b). The origin of the co-
ordinates (r, 0, 2) coincides with the center of the circular plate. The
plate is subjected to a uniformly distributed load go in thearea0 <r<b
of the upper surface. The moments can be reexpressed as follows:

/2 &w
M, = / Gp2dz = —D <"— dw —) ®)
—h/2 rodr o d?
h/2 1d &
Moy = / omzdz = —D( =2 ¢ DDLZV (€)]
2 r dr dr
M,y =0 (10)
where
D
s
W=z an

The equivalent shear force is given by

Ldw 1d&w  d'w
F=-p( -2 W oW 12
< rzdr+rdr2+dr3> a2
Supposing that this plate bears a z-axis symmetric bending deflection
under a uniform load g, we reexpressed Eq. (4) in the polar coordinate as
follows:

1d d([ld/ dw q
rdr{ dr {r dr (VE)}}iﬁ a3

For an axisymmetric bending deflection and under a uniformly distrib-
uted load qo, as shown in Fig. 5(b), Eq. (13) has the following general
solutions:

1
wy (r) = 7{%#‘ + (Ci* 4+ Cy)log r + Csr” + C4} 0<r<b) a4
1
wz(r):B{(C5r2+C6)10gr+C7r2+C8} (b<r<a) (15)
where Cj (j=1, ..., 8) are the integration constants. Note that the

deflection wy(r) is a limited value at r = 0. Thus, the constant C, should
be 0 in Eq. (14).
The boundary conditions are as follows:
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d:r‘ =0(r=0) (16)
wi =wy (r = b) a7)
Ot = Opa (r = b) 19)
Fi=F, (r=b) (20)
Wy =0(r=a) (21)
G2 =0 (r = a) (22)

From these seven boundary conditions, we have

qob2 4 4a® — (1 — LP)b? a , 43+ 1P)d?
D DS S L ANTIR) Y PONY RS
w0 = 16p {4192 20+ )@ T 0g(b> SRR TR

wbz b log (g) }

4(1+0P)
(23)
qob® [3 + 1P a (1—1P) r?
w2 <’):1%7L+yo (@=r) 27 m(;)*”{m@*;z)
+log(g)H
24)

By introducing the concentrated load P = gozb?, the maximum deflec-
tion becomes

P [43+7),
W‘(0)764w{(1+u”)a a

(7+3°) , 5 a
A+ log(Z)} (25

Then, the maximum stress at z = h/2 becomes

3P

1-")

! ;-i— (1 +1/D)10g(g)} (26)

By using Eq. (25), the flexural stiffness can be determined from the load-
displacement curve obtained from the MSP test. In addition, the bending
strength can be determined in the same way by using Eq. (26). If the
piezoelectric effect is ignored, the solutions reduce the maximum de-
flections and stress for the elastic plates [38].

4. Results and discussion
4.1. Evaluation of the mechanical and physical properties

MSP tests are practical for understanding the fracture behavior of
brittle materials using small test specimens [39]. A load-deflection curve
was obtained from the conducted MSP test, and Young’s modulus Y7,
was obtained from Eq. (25) using the load-deflection curve. From the
load-deflection curve, a straight line with a slope reduced by 5 % was
drawn from the straight elastic line, and the maximum load between the
straight lines was defined as the critical load Pq. The bending strength o¢
was then obtained through Eq. (26) using this critical load. Fig. 6 gives
typical load-deflection curves of the KNN-epoxy and KNN-GFRP samples
as shown in common piezoelectric ceramics [39]. As expected, the
critical load of the KNN-GFRP sample was larger than that of the
KNN-epoxy sample. Fig. 7 shows the bending strengths of the
KNN-epoxy and KNN-GFRP samples. Here, the MSP specimens were not
polarized, so the induced electric field of the composite specimens due to
the applied load was ignored. In this case, 1” = 11, could be used. The
Poisson’s ratio of the composite material was assumed to be v12 = 0.37,
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Fig. 6. Load versus displacement curve for the MSP test.

KNN-epoxy ~ KNN-GFRP

Fig. 7. Bending strengths of the KNN-epoxy and KNN-GFRP samples.
Table 1

Results of the MSP tests and a comparison of the bending properties of piezo-
electric materials.

of Ensp
(MPa) (mJ)

KNN-epoxy 106 1.70 This work
KNN-GFRP 462 11.8 This work
70 vol%PZT/30 vol%Pt 90 [40]
PZT-15 vol% Ag composite 129 [41]
PZT/ZnO nanowhiskers 120 [42]
PZT/ZnO nanowhiskers/0.5 wt% Nb,Os 128 [42]
PZT-5A bracketed by Kapton layers 186.6 [43]
0-3 polymer composite with 0.1 vol%PZT 80 [44]
50%PZT/50%PVDF with 0.3% carbon fiber 31.321 [45]
KNN-CFRP 850 [46]
BaTiO3-CFRP 804 [46]
PZT/carbon black/epoxy composite 65 [47]
PZT (PIC 151) 64.8 [48]
PZT(P-7) 0.28" [39]
PZT 87 [49]
PZT-5A 140.4 [44]
PZT-5H 114.8 [44]
PZT-4 123.2 [44]
PZT-8 127.5 [44]
quenched (BigsNag 5)TiO3 (BNT) ceramics 227 [50]
single-crystal PMN-PT 60.6 [44]
single-crystal PMN-PZT 44.9 [44]
@ MSP test.

which is the same as the Poisson’s ratio of epoxy. The bending strength
of the composite material was about 4.4 times that of the resin.

Table 1 lists the bending strength of and MSP energy Eysp for the
KNN-GFRP and KNN-epoxy samples. The Eysp was calculated from the
area under the load-displacement curve up to the maximum load. The
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MSP energy of the KNN-GFRP sample was found to be much larger than
that of the KNN-epoxy sample. This is due to an increase in the ductility
of the composite material because of the presence of glass fibers. Table 1
compares the bending strength and MSP energy of this study with those
of piezoelectric composites, piezoelectric ceramics, and single crystals
from other studies [39-50]. The bending properties of the KNN-GFRP
sample were found to be superior to those of the other piezoelectric
materials, except for our previously proposed piezoelectric particle
distributed CFRP composite [46].

Fig. 8 shows typical load-displacement curves for the KNN-epoxy and
KNN-GFRP samples obtained from the nanoindentation test. It can be
seen that the slope of the curve for the KNN-epoxy sample is larger than
that for the KNN-GFRP sample. Fig. 9 shows Young’s moduli of the KNN-
epoxy and KNN-GFRP samples. Since Y;; and Ys3 of the KNN-epoxy
sample almost have the same values, the obtained Y;; from the MSP
test is reasonable considering that epoxy resin is an isotropic elastic
material. It was shown that Y;; of the composite material is about two
times that of the resin and that Y33 is about less than half that of the
resin. It was also expected that the epoxy resin had not completely
penetrated between the glass fibers.

4.2. Evaluation of the piezoelectric properties

Fig. 10 shows the piezoelectric constants ds3 of the KNN-epoxy and
KNN-GFRP samples. The piezoelectric constant of the KNN-GFRP sample
was smaller than that of the KNN-epoxy sample, because the GFRP
sample has a small volume fraction of piezoelectric nanoparticles due to
its glass fiber content. Table 2 presents a comparison of the piezoelectric
coefficient ds3 of the KNN-epoxy and KNN-GFRP samples from this study
with the piezoelectric composites from other studies [17,30,31,51-64].
The piezoelectric coefficient d3; of some piezoelectric composites [57,
60,64,65] is also listed.

4.3. Evaluation of the kinetic energy harvesting performance

Fig. 11 (a) shows the output voltage value for each applied load for
the impact energy harvesting test. An output voltage of more than 2 V
was obtained due to the compressive stress (0.2 MPa) for both the KNN-
epoxy and KNN-GFRP samples. The piezoelectric voltage constants g3 of
the KNN-epoxy and KNN-GFRP samples were calculated from the slope
of Fig. 11, and they were found to be 26.5 x 1073 V-m/N and 28.9 x
102 V-m/N, respectively. From the results of the KNN-epoxy and KNN-
GFRP samples, it was interesting to find that the output voltage value of
the KNN-GFRP sample with a low volume content and low d33 constant
was larger than that of the KNN-epoxy sample. One of the reasons for
this result is the reduction of the piezoelectric effect due to the breakage
of the KNN-epoxy sample, as cracks were observed in the KNN-epoxy
sample after the impact test (see Fig. 11 (b)).

600 T T

—— KNN-epoxy
= KNN-GFRP
500 F

0 1 1
0 S 10 15

Displacement (pum)

Fig. 8. Load versus displacement curve for the nanoindentation test.
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Fig. 9. Young’s moduli, Y;; and Y33, for the KNN-epoxy and KNN-
GFRP samples.

KNN-epoxy  KNN-GFRP
Fig. 10. Piezoelectric coefficients dz3 for the KNN-epoxy and KNN-
GFRP samples.

Fig. 12 (a) shows the output voltage with a time of the KNN-GFRP
sample for the damped flexural vibration energy harvesting test. At
first, a peak-to-peak of approximately 8 V was obtained. Fig. 12 (b)
shows the instantaneous power (black line) and harvested energy (red
line) of the KNN-GFRP sample with a load resistance of 10 MQ. The
harvested energy was calculated as

1

_ 2
U= R V(t)“dt @7

where t is the time. It can be seen that the maximum instantaneous
power is approximately 2 pW, and the harvested energy is about 35 nJ.
We also performed the damped flexural vibration energy harvesting test
on the KNN-epoxy sample. However, when the tip of the KNN-epoxy
sample was deflected, it was broken (see Fig. 12 (c)). Hence, the glass
fibers work effectively as a reinforcing material for the piezoelectric
composite materials. Fig. 13 shows the harvested energy of the KNN-
GFRP sample with various values of load resistance. It was confirmed
that the maximum harvested energy could be obtained with the
appropriate load resistance. However, harvested energy was small. The
KNN-GFRP specimen had a large internal resistance. Therefore, a load
resistance was larger when the maximized harvested energy was ob-
tained, and harvested energy became small (see Eq. (27)), i.e., it seems
that the harvested energy may increase if the internal resistance of the
KNN-GFRP specimen reduces. Also, it is well-known that attaching a
proof mass to the tip of the cantilever beam and increasing the area of
the piezoelectric material improve the harvested energy. In this spec-
imen, similarly, harvested energy can be expected to increase by
attaching the proof mass and enlarging the area of the piezoelectric
material. Furthermore, since the KNN-GFRP has greater bending
strength than ceramic alone, an increase in applied stress can be

Composites Science and Technology 223 (2022) 109408

Table 2
Comparison of the piezoelectric coefficients of piezoelectric composite
materials.

Particle Matrix Content ds3 ds;
(pC/N)  (pC/N)

PZT Epoxy 75 wt% 28 - [51]
KNN Epoxy/GFRP 20vol% 3.5 - This work
KNN Epoxy 32vol% 89 - This work”
KNN Epoxy/CFRP 30 vol% 5.8 - [30]
KNN Epoxy/woven CFRP 30vol% 4.7 - [52]
KNN Mullite fiber/polyamide 20 vol% 3 - [31]
KNN PVDF 70 vol% 35 - [53]
KNN Epoxy 10vol% 5 - [54]
KNLN Epoxy 10vol% 19 - [54]
KNLN Epoxy 10 vol% 13 - [55]
KNLN-Z PVDF 80 wt% 39 - [56]
BTO Epoxy 32vol% 5.5 - [17]
BTO Epoxy 0.5vol% 1.16 3.11 [57]
BTO P(VDF-TrFE) 60 vol% 7-8 - [58]
BTO P(VDF-TrFE) FGC -9 [59]
BTO-ZnO Epoxy 1-10 vol% 0.118 0.154  [60]
ZnO PVDF 0.5 wt% -32 - [61]
ZnO PVDF 0.02wt% —9.1 - [62]
KBT-BA PVDF 30 vol% 8 - [63]
CNF polyvinyl alcohol 6.25 vol% - 14.5 [64]
Co3[Co(CN)¢]2 PVDF 5 wt% 37 33 [65]

KNLN: (K,Na,Li)NbO3.
KNLN-Z: (K,Na,Li)NbO3~ZrO,.
FGC: functionally graded composite.
KBT-BA: Ko 5Big sTiO3— BiAlO3.
CNF: cellulose nanofiber.

# Comparative material.

expected, and a larger increase in harvested energy can also be expected
in addition to the effects of the proof mass and area increase.

5. Conclusions

To obtain piezoelectric composites with sufficient fracture strength,
KNN-GFRP composites were developed. The thin plate theory derived a
relationship between the maximum displacement and Young’s modulus
Y7; in addition to a relationship between the fracture load and bending
strength, including the piezoelectric effect. The bending strength of
KNN-GFRP was found to be 462 MPa, which is about 4 times higher than
that of KNN-epoxy. Young’s moduli Y7; and Y33 for the KNN-GFRP were
obtained from the MSP and nanoindentation tests, respectively. Y1; of
the KNN-GFRP sample was about two times larger than that of the KNN-
epoxy sample. However, Y33 of KNN-GFRP sample was about less than
half that of the KNN-epoxy sample. The piezoelectric constant mea-
surement showed that the ds3 of KNN-GFRP is 3.5 pC/N, which is less
than half of that of KNN-epoxy. Also, from the impact energy harvesting
test, it was found that the output voltages of both samples were almost
the same (2.3 V with an impact of 0.2 MPa). Moreover, from the damped
flexural vibration energy harvesting test, peak-to-peak of approximately
8 V, maximum instantaneous power of approximately 2 pyW and har-
vested energy of approximately 35 nJ were obtained for the KNN-GFRP,
whereas the KNN-epoxy was broken.

Here the electromechanical properties and energy harvesting per-
formance were evaluated for the uncracked material. We believe that
the combination of the used test methods can be used to evaluate the
electromechanical properties of small piezoelectric materials. On the
other hand, how to evaluate the electromechanical properties (including
fracture toughness) and energy harvesting performance for the cracked
or delaminated material using small test specimens is another theme.
This is a challenging theme and our research group is currently working
on applying the cracked material.
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Fig. 11. Results of impact energy harvesting test on the KNN-epoxy and KNN-GFRP samples: (a) Output voltage versus applied compressive stress for the KNN-epoxy
and KNN-GFRP samples. (b) a broken KNN-epoxy sample after the test.
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Appendix A

The constitutive relations for the piezoelectric composite materials poled in the x3- direction are

€1 (511 sz s3 O 0 07 (on [0 0 dy
€n s os» sy 0 0 0 02 0 0 dn £
1
€33 si3 s s 00 0 033 0 0 ds
= + E, (A1)
2¢e23 0 0 0 s4 O O 023 0 dy O E
3
2¢e3, 0O 0 0 0 s O 031 ds O 0
2812 L 0 0 0 0 0 S66 | 012 L 0 0 0 i
0
022
Dl 0 0 0 0 d15 0 €11 0 0 El
033
D,V=]0 0 0 a 0 ofd{ "tilo e o|{E (A2)
023
Dy d dy dn 0 0 o] 0 0 en] B
03]
012

where €11, €22, €33, €23, €31, and &1, are the components of the strain tensor; 011, 022, 033, 023, 031, and 012 are the components of the stress tensor; D,
Dy, and D3 are the components of the electric displacement vector; E;, Eo, and E3 are the components of the electric field intensity vector; s11, 12, S13,
S22, 523, $33,544,555, and s are the elastic compliances at a constant electric field; ds;, dsz, d33, d24, and d;s are the piezoelectric coefficients; €11, €22,
and e33 are the permittivities at a constant stress, respectively. The elastic compliances are

1 U Vi3 § 1 1%X) 1 1 1 1 (A3)

v -y S22 = 5 593 = o S = 5 S5 = o 566:2(‘91]_512):7
) ; ) ) )
Y Yy 633 Yy Y33 Gy Gis G

>y 8§23 =

s S12 =

S = -5 oS3 =

Yy
where Y71, Y22, and Y33 are Young’s moduli; v12, v23, and v3; are Poisson’s ratios; G2, Gas, and Gs; are the shear moduli. By assuming that the x; (fill)
and xy(warp) directions have the same properties, we have the following equations:

S1 =8, S13 =803, d31 = dy, dyy = dis5, €11 = € (A4

For a thin plate in the x;x, plane, all the strain and stress components that are related to the x; coordinate can be neglected. The constitutive
relation becomes

€11 S Sz 0 011 0 0 d31 E[
en ¢ = s su O op o+ |0 0 dy E, (A5)
2812 0 0 S66 012 0 0 0 E3

Ds = dsi (011 + 02) + e3E;3 (A6)

Now, consider the case where the piezoelectric plate is deformed under the open circuit condition, i.e., D3 = 0. From Eq. (A6), the electric field is
given by
d3l
E; = —— (011 + 02) (A7)
€33

By substituting Eq. (A3) and (A6) into Eq. (A5), we obtain

D D
€1 S S o1l
|0 (A8)
€2 S S 022

where
1 d2 1203 d2
=3B == 3L (A9)
i Y11 €33 12 Yll €33
Appendix B

The stress equilibrium equations are as follows:

00y 00, 00

ax oy Tz 0
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do,,  0doy,, 0o,

0x dy oz 0 (B1)
do,. 0do,, 0o
x oy a0

The stress boundary conditions on the plate surfaces are as follows:

0y =05 =0 (z==%h/2) (B2)

The resultant moments per unit length of the cross-section of the plate are defined as follows:

M XX h / 2 6/\'1

M, » = / Oy pzdz (B3)
—h/2

M, o

The vertical shear forces per unit length are as follows:
W2 (g
O | _ / {% }dz (B4
Qy —h/2 O-:y

If we multiply the first and second terms of Eq. (B1) by zdz and integrate from —h/2 to h/2 while taking into account the boundary conditions (B2) and
neglecting the h® terms, we shall obtain the results.

oM, aM\’x o
o + o 0.=0
om, oM,
ax oy 270 (B5)

If the third Eq. (B1) is multiplied by dz and integrated from —h/2 to h/2 while neglecting the h® terms, we obtain

00, | 00,
Ox + dy

+qg=0 (B6)

where q is a uniform load applied to this plate. By eliminating Q. and Q, from Eq. (BS) and Eq. (B6), we have

oM, M,y | M,y
L o, My 0 (B7)
ox oxdy 0y
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