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ABSTRACT

Lead-free piezoelectric nanocomposites based on poly(ether ketone ketone) (PEKK) and sodium niobate
(NaNbO3) particles were elaborated. The presence of submicronic particles does not influence the thermal stabil-
ity of the matrix so that no degradation phenomenon is observed before 500 °C. The conservative mechanical
modulus G’ increases linearly with the NaNbOs fraction; this variation is well fitted by the Kerner model until
20 vol%. Such nanocomposites remain ductile. The polarizing field required for obtaining piezoelectric nanocom-
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1. Introduction

The first extrinsic piezoelectric composite has been elaborated in
1976 by Furukawa. Micronic electroactive particles of lead zirconate ti-
tanate (PZT) have been dispersed in a polyepoxy matrix [1]. This kind of
particles has been widely used subsequently, especially for applications
of sensors and actuators due to a high Curie temperature and a high pi-
ezoelectric coefficient [2-6]. However, the recent legislation about lead
toxicity [7] has highly stimulated the use of lead-free ceramic such as
barium titanate (BaTiOs) [8-12], potassium niobate (KNbOs) [13-15],
lithium niobate (LiNbOs3) [16,17], and sodium niobate (NaNbOs) [13,
18-20].

The interest of this study is the integration of the piezoelectric prop-
erty using a lead-free piezoelectric ceramic in a structural polymer for
aeronautical and space applications. Carponcin et al. [5] have studied
the integration of PZT in poly(ether ether ketone) (PEEK). They showed
that it was possible to disperse homogeneously electroactive particles in
a high-performance thermoplastic matrix to bring it piezoelectric prop-
erty. In this paper, the host matrix is the poly(ether ketone ketone)
(PEKK), a high performance thermoplastic polymer also belonging to
the poly(aryl ether ketone) (PAEK) family. PEKK has a melting temper-
ature lower than PEEK making it less expensive for industrial process-
ing. The lead-free selected electroactive ceramic was the NaNbOs. It
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posites is 12 kV-mm ™! i.e. analogous with the one used for poling bulk ceramic. The value of the piezoelectric
coefficient (ds3 = 0.2 pC-N~"! for 20 vol% NaNbOs) is consistent with the Furukawa's model. This value is ex-
plained by the low PEKK permittivity. This low ds3 is counterbalanced by the piezoelectric voltage constant
(g33 = 103-1073 Vm-N~1) which is higher than the one of classical piezoelectric ceramic like PZT or BaTiO .

has a high Curie temperature (T.) compatible with the matrix [21-23]
and an interesting bulk piezoelectric coefficient (ds3) [24,25]. The
main challenge in piezoelectric composite processing is the polarization
step. Itis a critical step which is essential to obtain a piezoelectric mate-
rial. It consists in applying an electric field (higher than the coercive
field of the piezoelectric element) through the sample in order to orient
the electric dipoles. Another advantage of NaNbOs is its low coercive
field [26] and therefore it requires a low polarization field that limits
the risk of breakdowns [27].

The present paper describes the synthesis and the characterization
of NaNbOQs. Then, the elaboration and polarization protocol are present-
ed. We will focus on the influence of NaNbOs particles on thermal stabil-
ity, mechanical and electroactive properties of PEKK/NaNbOs;
nanocomposites.

2. Materials and methods
2.1. NaNbOs submicronic particles elaboration

NaNbOs3 particles were synthesized for the first time by Goh et al.
[13] in 2003 using a hydrothermal synthesis. The structural evolution
of NaNbOs during the reaction was studied more precisely by Zhu
et al. [18]. First, fine powders aggregate to form irregular bars that
grow into nanowires and finally submicronic particles. In this work,
the David et al. [27] protocol, based on Goh's one, has been used. Niobi-
um pentoxide (Nb,Os) and concentrated sodium hydroxide (10 M)



were mixed in an autoclave and heated above 150 °C. The white com-
pound obtained (Nay;Nb,0g.2/3H,0) was filtered out, washed with de-
ionized water and dried in an oven at 100 °C. NaNbOs particles were
obtained after an annealing at 600 °C for 6 h.

2.2. PEKK/NaNbOs nanocomposite elaboration process

Ceramic particles were milled with a mortar in order to break any
aggregates. They were dispersed in ethanol with ultrasound and
mixed with the polymer powder. After ethanol evaporation, the PEKK/
NaNbO3 nanocomposite powder was homogeneous. PEKK/NaNbO;
mix was processed using a twin screw extruder at 360 °C during
15 min at 30 rpm. Nanocomposites with different volume fractions
were elaborated from 3% to 30% in volume fraction.

Fig. 1 represents a scanning electron microscopy (SEM) micro cut of
PEKK/NaNbOs3 20 vol% sample. Particle dispersion in the polymer matrix
was homogeneous at this scale. Dispersion quality is an important pa-
rameter to facilitate the polarization process and prevent from electrical
breakdowns.

2.3. Polarization process

The polarization process consists in orienting electric dipoles to ob-
tain a macroscopic piezoelectric effect [10]. The material was inserted
under a high static electric field at a given isotherm. During the cooling,
the electric field was maintained in order to fix the dipole orientation.
Polarization temperature, electric field value and poling time were
optimized.

The following Eq. (1) makes the link between the field really seen by

the particles Fp, the matrix and particle permittivities, & and &p respec-
tively, and the applied electric field Fapp, [8].

— 3em

p = mfappl = LEEuppl (1)

To optimize Fp (and therefore the polarization efficiency), the ratio
between matrix and particle permittivity is crucial. A dynamic dielectric
analysis was performed on the PEKK in order to determine the evolution
of the matrix permittivity as a function of temperature. Above the di-
electric manifestation of the glass transition (T,), &y increases; it is suit-
able for the polarization. Thus, the polarization was performed at a
temperature higher than T, (T, = 180 °C) under an electric field higher
than the coercive field (Eyo ~ 12 kV-mm™") during 15 min. To avoid

Fig. 1. SEM image of PEKK/NaNbO; micro cut with a volume fraction of 20% (scale bar:
10 pum). In the insert: NaNbOs; particles (scale bar: 1 pm).

breakdowns and to optimize the isotherm quality, samples were im-
mersed in an oil bath. After the polarization process, nanocomposites
were short-circuited during 24 h and the piezoelectric coefficient (ds3)
was measured.

3. Experimental

Thermogravimetric analysis (TGA Q50 from TA instruments with an
accuracy of 4+1 wt%) was performed under air atmosphere at
20 °C-min~! to measure the nanocomposites thermal stability and de-
termine the experimental volume fraction of sodium niobate. The phys-
ical structure, as the glass transition, the crystallinity rate and the
melting temperatures, was determined by differential scanning calo-
rimetry (DSC) using a DSC7 from Perkin Elmer with a temperature accu-
racy of £0.1 °C and an enthalpy accuracy of +0.2 J-g~'. The
crystallinity rate was determined by normalizing the matrix fraction.
To study nanocomposites mechanical properties, dynamical mechanical
analysis (DMA, ARES) was performed in rectangular mode. The applied
deformation and angular frequency were fixed at 0.1% and 1 rad-s™ ! re-
spectively. The particle morphology and the particle dispersion quality
were observed using a scanning electron microscope (MEB-FEG JEOL
JSM 7800F Prime) using secondary and backscattered electron detec-
tion. After the nanocomposites polarization (see “polarization process”
section), the piezoelectric coefficient (ds3) was measured using a Pie-
zometer system from Piezotest with frequency and force of 110 Hz
and 0.25 N respectively.

4. Results
4.1. NaNbO3 analysis

Inset of Fig. 1 represents SEM image of NaNbOs particles. They were
cubic with a low aspect ratio. The particle size was about 1 um. Due to a
high Curie temperature (T.) and a weak modification of crystalline lat-
tice parameters, conventional techniques as DSC or x-ray diffraction
(DRX) could not be used to determine T.. A non-classical protocol has
been developed: A ceramic disk was manufactured by spark plasma
sintering (SPS) to limit the grain growth, polarized under a static field
and annealed at different temperatures until Curie transition. The max-
imum ds3 was measured at 34.5 pC-N~ ! which is coherent with the lit-
erature [25,28].

Fig. 2 represents the ds3 evolution as a function of annealing temper-
ature. T, was measured at 287 °C.

4.2. Thermal stability

Fig. 3 shows the weight loss as a function of temperature for nano-
composites with different NaNbOs; volume fraction. Under air
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Fig. 2. d3; evolution of NaNbOs disk versus annealing temperature. The line is drawn as a
guide to the eyes.
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Fig. 3. TGA thermogram of PEKK and PEKK/NaNbO;: (M) PEKK, (0) PEKK/NaNbO; 4 vol%,
(A) PEKK/NaNbO; 6 vol%, (7 ) PEKK/NaNbO; 9 vol%, (4) PEKK/NaNbOs 10 vol%, (<) PEKK/
NaNbO3 11 vol%, (») PEKK/NaNbO5 20 vol%, (#) PEKK/NaNbO3 30 vol%. In the inset:
evolution of the degradation temperature versus the experimental vol% of NaNbOs.

atmosphere, above 750 °C, PEKK was totally degraded. The weight res-
idue corresponds directly to the weight fraction of particles. The exper-
imental volume fraction of NaNbOs is calculated from the residue at
900 °C. The degradation temperature (Ty) is measured at the peak max-
imum of the weight loss derivate curve. Inset of Fig. 3 represents the
evolution of Ty as a function of NaNbO3 volume fraction. Until 6 vol%,
T, is stable. It appears that for higher fractions, T, decreases when the
fraction of NaNbOs increases.

4.3. Physical structure

Nanocomposites physical structure has been studied. Fig. 4 shows
the evolution of the melting temperature and crystallinity ratio as a
function of NaNbOs volume fraction.

The melting temperature and the crystallinity ratio decrease linearly.
Particles do not promote crystallinity and reduce the cohesion of the
crystal. In addition, presence of particles does not change the glass tran-
sition temperature which means that NaNbOjs particles do not affect the
chain mobility or the free volume of the amorphous phase.

4.4. Mechanical properties
Fig. 5 shows the evolution of conservative G’ and dissipative G” mod-

ulus of the neat PEKK over a wide range of temperature. G” highlights 3
relaxation modes [29,30]: & mode at 165 °C is associated with the
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Fig. 5. Evolution of the conservative G’ (A) and dissipative G” (A ) modulus of PEKK versus
temperature.

mechanical manifestation of the glass transition, 3 mode between
—60 °C and 0 °C, with the oscillation of the aromatic rings around the
main chain and finally, the localized y mode between — 130 °C and
—60 °C highlights the interaction between ketone functions and
absorbed water.

The evolution of the vitreous modulus of PEKK/NaNbO; nanocom-
posites is presented in Fig. 6 as a function of temperature for different
volume fraction of NaNbQs. The value of the vitreous plateau increases
with the introduction of NaNbOs, from 1.5 GPa to 3.7 GPa at 20 °C.
Inset of Fig. 6 represents G’ measured at T,-50 °C as a function of
NaNbO3 volume fraction.

It increases linearly until 20 vol%. To explain the critical increase of G/
for the last nanocomposite experimental data were fitted with the
Kerner model (solid line). It is based on the hypothesis that spherical
particles (or particles with a low aspect ratio) without interaction, are
randomly dispersed in the matrix. Nanocomposite conservative modu-
lus is given by the Eq. (2) [31]:

9Gy , (-9

(7—50m)Gm + (8—10U)G, * 15(1—Up)
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Fig. 4. Melting temperature (M) and crystallinity ratio (0) versus NaNbO3 vol% for PEKK/

NaNbO; nanocomposites during the 2nd run.
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Fig. 6. Real part of the shear modulus (M) versus temperature of PEKK and PEKK/NaNbOs:
(m) PEKK, (O) PEKK/NaNbOs 4 vol%, (A) PEKK/NaNbOs; 6 vol%, (7 ) PEKK/NaNbO5 9 vol%,
(#) PEKK/NaNbO; 10 vol%, (<)) PEKK/NaNbO; 11 vol.%, (») PEKK/NaNbOs5 20 vol%, (#)
PEKK/NaNbOj3 30 vol%. In the inset: value of the vitreous plateau measured at T,-50 °C
versus vol%. The solid line represents the fit of experimental data with the Kerner model.
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Fig. 7. Imaginary part of the shear modulus (M) versus temperature of PEKK and PEKK/
NaNbOs: (M) PEKK, (0) PEKK/NaNbOs 4 vol%, (A) PEKK/NaNbO; 6 vol%, (v7) PEKK/
NaNbOs 9 vol%, (¢) PEKK/NaNbOs 10 vol%, (<) PEKK/NaNbO5 11 vol%, (») PEKK/
NaNbOs3 20 vol%, («) PEKK/NaNbOs; 30 vol%. In the inset: specific energy loss
normalized by the matrix fraction versus vol%.

where G, G, and G, are respectively the shear modulus of nanocompos-
ites, matrix and particles, vy, is the Poisson coefficient and ¢ is the vol-
ume fraction of particles.

Until 20 vol% experimental data are fitted well with this model. Thus,
hypotheses are verified. For the nanocomposite with 30 vol% of NaNbQOs,
the experimental mechanical values depart from the model prediction.

The evolution of the dissipative modulus G” of PEKK/NaNbO3 nano-
composites as a function of temperature related to the « mode is pre-
sented in Fig. 7 for different volume fraction of NaNbOs. The area
under the curve (noted as otpgxx and Qpexxnanbos for PEKK and its nano-
composites respectively) represents the energy dissipated by the poly-
mer matrix due to the viscoelastic relaxation. Inset of Fig. 7 represents
the specific energy loss normalized by the matrix fraction as a function
of NaNbOs; volume fraction. Presence of ceramic particles leads to an in-
crease of the dissipated energy. The same shift is observed for 3 and y
modes at the same temperatures.

4.5. Piezoelectric properties

d33 coefficient of nanocomposites was measured 24 h after the po-
larization step. Fig. 8 a) represents the evolution of ds3 as a function of
NaNbOs volume fraction. Experimental data were fitted with the
Furukawa's model [2] (solid line in Fig. 8 a) according to the following
Eq. (3):

ds33 = LEd33iq 3)
4 *
3
b A
0,5 [
z 04/
J
=
- 0,3
7
0,2 -
0,1] = = m a)

vol.% NaNbO,

where ds3 is the piezoelectric coefficient of nanocomposites, ¢ the
volume fraction of NaNbOs, Lg the local field applied [8] and d33;,¢ the
intrinsic piezoelectric coefficient of bulk NaNbOs.

This model considers a 2-phases system composed of a non-
piezoelectric continuous phase where piezoelectric particles are ran-
domly dispersed.

From 8 vol%, the variation of ds3 is quasi-linear and experimental
data are closed to the expected values. Particles are well dispersed
into the matrix until 20 vol%.

In addition to the d33, the piezoelectric voltage constant gs3 is anoth-
er piezoelectric parameter given by the following Eq. (4) [27]:

_ds3
833 = o (4)

For bulk piezoelectric ceramic, ds3 and &), are both high. For organic
polymer where piezoelectric ceramics are dispersed, ds3 is low. But it is
counterbalanced by a very low matrix permittivity. Fig. 8 b) shows the
evolution of g33 with the NaNbO3 volume fraction. The low matrix per-
mittivity leads to a high value of g33 (g33(PEKK/30 vol% NaNbO3; =
104-1073Vm-N—1).

5. Discussion
5.1. Curie temperature measurement

Literature reports values from 180 °C to 370 °C for the T, of NaNbOs.
The discrepancy obtained could be explained by poly crystallinity and/
or particle size. Most of the time, T, measurements were performed on
mono crystals [21]. Hydrothermal synthesis tends to promote poly crys-
tals. Furthermore, Moure et al. [22] show the influence of particle size on
T.. Particles with size higher than 1 um have a T, at 370 °C. For particles
with a size between 200 and 400 nm, T, ranges from 310 °C to 330 °C
and finally for particle size lower than 70 nm, T, is measured at
180 °C. In this work, a size distribution probably exists and could explain
the low value of T,.

5.2. Conservative and dissipative modulus

For the nanocomposite with 30 vol% of NaNbO3, experimental data
of conservative modulus depart from the model prediction (Kerner
model). This is due to a change of the composite connectivity from 0-
3 to 3-3 [32] that probably suppose a contact between particles and
therefore critical modifications of the mechanical properties.

The increase of the dissipated energy (calculated from the area
under the dissipative modulus) with the introduction of particles
could be due to a friction phenomenon called “stick slip” at the interface
between stiff particles and soft matrix [33]. In addition, it is interesting
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Fig. 8. Evolution of the piezoelectric coefficient ds; (M) fitted with the Furukawa's model (solid line) a) and the piezoelectric voltage constant gs; (@) b) of PEKK/NaNbO3 versus NaNbO3

vol%. (%) corresponds to PVDF/NaNbOs and (A) PZT/PEEK nanocomposites [5].



to note that mode temperatures are not modified by the introduction of
NaNbOs, so the molecular mobility is unchanged by the presence of
particles.

5.3. Piezoelectric coefficients

For the PEKK/NaNbOs 30 vol%, experimental data diverge from the
Furukawa model. The change of connectivity also affects the piezoelec-
tric property. However, the ds3 values obtained are low. Particle and
matrix permittivities have a strong influence on the polarization effi-
ciency. On the one hand, a PVDF/20 vol% NaNbO; nanocomposites was
elaborated with the same process and polarized. Its ds3 is higher (3.95
pC-N—1) (see Fig. 8 a) due to the higher permittivity of the PVDF (12
for PVDF, 2.7 for PEKK at RT). This value is coherent with the ds3 value
predicted by Furukawa's theoretical model. On the other hand, the in-
fluence of the particle intrinsic ds3 is important. To give an example
PEEK/PZT 30 vol% nanocomposite has a ds3 of 1.95 pC-N~! [5] due to
a high ds3 of PZT (240 pC-N~1) [34].

Nevertheless, g33(PEKK/30 vol% NaNbOs) is higher than common
piezoelectric ceramics like BaTiO5 (g33(BaTiO3) = 11-1072Vm-N~1)
or PZT (g33(PZT) = 52-1073Vm-N—1),

6. Conclusion

Piezoelectric nanocomposites were elaborated using a high perfor-
mance thermostable thermoplastic polymer and a lead-free piezoelec-
tric ceramic. Submicronic NaNbO3; was synthesized via a hydrothermal
synthesis. The dispersion process leads to a good dispersion of particles
in the PEKK. Particles do not influence the thermal stability of matrix:
no degradation is observed before 500 °C. Melting temperature and
crystallinity rate decrease with the NaNbO3 volume fraction. As for
mechanical properties, the value of the vitreous plateau generates an
increase of the nanocomposite rigidity. We observe a stick-slip phe-
nomenon that increases the dissipated energy related to the viscoelas-
tic relaxation when the particle fraction increases. Polarization is a
critical step due to high temperature and high electric field required.
The piezoelectric coefficient increases with the ceramic particles con-
tent but remains low due to low matrix permittivity. For other applica-
tions, the d33 could be improved with matrix of higher permittivity. It
is important to note that the piezoelectric voltage constant gs3 is
higher than for common inorganic piezoelectric ceramic like PZT or
BaTi03.
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